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LuxS is responsible for the production of autoinducer 2 (AI-2), which functions in Vibrio harveyi as a
quorum-sensing signal that controls the cell density-dependent expression of the lux operon. In nonlumines-
cent organisms, the physiologic role of AI-2 is not clear. We report that inactivation of luxS in Actinobacillus
actinomycetemcomitans JP2 results in reduced growth of the mutant, but not the wild-type organism, under
aerobic, iron-limited conditions. Stunted cultures of the luxS mutant A. actinomycetemcomitans JP2-12 grew to
high cell density when subcultured under iron-replete conditions. In addition, the mutant strain grew to high
cell density under iron limitation after transformation with a plasmid containing a functional copy of luxS.
Results of real-time PCR showed that A. actinomycetemcomitans JP2-12 exhibited significantly reduced expres-
sion of afuA (eightfold), fecBCDE (10-fold), and ftnAB (>50-fold), which encode a periplasmic ferric transport
protein, a putative ferric citrate transporter, and ferritin, respectively. The expressions of putative receptors
for transferrin, hemoglobin, and hemophore binding protein were also reduced at more modest levels (two- to
threefold). In contrast, expressions of sidD and frpB (encoding putative siderophore receptors) were increased
10- and 3-fold, respectively, in the luxS mutant. To better understand the mechanism of the AI-2 response, the
A. actinomycetemcomitans genome was searched for homologs of the V. harveyi signal transduction proteins,
LuxP, LuxQ, LuxU, and LuxO. Interestingly, ArcB was found to be most similar to LuxQ sensor/kinase. To
determine whether arcB plays a role in the response of A. actinomycetemcomitans to AI-2, an arcB-deficient
mutant was constructed. The isogenic arcB mutant grew poorly under anaerobic conditions but grew normally
under aerobic iron-replete conditions. However, the arcB mutant failed to grow aerobically under iron limi-
tation, and reverse transcriptase PCR showed that inactivation of arcB resulted in decreased expression of afuA
and ftnAB. Thus, isogenic luxS and arcB mutants of A. actinomycetemcomitans exhibit similar phenotypes when
cultured aerobically under iron limitation, and both mutants exhibit reduced expression of a common set of
genes involved in the transport and storage of iron. These results suggest that LuxS and ArcB may act in
concert to control the adaptation of A. actinomycetemcomitans to iron-limiting conditions and its growth under
such conditions.

Cell density-dependent regulation of bacterial gene expres-
sion is known as quorum sensing (2, 14, 23). Quorum-sensing
bacteria synthesize and secrete extracellular signaling mole-
cules called autoinducers (AI), which accumulate in the envi-
ronment as the bacterial population increases. When a critical
threshold concentration of AI is attained, a signal transduction
cascade is triggered, resulting in an alteration in gene expres-
sion that may influence the virulence or lifestyle of the organ-
ism (1, 2, 13, 14, 23, 37, 45, 49, 64, 67). Several independent
quorum-sensing systems have been identified in gram-negative
bacteria. One type of quorum-sensing system requires an acyl-
homoserine lactone signal and has been well characterized in
Pseudomonas aeruginosa (14, 23, 47), Agrobacterium tumefa-
ciens (45), Burkholderia cepacia (37, 38), Vibrio fischeri (16, 17,
53), and other gram-negative bacteria. In these organisms,
specific genes, e.g., luxRI, lasRI, and cepRI, are dedicated to the
synthesis and detection of the acyl-homoserine lactone signal
(23, 37, 47, 48).

A second type of quorum-sensing system has been most
thoroughly characterized in Vibrio harveyi (2, 54) and responds
to a bicyclic autoinducer signal (AI-2) that is produced by the
LuxS protein and contains boron (11). In V. harveyi, AI-2 is
bound by LuxP (11), the LuxQ sensor kinase/phosphatase. At
low cell density, and hence low AI-2 concentration, LuxQ
functions as a kinase and autophosphorylates (39). Phosphate
is then transferred to LuxU, which in turn donates phosphate
to the response regulator protein, LuxO (6, 19, 21). Phosphor-
ylated LuxO is active and influences colony morphology and
the production of siderophore by V. harveyi (39). Activated
LuxO also presumably induces the expression or activity of an
unidentified repressor of the luciferase structural operon,
luxCDABE (39). At high cell density, LuxQ functions as a
phosphatase, which draws phosphate away from LuxO in a
LuxU-dependent reaction. Thus, LuxO becomes inactive, and
the downstream repression of luxCDABE is removed, resulting
in the production of light. In other bacteria, LuxS-dependent
signaling has been shown to regulate the expression of various
virulence factors, secretion systems, regulatory proteins, and
polypeptides that are involved in the acquisition of hemin (10,
12, 18, 40, 61–63, 65, 66). Indeed, the expression of up to 400
genes in Escherichia coli may be influenced by AI-2 (15, 61).
However, although the expression of many genes has been
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shown to respond to AI-2, the complex physiologic responses
induced by AI-2 in these organisms remain largely uncharac-
terized.

