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To investigate the effect of the autoinducer AI-2 on protein expression in Neisseria meningitidis, a luxS mutant
of strain MC58 was grown in the presence and absence of in vitro-produced AI-2, and differential protein
expression was assessed by two-dimensional differential gel electrophoresis. N. meningitidis did not show a
global response to AI-2 signaling activity.

Many bacteria can regulate gene expression in response to
their population density, thereby relying on the synthesis, re-
lease, and detection of small signaling molecules called auto-
inducers (quorum sensing) (for recent reviews, see references
3, 14, and 16). While autoinducers usually differ from species
to species and work in a species-specific manner, the signaling
molecule AI-2 is synthesized by a wide variety of different
bacteria (11). Its synthesis requires the luxS gene product,
which has been shown to convert the metabolite S-ribosylho-
mocysteine into the AI-2 precursor 4,5-dihydroxy-2,3-pen-
tanedione (DPD) and L-homocysteine (7, 12, 15). DPD is a
highly reactive molecule that is not expected to be stable in
solution (12). In Vibrio harveyi, DPD clearly undergoes further
reactions as the structure of AI-2 has been determined to be a
furanosyl borate diester (4).

The role of AI-2-mediated quorum sensing in bacterial in-
teractions is being studied intensively, and LuxS and AI-2 have
been shown to be implicated in the regulation of virulence
factors in different bacterial species (22). The presence of a
functional luxS gene was shown to be necessary for full menin-
gococcal virulence in an infant rat model (21). In the work
presented here, we attempted to identify the cellular targets in
Neisseria meningitidis that are controlled by AI-2 in order to
elucidate the possible role of quorum sensing in the regulation
of meningococcal virulence factors. The response of a non-AI-
2-producing N. meningitidis MC58 luxS mutant to in vitro-
produced AI-2 was analyzed by proteomics, using two-dimen-
sional differential gel electrophoresis (2D DIGE). The DIGE
approach is based on the differential fluorescent dye labeling of
proteins derived from different cultures. Equal amounts of
labeled protein are mixed and separated by a single 2D gel
electrophoresis (19). The resulting 2D gel is submitted to flu-
orescence emission analysis using the wavelength of each dye,
which permits the quantification of the abundance of each

protein. Since differentially labeled proteins of the same type
will comigrate, their abundances (spot volumes) can be easily
compared and their differential protein expression levels can
be quantified (spot volume ratios).

While the experiments for this study were ongoing, results of
a DNA array analysis demonstrating that AI-2 had only a
marginal impact on gene expression in an N. meningitidis se-
rogroup A luxS mutant were published (6).

Mutant strain MC58 luxS does not produce AI-2. The luxS
mutant construction and AI-2 target screening were carried
out with the serogroup B strain MC58. It has been demon-
strated that this strain produces AI-2 in a luxS-dependent man-
ner (21). Its genome has been entirely sequenced, and 2,158
coding regions were predicted (17). The meningococcal gene
luxS (NMB1981) was inactivated by insertion of the ermAM
cassette from vector pMGC10 (10) into the natural AgeI site of
luxS, previously cloned into vector pUC19. The resulting vector
pM2110 was linearized and transformed into N. meningitidis
MC58, and the resistance marker was introduced into the
chromosomal luxS locus by homologous recombination, which
was demonstrated by analytical PCR (data not shown).

Strains MC58 and MC58 luxS were grown in liquid Catlin
MC.2 minimal medium (8), and their growth kinetics were
similar (Fig. 1A). AI-2 activities in filtered supernatants were
measured during the growth of both strains by determining the
bioluminescence response of the V. harveyi reporter strain
BB170 to AI-2 (2). AI-2 activity was observed in MC58 super-
natants stemming from exponential and stationary growth
phases, and no AI-2 activity was detected for MC58 luxS (Fig.
1A).