Interestingly, LuxS appears to be present in all bacteria and
AI-2 is capable of inducing both intra- and interspecies re-
sponses (3, 18). This has led to speculation that AI-2 may
function to report the total cell density and/or the metabolic
potential of a bacterial community (2, 67). However, recent
studies have shown that LuxS catalyzes the cleavage of S-
ribosylhomocysteine to generate homocysteine and 4,5-dihy-
droxy-2,3-pentanedione (DHP) (55, 70). DHP is then thought
to spontaneously form 4-hydroxy-5-methyl-3(2H)-furanone
(MHF), which is a precursor of AI-2. Thus, LuxS may not be
dedicated solely to AI-2 synthesis since it may also play an
important metabolic role in the activated methyl cycle (55, 70).
This led Winzer et al. to suggest that AI-2 may not be a signal
involved in cell-to-cell communication in all bacteria but rather
may represent a metabolite that is secreted early in growth and
consumed later (70, 71). Furthermore, the degree to which the
structure of AI-2 is conserved is not known. The boron in AI-2
produced by V. harveyi has been suggested to arise from the
reaction of boric acid with pro-AI-2 (11). However, boric acid
is present at a significantly higher concentration in the marine
environment than in freshwater (22, 71). Thus, it is possible
that the structure and function of AI-2 produced by Actinoba-
cillus actinomycetemcomitans under physiologic conditions may
differ from those of V. harveyi AI-2.

A. actinomycetemcomitans is a capnophilic gram-negative
bacterium that is associated with various forms of early-onset
periodontal diseases (60, 73, 74), endocarditis (7), and subcu-
taneous abscesses (46). The mechanisms of A. actinomycetem-
comitans pathogenesis are not well understood, but the organ-
ism expresses a variety of potential virulence-associated
factors, e.g., a collagenase (51), lipopolysaccharide (32, 34),
and GroEL-like proteins (26), that may stimulate the break-
down of the extracellular matrix and the induction of bone
resorption. A. actinomycetemcomitans also produces several
toxins which target various components of the immune system
and may play a role in modulating the host response. An
immunosuppressive protein related to the cytolethal distend-
ing toxins has been shown to induce G2 arrest of human lym-
phocytes (57, 58), and membranolytic leukotoxin of the RTX
family of cytolytic toxins (31, 36) kills human cells of the lym-
phocytic and monomyelocytic lineages (33). Previous studies
have shown that A. actinomycetemcomitans possesses luxS and
produces an AI-2-like signal (16, 18). Furthermore, the addi-
tion of AI-2 to early-exponential-phase A. actinomycetemcomi-
tans cells induced the expression of leukotoxin and a ferric ion
ABC-type transporter (18). AI-2 from A. actinomycetemcomi-

tans also complemented a LuxS deficiency in Porphyromonas
gingivalis when added in trans to cultures of a P. gingivalis luxS
knockout strain (18), suggesting that organisms living in a
complex microbial biofilm like dental plaque may sense and
respond to both cognate and heterologous AI-2 signals. In this
report, we show that luxS is important for aerobic growth of A.
actinomycetemcomitans under iron limitation and that the in-
activation of luxS alters the expression of genes encoding sev-
eral iron transport systems and iron storage proteins. Our
results also suggest that this LuxS-dependent response may
require the ArcB sensor/kinase of A. actinomycetemcomitans.
Inactivation of arcB alters the expression of iron acquisition
genes that are regulated by luxS and also gives rise to a phe-
notype that is similar to that of a LuxS null strain of A. acti-
nomycetemcomitans. This suggests that ArcB may contribute to
the signal transduction cascade that directs the response of A.
actinomycetemcomitans to AI-2.

MATERIALS AND METHODS

Bacterial strains and culture conditions. The A. actinomycetemcomitans
strains used in this study are listed in Table 1. A. actinomycetemcomitans JP2 was
grown in brain heart infusion (BHI; Difco, Detroit, Mich.) supplemented with 40
mg of NaHCO3 per liter. Cultures were maintained at 37°C in an atmosphere of
5% CO2. Recombinant A. actinomycetemcomitans strains were cultured in the
same medium supplemented with ampicillin (50 �g per ml), kanamycin (25 �g
per ml), or streptomycin (50 �g per ml). For some experiments, A. actinomyce-
temcomitans was grown in BHI under anaerobic conditions at 37°C in a Ther-
maForma model 1025 anaerobic workstation. Growth of A. actinomycetemcomi-
tans under iron limitation was carried out in BHI medium supplemented with 0.1,
0.25, or 0.5 mM ethylenediamine-di(o-hydroxyphenylacetic acid) (EDDHA;
Sigma Chemical Co., St. Louis, Mo.). EDDHA was incubated overnight in the
medium at 37°C prior to inoculation with bacteria. For growth studies, all cul-
tures were inoculated at the identical cell density (2 � 108 CFU/ml) and were
incubated at 37°C for 7 h. The optical density at 600 nm of each culture was
measured using a Spectronic Unicam GeneSys8 spectrophotometer. Cell density,
expressed in CFU per milliliter, was calculated using standard curves of the
optical density at 600 nm versus CFU (per milliliter) generated for each of the
A. actinomycetemcomitans strains. Standard curves for each strain were gener-
ated by removing aliquots of the A. actinomycetemcomitans cultures at various
times during growth and plating in triplicate on BHI agar plates. In some
experiments, BHI medium containing EDDHA was supplemented with 100 �M
FeSO4 or 100 �M FeCl3 immediately prior to inoculation with A. actinomyce-
temcomitans. All growth experiments were repeated at least three times with
consistent results. E. coli strains were grown in Luria-Bertani (LB) medium (1%
tryptone, 0.5% yeast extract, 0.5% NaCl) with aeration at 37°C. For recombinant
strains carrying plasmids, antibiotic selection was carried out by supplementing
LB medium with the appropriate antibiotic at the concentration indicated above.

Complementation of A. actinomycetemcomitans JP2-12. Fong et al. previously
reported the construction of an isogenic luxS-deficient strain of A. actinomyce-
temcomitans JP2 and showed that the knockout strain induced significantly lower
levels of bioluminescence from a V. harveyi reporter than did the parent organism
(18). Complementation of A. actinomycetemcomitans JP2-12 was carried out by
the introduction of a functional, plasmid-borne copy of luxS. The luxS gene was
obtained from E. coli AIS (18) plasmid pGEMT750 (16). A 750-bp insert con-
taining luxS and its promoter was isolated from pGEMT750 after digestion with

TABLE 1. Bacterial strains

Strain Reference Description

A. actinomycetemcomitans JP2 9 Highly leukotoxic strain
A. actinomycetemcomitans JP2-12 18 JP2 luxS::kana
A. actinomycetemcomitans JP2-750 This study JP2-12 complemented with pJRD215luxS
A. actinomycetemcomitans JP2arcB1 This study JP2 arcB::kana
A. actinomycetemcomitans JP2arcB1YGS This study JP2arcB1 complemented with pYGSarcB
E. coli YGS This study DH5� carrying pYGS
E. coli AIS 18 DH5� carrying pGEM-TluxS
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EcoRI (18). The resulting fragment was ligated into the unique EcoRI site of
pJRD215 and introduced into competent E. coli DH5� to generate E. coli
pJRD750. The broad-host-range plasmid pJRD215 is stably maintained in A.
actinomycetemcomitans JP2. Therefore, pJRD750 was subsequently introduced
into A. actinomycetemcomitans JP2-12 by electroporation, and recombinant
clones were selected on BHI agar supplemented with kanamycin (25 �g/ml) and
streptomycin (50 �g/ml). One clone, designated A. actinomycetemcomitans JP2-
750, was chosen for further study. To confirm the presence of the intact copy of
luxS, total DNA was isolated from A. actinomycetemcomitans JP2-750 and ana-
lyzed by PCR using the primers luxS5 and luxS3 (Table 2). Two amplification
products, a 1,950-bp product arising from the inactivated genomic copy of luxS
and a 750-bp product arising from the plasmid-borne intact copy of luxS, were
obtained. Total DNA from A. actinomycetemcomitans JP2-12 produced only the
1,950-bp product.

Inactivation of A. actinomycetemcomitans arcB. The A. actinomycetemcomitans
arcB sequence was determined from the genomic sequence of A. actinomycetem-
comitans HK1651 (B. A. Roe, F. Z. Najar, S. Clifton, T. Ducey, L. Lewis, and
D. W. Dyer, Actinobacillus Genome Sequencing Project, University of Oklahoma
[http://www.genome.ou.edu/act.html]). A 1.8-kbp portion of arcB was amplified
from A. actinomycetemcomitans JP2 genomic DNA by using primers arc5 and
arc3 (Table 2) and was subsequently ligated into pGEM-T (Promega Corp.,
Madison, Wis.) and transformed into E. coli DH5�. The resulting plasmid,
pGEMTarcB, was cleaved at the unique MfeI site within the arcB sequence and
ligated with the kanamycin resistance marker obtained by EcoRI digestion of
pUC4K (Amersham Pharmacia, Piscataway, N.J.). The MfeI site resides between
the sequence encoding the transmitter domain of arcB and downstream receiver
and phosphotransfer domains of the sensor. Thus, insertion of the resistance
marker uncoupled the transmitter from the acceptor and phosphotransfer func-

tions of ArcB. The ligation mixture was transformed into E. coli DH5�, and the
desired recombinant clones were selected on LB agar containing 25 �g of
kanamycin per ml and 50 �g of ampicillin per ml. The plasmid was isolated from
a single recombinant organism and confirmed by restriction digestion using
EcoRI. Samples of the plasmid (0.1 to 1.0 �g) were subsequently introduced into
A. actinomycetemcomitans JP2 by electroporation, and recombinant A. actino-
mycetemcomitans clones were selected on BHI agar containing 25 �g of kana-
mycin per ml. Integration of the plasmid into the arcB gene of A. actinomyce-
temcomitans JP2 was confirmed by PCR using a forward primer (arkn5 [Table 2])
that was derived from genomic DNA sequences that reside upstream from the
arc5 primer used to generate the 1.8-kbp product described above. The reverse
primer used for these amplification reactions was arkn3 (Table 2), which anneals
in the kanamycin resistance marker. Thus, the arkn5 and arkn3 primers generate
a product only if pGEMTarcB integrates into the A. actinomycetemcomitans
genome. As expected, JP2 genomic DNA failed to generate a product with arkn5
and arkn3, since JP2 genomic DNA lacks the kanamycin resistance marker.
Similarly, PCRs using pGEMTarcB as the template failed to produce a product,
since the plasmid construct lacks arcB sequences upstream from the arc5 primer
site and cannot anneal to arkn5. However, two recombinant clones that produced
the expected amplification product were identified. One of these clones, desig-
nated A. actinomycetemcomitans JP2arcB1, was chosen for further analysis.