Preparation of in vitro-produced AI-2. AI-2 was produced in
vitro from S-adenosylhomocysteine as described previously
(12). For these purposes, the meningococcal genes pfs
(NMB0767) and luxS (NMB1981) were cloned into the pET-
28a(�) expression vector (Novagen). The recombinant N-ter-
minal His tag fusion proteins were overexpressed and purified
using HiTrap chelating high-performance columns (Amer-
sham). Pfs and LuxS were then used to completely convert 2
mM S-adenosylhomocysteine into the reaction products ade-
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nine, L-homocysteine, and DPD. The filtered reaction products
were tested for AI-2 activity in the V. harveyi BB170 bioassay
(2); serial dilutions of the filtrates were analyzed to take into
account the maximization of the assay response at high con-
centrations of AI-2. The concentration of AI-2 activity present
in the in vitro sample (Fig. 1B, bars a) was found to be more
than 100-fold higher than the AI-2 activity measured in the
supernatants of stationary-phase cultures of the MC58 wild-
type strain (Fig. 1B, bars f).

Determination of AI-2 signaling conditions for the MC58
luxS mutant after growth with in vitro-produced AI-2. Since
the incubation time in the presence or absence of AI-2 that
would result in the highest number of AI-2-regulated targets

was not known, a time course experiment was carried out. An
MC58 luxS culture was grown to an optical density at 600 nm
of �2.5 (beginning of stationary phase) and subsequently split
in two: to one-half, in vitro-produced AI-2 was added to a
concentration of 10% (vol/vol), and, likewise, in vitro-pro-
duced AI-2 reaction buffer (10 mM sodium phosphate buffer,
pH 7.5) was added to the other half, which is referred to as the
control. Samples were taken from both cultures after 0, 30, 60,
and 120 min of further growth for the determination of AI-2
activities and/or preparation of protein extracts. Serial dilu-
tions of the filtered supernatants were tested for AI-2 activity
in the V. harveyi BB170 bioassay (Fig. 1B, bars b to e). The
activity of the added in vitro-produced AI-2 degraded over
time, but after 120 min of growth (Fig. 1B, bars d), it was still
greater than the AI-2 activity measured in the supernatants of
stationary-phase cultures of the wild-type strain in the same
growth medium (Fig. 1B, bars f), demonstrating a good simu-
lation of AI-2 signaling conditions in the experiment.

2D DIGE analysis to identify AI-2-regulated targets in
MC58 luxS. The preparation of bacterial protein extracts, dye
labeling, and sample preparation for 2D separation were car-
ried out as described previously (1, 18, 23). Fifty-microgram
protein samples collected after the different incubation times
from MC58 luxS cultured in the presence or absence of in
vitro-produced AI-2 were labeled with the cyanine dyes Cy5
and Cy2 (Amersham), respectively, and two 2D gels per time
point were prepared (1, 18). The DIA (differential in-gel anal-
ysis) module of the differential analysis software DeCyder
(Amersham) was used to calculate protein spot volumes and
the normalized volume ratio for each differentially labeled
comigrated protein. The values for 2 standard deviations (SD)
of the mean volume ratios were between 1.82 and 1.93, and
only spots with greater-than-twofold changes in volume in both
gels per time point were defined as altered. After incubation of
MC58 luxS with or without in vitro-produced AI-2 for 30, 60,
and 120 min, only 1, 6, and 10 proteins, respectively, were
identified as differentially regulated (Table 1). As the number
of identified potential targets of AI-2 was relatively low, we had
to consider the possibility that not only the AI-2 signaling
activity but also the other two compounds produced in the in

FIG. 1. (A) Growth of N. meningitidis MC58 (squares) and MC58
luxS (triangles). The kinetics of AI-2 production of MC58 (white bars)
and MC58 luxS (grey bars) was measured through the bioluminescence
response of V. harveyi BB170 to AI-2 activity present in cell-free
supernatants from the N. meningitidis cultures (light production ex-
pressed in counts per second). The response to supernatants from
MC58 luxS remained at background level. (B) AI-2 activities present in
serial dilutions of in vitro-produced AI-2 (bars a) and cell-free super-
natants of a MC58 luxS stationary-phase culture after addition of in
vitro-produced AI-2 or control buffer (time [t] � 0; bars b and c) and
further growth (t � 120 min; bars d and e) were measured. Finally,
AI-2 activity measured in the supernatant of a stationary-phase culture
(5 h) of wild-type MC58 is shown (bars f). Bars for each dilution are a,
b, c, d, e, and f (left to right).