Construction of pYGS and complementation of A. actinomycetemcomitans
JP2arcB1. To complement A. actinomycetemcomitans JP2arcB1 with a functional
copy of arcB, we first constructed an E. coli and A. actinomycetemcomitans shuttle
vector similar to pYGK (8) but with resistance to streptomycin specified. This
was accomplished by partially digesting plasmid pJRD215 (Spr) with Sau3A,
cloning the resulting fragments into BamHI-cleaved pBluescript SK, and screen-
ing for colonies exhibiting resistance to streptomycin. One resistant clone that

TABLE 2. Primers for PCRs

Primer Sequence Target gene(s) Product size
(kbp)

luxS5 5�-TAAAGCCTGCGATTTTCCTG-3� luxS, luxS::kana 0.75
1.95

luxS3 5�-CTTATTGTTTTAATAAGCTTTCGTC-3� luxS, luxS::kana 0.75
1.95

arc5 5�-CGACGCTATGTGGATTGGG-3� arcB 1.8
arc3 5�-TTTCGCTACATCGGTTTGCC-3� arcB 1.8

arkn5 5�-AGTGCGGTCGAAATTCATTG-3� arcB::kana 0.9
arkn3 5�-CACTTTCTGGCTGGATGATGG-3� arcB::kana 0.9

arcp5 5�-GTTACACAATGATTTCATCGC-3� arcB 2.3
arcp3 5�-TTGCCGTTGCCATCGACTCC-3� arcB 2.3

afuA5 5�-CGCCGAATTCCAGGAATTAGGC-3� afuA 0.5
afuA3 5�-GTGATGTCGGCGAAAGCGGC-3� afuA 0.5

ftn5 5�-AAGGTTATGAAGGTGCTGCG-3� ftnAB 0.2
ftn3 5�-CGGCAAAGGTACATTCCACT-3� ftnAB 0.2

sid5 5�-GTTCAGTCTGATTAGTTTGGC-3� sidD 0.7
sid3 5-CAACAAAGGAAGGATGGGAGCG-3� sidD 0.7

fecB5 5�-CGGTTACCGATGCAAAAGGCG-3� fecB 0.5
fecB3 5�-GCTTTTACCGCCGGAATCGCC-3� fecB 0.5

tbp5 5�-TCCGTCCGGTAATGTTGATT-3� tbp 0.5
tbp3 5�-CCTTGGGAACCACCAATATG-3� tbp 0.5

hbp5 5�-AGGTGGTTCGGTCAGTTTTG-3� hbp 0.5
hbp3 5�-AAGCGGTGGTTATCTGTTGG-3� hbp 0.5

hasR5 5�-CTACGCCAAAAAGAAGCAGG-3� hasR 0.5
hasR3 5�-CGCTTTGCGTTTCTGATGTA-3� hasR 0.5

frp5 5�-CTGGGTCAGCGTGGTTTATT-3� frpB 0.5
frp3 5�-GCCCACATCACGTTTCTTTT-3� frpB 0.5
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contained a 1.5-kbp insert was chosen for further analysis. This plasmid was
subsequently cleaved at the HindIII and SpeI sites that reside in the pBluescript-
cloning region and flank the 1.5-kbp insert. The resulting insert fragment was
blunted with T4 DNA polymerase by following established procedures (52) and
ligated into Actinobacillus pleuropneumoniae plasmid pYG53 (35). The ligation
mixture was transformed into E. coli DH5�, and the plasmid that was isolated
from streptomycin-resistant clones was confirmed by restriction analysis and
designated pYGS.

To complement A. actinomycetemcomitans JP2arcB1 with a functional copy of
arcB, a 2.3-kbp fragment containing the complete arcB gene and its promoter was
amplified from A. actinomycetemcomitans JP2 genomic DNA by using primers
arcp5 and arcp3 (Table 2). The amplification product was ligated into pGEM-T
and transformed into E. coli DH5�. The plasmid that was isolated from ampi-
cillin-resistant recombinant E. coli clones was confirmed by restriction digestion
with EcoRI. The 2.3-kbp insert was then excised and purified from an agarose gel
(52) and ligated with pYGS that had been cleaved with EcoRI. The resulting
plasmid, pYGSarcB, was purified from streptomycin-resistant recombinants and
introduced into A. actinomycetemcomitans JP2arcB1 by electroporation. Clones
exhibiting resistance to streptomycin and kanamycin were chosen for further
study. The presence of pYGSarcB was confirmed by restriction digestion, and
ArcB function was evaluated by examining the growth of the recombinant A.
actinomycetemcomitans clones under aerobic and anaerobic conditions.

RNA isolation, RT-PCR, and real-time PCR. A. actinomycetemcomitans total
RNA was isolated from cells obtained from a 30-ml culture that was grown
aerobically in BHI medium using the TRIzol reagent (Invitrogen Life Technol-
ogies, Carlsbad, Calif.) according to the manufacturer’s instructions. The RNA
preparation was then digested with RQ RNase-free DNase I (Promega Corp.) to
remove contaminating genomic DNA. Samples were checked for residual
genomic DNA by standard PCR or by real-time PCR using the afuA5 and afuA3
primers (Table 2). RNA samples were deemed to be free of genomic DNA if no
amplification product was detected by agarose gel electrophoresis (or by real-
time PCR) after at least 30 cycles of amplification. Reverse transcriptase PCR
(RT-PCR) reactions were performed with 100 ng of total RNA and Ready-
To-Go RT-PCR beads (Amersham Pharmacia) according to the manufacturer’s
instructions. PCRs were performed under the following conditions: denaturation
at 94°C for 50 s, annealing at 55°C for 50 s, and elongation at 72°C for 90 s for
30 cycles. For real-time RT-PCR, first-strand cDNA was prepared by using
Ready-To-Go You-Prime First-Strand beads (Amersham Pharmacia) as de-
scribed in the manufacturer’s protocol and the appropriate gene-specific anti-
sense primer (Table 2) and 2 �g of total RNA. The resulting cDNA was ampli-
fied by using the Smart Cycler system (Cepheid, Sunnyvale, Calif.) in a final
reaction volume of 25 �l that contained 8 �l of first-strand cDNA mix, 0.3 �M
concentrations of each primer, 0.5� SYBR-Green dye (Roche Applied Science,
Indianapolis, Ind.), and 2.5 U of Taq DNA polymerase (Roche Applied Science).
The amplification conditions for real-time PCR were as follows: denaturation at
95°C for 30 s, annealing at 62°C for 30 s, and elongation at 72°C for 30 s for 45
cycles. The gene-specific primers used in RT-PCR and in the real-time PCRs are
listed in Table 2. The threshold cycle for each real-time PCR was determined
from a second derivative plot of total fluorescence as a function of cycle number
by using the software package supplied with the Smart Cycler system. Real-time
PCRs were carried out at least twice with consistent results. After some real-time
PCRs, the end-point amplification products were visualized by electrophoresis in
1% agarose gels.

RESULTS

luxS is required for A. actinomycetemcomitans growth under
iron limitation. A previous study showed that inactivation of
luxS in P. gingivalis altered the expression of several genes that
may be involved in the acquisition of hemin (12). In addition,
iron availability has been shown to influence the cell density-
dependent expression of bioluminescence (30), and Lilley and
Bassler have shown that AI-2 influences the production of
siderophore in V. harveyi (39), suggesting that LuxS may reg-
ulate aspects of iron acquisition. To determine whether luxS
plays a role in the regulation of iron acquisition by A. actino-
mycetemcomitans, we examined the growth of A. actinomyce-
temcomitans JP2 and an isogenic LuxS-deficient mutant, A.
actinomycetemcomitans JP2-12, under conditions of iron limi-

tation. To accomplish this, cultures were inoculated into me-
dium that was supplemented with increasing concentrations of
the ferric ion chelator EDDHA. As shown in Fig. 1A, A.
actinomycetemcomitans JP2 adapted to iron limitation and its
growth was unaffected by the presence of up to 500 �M
EDDHA. In medium supplemented with up to 100 �M
EDDHA, the LuxS-deficient strain JP2-12 also grew normally
(Fig. 1A). However, in contrast to strain JP2, A. actinomyce-
temcomitans JP2-12 cultured under these conditions failed to
grow to high cell density when subcultured for a second time in
medium containing 100 �M EDDHA (data not shown). This
suggests that the initial growth of A. actinomycetemcomitans
JP2-12 in BHI and 100 �M EDDHA occurred at the expense
of the intracellular iron stores. At higher concentrations of
EDDHA, A. actinomycetemcomitans JP2-12 grew poorly rela-
tive to JP2 (Fig. 1A). The inability of A. actinomycetemcomi-
tans JP2-12 to thrive under iron limitation resulted directly
from the inactivation of luxS, since complementation of this
strain with a functional plasmid-borne copy of luxS restored
normal growth in BHI and 250 �M EDDHA (Fig. 1A). Fur-
thermore, stunted A. actinomycetemcomitans JP2-12 cultures,
e.g., cells grown in medium supplemented with 250 �M
EDDHA, grew to high cell density when inoculated into fresh
BHI medium (Fig. 1B, compare columns 1 and 2) or when cells
were subcultured in medium supplemented with either 250 �M
EDDHA and 100 �M FeSO4 (Fig. 1B, column 3) or 250 �M
EDDHA and 100 �M FeCl3 (Fig. 1B, column 4). Thus, the
luxS-dependent deficiency in the growth of A. actinomycetem-
comitans JP2-12 under iron limitation was reversed by exoge-
nous iron. These results suggest that luxS may play an impor-
tant role in the adaptation and response of A.
actinomycetemcomitans to iron limitation.