TABLE 1. Differentially expressed proteins (�2-fold difference) in
N. meningitidis MC58 luxS after various incubation times with or

without in vitro-produced AI-2

Identified
protein

Cy5/Cy2 mean ratioa

30 min 60 min 120 min

P1 �2.55 �4.03 �4.08
P2 �2.39 �2.47
P3 �2.14
P4 �2.77 �15.77
P5 �2.82 �3.06
P6 �10.48 �9.08
P7 �2.66
P8 �2.20
P9 �3.17
P10 �3.25
P11 �4.71

a Cy5 staining used with protein sample from MC58 luxS incubated with in
vitro-produced AI-2; Cy2 staining used with protein sample from MC58 luxS
incubated with control buffer (phosphate buffer).
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vitro AI-2 synthesis reaction (L-homocysteine and adenine)
might have contributed to the observed result, since they were
not present in the control.

2D DIGE analysis to identify AI-2-regulated targets in
MC58 luxS under optimized conditions. The above-described
growth experiment was repeated with an optimized control
buffer containing 2 mM adenine and 2 mM DL-homocysteine.
We chose the incubation time of 120 min to identify a maxi-
mum number of AI-2-regulated targets. The experimental de-
sign for the subsequent 2D DIGE analysis was also optimized:
four analytical 2D gels were prepared as described above and
included Cy3-labeled, combined protein samples (25 �g from
MC58 luxS with in vitro-produced AI-2 and 25 �g from MC58
luxS with the optimized control buffer) as internal standards
for intergel comparison. For two additional 2D gels, 50-�g
amounts of combined protein samples were labeled with Cy2,
Cy3, or Cy5 in order to determine the degree of fluctuation in
the spot volume ratios of image pairs from identical protein
samples (control gels). Finally, SYPRO Ruby-stained 2D gels
were prepared using 500 �g of protein samples to provide
sufficient material for subsequent spot picking and protein
identification by mass spectrometry.

Cy3-Cy2 and Cy3-Cy5 image pairs of the two control gels
were created with the DIA mode of DeCyder. An average of
1,300 included spots per image pair resulted in histograms of
normally distributed volume ratios (spot frequency/spot vol-
ume ratios) with an average 2 SD corresponding to a volume
ratio of �1.3. This ratio was taken as a threshold value above
and below which spot volume changes observed in the analyt-
ical gels were considered significant. Standardized abundances
of all matched protein spots were compared across the four
analytical gels, and Student’s t test was performed with the
DeCyder BVA (biological variation analysis) module to vali-
date the significance of the detected differences between spot
volumes from MC58 luxS with in vitro-produced AI-2 and
those from MC58 luxS with control buffer (t test P values set at
�0.01). Surprisingly, only three spots could be proposed to
correspond to differentially expressed proteins (Fig. 2). Two
proteins were upregulated in MC58 luxS in the presence of
AI-2, namely, those corresponding to spots 718 (�1.42-fold,
P � 2.2e-006) and 1980 (�1.4-fold, P � 2.3e-006), while one
protein was downregulated (that corresponding to spot 1599;
�2.23-fold, P � 9.9e-007). It must be noted that spots 718,
1599, and 1980 are identical to three spots that had been
identified in the initial DIGE experiment described above (P8,
P6, and P1, respectively [Table 1]), where higher differences in
their volume ratios had been demonstrated. Since the two
experiments differed only in the compositions of the control
buffers, the decrease in identified targets from 10 to 3, as well
as the smaller volume ratios of the three proteins, appears to
be a consequence of the addition of adenine and homocysteine
to the control sample in the second experiment. In any case,
the very limited number of proteins with altered expression
and the very low magnitude of change demonstrate that AI-2
has only a marginal effect, if any, on protein expression in N.
meningitidis. Further experiments were carried out to identify
the three affected proteins.