FIG. 1. Inactivation of luxS results in a growth deficiency under
conditions of iron limitation. (A) Cultures of A. actinomycetemcomi-
tans JP2 (wild type; black columns), JP2-12 (LuxS deficient; gray col-
umns), and JP2-750 (JP2-12 with plasmid-borne luxS; cross-hatched
column) were inoculated at the identical cell densities and incubated at
37°C for 7 h (late exponential phase) in BHI medium that was sup-
plemented with 100, 250, or 500 �M EDDHA. Cell density (CFU/
milliliter) for each culture was determined as described in Materials
and Methods. (B) Rescue of stunted A. actinomycetemcomitans JP2-12
cultures. A stunted culture of A. actinomycetemcomitans JP2-12 in BHI
and 250 �M EDDHA (lane 1) grew to high cell density when subcul-
tured for 7 h at 37°C in fresh BHI medium (lane 2) or in BHI medium
containing 250 �M EDDHA and 100 �M FeSO4 (lane 3) or 250 �M
EDDHA and 100 �M FeCl3 (lane 4).
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Inactivation of luxS alters the expression of iron acquisition
genes. A search of the A. actinomycetemcomitans genome se-
quence (Actinobacillus Genome Sequencing Project, Univer-
sity of Oklahoma) identified numerous genes encoding pro-
teins that exhibit similarity to known iron acquisition and
storage polypeptides, including transferrin and hemoglobin re-
ceptors, siderophore receptors, multiple ferric ion transport-
ers, and ferritin. Thus, A. actinomycetemcomitans appears to
express several independent pathways for acquisition and
transport of iron. To determine the molecular basis for the
luxS-dependent growth deficiency described above, the expres-
sions of genes encoding iron acquisition proteins were com-
pared by using real-time PCR with RNA isolated from A.
actinomycetemcomitans JP2 and JP2-12 cultures grown aerobi-
cally under iron-replete conditions. The results are shown in
Fig. 2 and summarized in Table 3. As shown in Fig. 2A, the

FIG. 2. Inactivation of luxS results in reduced expression of ftnAB and afuA. (A) Results of real-time PCRs of DNA-free total RNA isolated
from aerobic, iron-replete mid-exponential cultures of A. actinomycetemcomitans strains JP2 (F), JP2-12 (■ ), and JP2-750 (Œ) by using primers
specific for ftnAB, encoding ferritin. (B) The endpoint products obtained from each of the real-time PCRs described above (after 30 cycles) were
electrophoresed in 1.0% agarose to visualize the 230-bp DNA fragment that was generated from ftnAB. Lane 1, strain JP2; lane 2, strain JP2-12;
lane 3, strain JP2-750. (C) Results of real-time PCRs of DNA-free total RNA isolated from aerobic, iron-replete mid-exponential cultures of A.
actinomycetemcomitans strains JP2 (F) and JP2-12 (Œ) by using primers specific for afuA, encoding a periplasmic ferric transport polypeptide. The
results of control reactions that did not contain reverse transcriptase (E) or the RNA template (‚) are also shown.

TABLE 3. Expression of iron acquisition genes in a LuxS-deficient
backgrounda

Gene Product(s) Expression (fold)
in JP2-12b

ftnAB Ferritin, iron storage protein ��50
afuA Periplasmic ferric transport protein �8
fecB Putative ferric citrate transport protein �10
tbp Putative transferrin binding protein �3
hbp Putative hemoglobin binding protein �2
hasR Putative hemophore binding protein �2
sidD Putative enterobactin receptor �10
frpB Putative ferrichrome transporter �3

a Expression was determined by real-time PCR using primers specific for each
of the indicated genes.

b The levels of expression are indicated relative to those in strain JP2, which
expresses a functional LuxS polypeptide (18).
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inactivation of luxS results in a dramatic reduction of the ex-
pression of the A. actinomycetemcomitans ferritin genes, ftnAB.
The threshold cycle in the amplification of ftnAB from JP2
total RNA was determined to be cycle 12. In contrast, the
threshold cycle when an equivalent amount of total RNA from
A. actinomycetemcomitans JP2-12 was used was cycle 21, sug-
gesting that the copy number of ftnAB transcript in the luxS
mutant was significantly lower than that of the transcript in the
wild-type strain. Consistent with this, visualization of the end-
point PCR products by gel electrophoresis after 30 cycles of
amplification showed that very low levels of the primary 230-bp
ftnAB product were generated from JP2-12 RNA (Fig. 2B,
compare lanes 1 and 2). Melting-point analysis of the JP2-12
reaction products suggested that the smaller band obtained
represented primer dimers, which likely arose from nonspecific
association of the primers in the absence of the specific ftnAB
RNA template. Furthermore, complementation of A. actino-
mycetemcomitans JP2-12 with a functional copy of luxS re-
stored ftnAB expression nearly to the levels observed with the
wild-type strain. The threshold cycle for real-time amplification
reactions using RNA from A. actinomycetemcomitans JP2-750
was cycle 13 (Fig. 2A), and the amount of ftnAB product
obtained at the end point of the reaction was similar to that
obtained with strain JP2 (Fig. 2B, compare lanes 1 and 3).
Thus, the inactivation of luxS appears to significantly reduce
the expression of ftnAB in A. actinomycetemcomitans.

Previous studies have shown that the expression of afuA,
encoding a periplasmic ferric transport protein (27, 69), in-
creased when early-exponential-phase A. actinomycetemcomi-
tans JP2 cells were exposed to conditioned medium obtained
from a high-density culture of recombinant E. coli expressing
A. actinomycetemcomitans luxS (18). This suggests that the
expression of afuA may be influenced by luxS and AI-2. As
shown in Fig. 2C, real-time PCR analysis of total RNA from A.
actinomycetemcomitans JP2 and JP2-12 showed that inactiva-
tion of luxS resulted in reduced expression of afuA. The am-
plification of afuA from JP2-12 RNA was first detected at cycle
17, whereas the threshold cycle in the corresponding reaction
using RNA from strain JP2 was cycle 14. Thus, the copy num-
ber of the afuA transcript in the luxS mutant was decreased by
approximately eightfold relative to that of the transcript in
wild-type A. actinomycetemcomitans. Consistent with our re-
sults for ftnAB, complementation of A. actinomycetemcomitans
JP2-12 with a functional luxS restored afuA expression (data
not shown). The results of similar real-time PCRs using prim-
ers specific for other iron acquisition genes of A. actinomyce-
temcomitans are summarized in Table 3. The inactivation of
luxS resulted in a 10-fold reduction in the expression of fecB,
encoding a putative ferric citrate transport system (along with
homologs of fecCDE), and more modest decreases in the ex-
pression of genes encoding putative receptors for transferrin
(tbp), hemoglobin (hbp), and hemin-binding protein (hasR). In
contrast, inactivation of luxS appeared to increase the expres-
sion of A. actinomycetemcomitans genes (sidD and frpB) en-
coding proteins that are related to known siderophore binding
and transport polypeptides.

Regulation of cell growth and the expression of ftnAB and
afuA by the ArcB sensor. The common role of luxS in influ-
encing the acquisition of iron by A. actinomycetemcomitans, P.
gingivalis, and V. harveyi suggests that the mechanism for de-

tection of and response to AI-2 may be conserved in these
organisms. The AI-2 signal transduction pathway is well char-
acterized in V. harveyi and requires the LuxP, LuxQ, LuxU, and
LuxO polypeptides (19, 20, 39). A search of the A. actinomy-
cetemcomitans genome sequence identified two polypeptides
with similarity to LuxQ and three potential homologs of LuxO.
However, none of these polypeptides exhibited the high level
of sequence identity that was found to exist between the LuxS
proteins of V. harveyi and A. actinomycetemcomitans. The A.
actinomycetemcomitans proteins exhibiting the greatest simi-
larity to LuxQ and LuxO were the ArcB sensor/kinase and a
response regulator related to NtrC, respectively. Consistent
with the results of a previous study by Bassler et al. (5), the
LuxP protein was found to be most similar to the A. actinomy-
cetemcomitans periplasmic ribose binding protein RbsB. Fi-
nally, no homolog of LuxU was identified in A. actinomycetem-
comitans. Together, these results suggest that the response of
A. actinomycetemcomitans to AI-2 may be mediated by a path-
way that is significantly different from the signal transduction
cascade used by V. harveyi.