Analysis of the three differentially regulated proteins by
matrix-assisted laser desorption ionization–time of flight

(mass spectrometry). The three selected proteins were excised
from the gels and analyzed by matrix-assisted laser desorption
ionization–time of flight (mass spectrometry). The mass spec-
tra obtained from spots 718 and 1980 were of good quality and
allowed the identification of the corresponding polypeptides,
while the spectra obtained from spot 1599 contained very few
peaks of weak intensity, which did not allow protein identifi-
cation. The complete MSDB database was searched using
Mascot (Matrix Science). The proteins corresponding to spots
718 and 1980 were identified as 5-methyltetrahydropteroyltri-
glutamate-homocysteine methyltransferase (MetE) of Neisse-
ria meningitidis MC58 (NMB0944), and 5,10-methylenetetra-
hydrofolate reductase (MetF) of N. meningitidis MC58
(NMB0943), respectively. The probability-based Mowse scores
for the two proteins from Neisseria were �139, in contrast to
values of �63 for other hits (threshold of relevance, 73). Se-
quence coverage with NMB0944 and NMB0943 was 32 and
39%, respectively, and the theoretical molecular weights and
pIs of the proteins corresponded well with the locations of the
identified spots on the gels.

The two identified enzymes act closely together in methio-
nine biosynthesis and are located upstream of LuxS in the
metabolic pathway that leads to AI-2 synthesis and the release
of L-homocysteine (9, 12). MetF catalyzes the reduction of
5,10-methylenetetrahydrofolate to 5-methyltetrahydrofolate,
and MetE transfers a methyl group from 5-methyltetrahydro-
folate to L-homocysteine, generating L-methionine. It has been
shown that homocysteine is required for full stimulation of
metE expression in Escherichia coli and Salmonella enterica
serovar Typhimurium (20). The identity of the regulated tar-
gets confirms the hypothesis stated above, and it seems very
likely that the observed overexpression of MetE and MetF in

FIG. 2. Three-dimensional simulation of the identified, differen-
tially expressed proteins (by use of DeCyder). Spot 718 and spot 1980
were 1.4-fold upregulated in N. meningitidis MC58 luxS incubated with
in vitro-produced AI-2 (Cy5 labeled), whereas spot 1599 showed 2.2-
fold-higher expression in MC58 luxS incubated with optimized control
buffer (Cy2 labeled).
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the AI-2-treated cells is due to the action of L-homocysteine
and not to AI-2. It is important to note that 2 mM L-homo-
cysteine was present in the AI-2 sample as a by-product
whereas the control sample contained 2 mM of the DL-race-
mate of homocysteine. It is thus plausible that the effects ob-
served in the second experiment can be attributed entirely to
this difference rather than to the action of AI-2. The optimized
control might also be the reason why the expression of the
other proteins identified in the first experiment was not altered
in the second experiment.

As stated above, �1,300 protein spots were obtained on the
gel images after Cy dye labeling. However, more than 2,100
coding regions have been predicted for the genome of N.
meningitidis MC58 (17). Therefore, the possibility that AI-2
regulates targets that have not been visualized by 2D electro-
phoresis cannot be excluded. Our data suggest that a global
cellular response to AI-2 signaling such as that found in E. coli
(5, 13) does not take place in N. meningitidis, which is in
agreement with the study using a DNA array by Dove et al.
that indicates the lack of a concerted response of N. meningi-
tidis to AI-2 on the transcriptional level (6).
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