To determine whether the ArcB sensor/kinase plays a role in
AI-2 signal transduction and luxS-dependent regulation of iron
acquisition, an isogenic arcB mutant of A. actinomycetemcomi-
tans JP2 was constructed. The nucleotide and deduced amino
acid sequences of the arcB homolog from A. actinomycetem-
comitans are shown in Fig. 3. The deduced peptide sequence of
the putative A. actinomycetemcomitans ArcB exhibited 44%
identity to the E. coli ArcB protein (data not shown), and
residues involved in phosphotransfer reactions of E. coli ArcB
were conserved in the A. actinomycetemcomitans polypeptide
(Fig. 3). Inactivation of arcB was carried out by insertion of a
kanamycin resistance determinant at the unique MfeI site at
nucleotide 897 of the A. actinomycetemcomitans arcB se-
quence. Two independent clones (strains JP2arcB1 and
JP2arcB2) that generated the amplification product that was
predicted to arise from a Campbell-type single-recombination
event of pGEMTarcB::kana at the arcB locus in A. actinomy-
cetemcomitans were obtained. We predicted that if ArcB plays
a role in transducing AI-2 signal information in A. actinomy-
cetemcomitans, then the arcB mutant (strain JP2arcB1) would
be unable to respond to AI-2 and thus would exhibit a pheno-
type similar to that of the luxS-deficient strain JP2-12, which
does not produce AI-2. We therefore examined the growth of
A. actinomycetemcomitans JP2arcB1 under iron limitation and
also determined the effect of arcB inactivation on the expres-
sion of afuA and ftnAB. As shown in Fig. 4, inactivation of arcB
had little effect on the aerobic growth of A. actinomycetem-
comitans under iron-replete conditions (Fig. 4, compare the
black columns). The slight decrease in overall cell density of
the recombinant strains relative to that of strain JP2 likely
arose from the presence of multiple antibiotic resistance de-
terminants used in their construction (see Materials and Meth-
ods). Under iron-limiting conditions, A. actinomycetemcomi-
tans JP2arcB1 grew poorly and failed to attain high cell density.
However, complementation of JP2arcB1 with a functional
plasmid-borne copy of arcB restored aerobic growth under iron
limitation to levels observed in aerobic iron-replete cultures
(Fig. 4), suggesting that the growth deficiency did not arise
from polar effects of the arcB mutation. Furthermore, as shown
in Fig. 5A and B, RT-PCRs using afuA- or ftnAB-specific
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FIG. 3. Nucleotide and deduced amino acid sequences of the ArcB homolog identified from the unfinished genome of A. actinomycetemcomi-
tans HK1651 (Actinobacillus Genome Sequencing Project, University of Oklahoma) by using the V. harveyi LuxQ peptide sequence as the probe.
The nucleotide and amino acid sequences are numbered on the right. The annealing sites for PCR primers arc5, arc3, and arkn5 are indicated
above the nucleotide sequence. The kanamycin resistance marker used to inactivate arcB was inserted at the unique MfeI site at nucleotide 897.
Amino acid residues His131, Asp410, and His557 (shown in larger font and double underlined) correspond to residues that are involved in
phosphotransfer reactions in the E. coli ArcB polypeptide.
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primers suggested that inactivation of arcB resulted in signifi-
cantly decreased expression of both genes, consistent with their
expression in A. actinomycetemcomitans JP2-12. Real-time
PCRs indicated that the expressions of afuA and ftnAB were
reduced by approximately 16- and 24-fold, respectively, in
JP2arcB1 and that complementation of the arcB mutant re-
stored afuA and ftnAB expression to near wild-type levels (Ta-
ble 4). These results suggest that luxS and arcB regulate a
common set of genes and that they may act in concert to allow
A. actinomycetemcomitans to adapt and grow under conditions
of iron limitation.

DISCUSSION

The widespread distribution of luxS and the observation that
AI-2 is capable of inducing a response in a heterologous or-
ganism suggest that signal system 2 transcends species barriers

and may function to signal the total bacterial cell density in a
community and/or the metabolic potential of the environment
(2, 67). However, although the expression of many genes has
been shown to be influenced by AI-2 (2, 15, 39, 61), the com-
plex physiologic responses induced by AI-2 remain largely un-
characterized in many bacteria. Our results suggest that LuxS-
dependent signaling regulates the acquisition of iron by A.
actinomycetemcomitans and may be important in the adapta-
tion and subsequent growth of the organism under iron limi-
tation. The wild-type strain, A. actinomycetemcomitans JP2,
adapted well to iron-limiting conditions and grew normally in
the presence of up to 0.5 mM EDDHA, suggesting that it is
capable of efficiently competing with the chelator for available
iron. The growth of an isogenic luxS mutant of JP2 was indis-
tinguishable from that of the parent strain under iron-replete
conditions, but it grew poorly under iron limitation. The results
of real-time PCR using total RNA from the luxS mutant grown
aerobically under iron-replete conditions indicated that the
mutant strain expressed significantly reduced levels of several
important iron acquisition genes, notably ftnAB (encoding fer-
ritin involved in intracellular iron storage), afuA (encoding a
periplasmic ferric ion binding protein (27, 69), and fecB (en-
coding a putative ferric citrate transport protein). Analysis of
the A. actinomycetemcomitans HK1651 genome sequence (Ac-
tinobacillus Genome Sequencing Project, University of Okla-
homa) indicated that afuA and fecB are both contained in
operons, afuABC and fecBCDE, respectively, encoding ABC-
type ferric transport systems. Thus, under laboratory condi-
tions, the growth deficiency of the LuxS-deficient mutant under
iron limitation may be explained by its reduced capacity to
transport iron into the cell via the AfuABC and FecBCDE
transporters and a significantly reduced capacity to store iron
in intracellular ferritin complexes. Consistent with this, growth
of the mutant organism under iron limitation and the expres-
sion of ftnAB and afuA were restored to levels similar to those
of the parent strain JP2 when it was complemented with a
functional plasmid-borne copy of luxS. However, we cannot
exclude the possibility that other iron acquisition genes are
down-regulated by luxS and contribute to the growth deficiency
of the mutant. Indeed, our search of the A. actinomycetem-
comitans genome suggested that it possesses multiple redun-
dant systems for acquisition and transport of iron.

In vivo, A. actinomycetemcomitans must acquire iron from
host proteins, e.g., transferrin and/or hemoglobin, and our
results suggest that LuxS also regulates the expression of genes
encoding receptors for these proteins. Interestingly, iron ex-

FIG. 4. Growth of A. actinomycetemcomitans JP2arcB1 under iron
limitation. Cultures of A. actinomycetemcomitans JP2arcB1 (ArcB de-
ficient) and JP2arcB1YGS (ArcB complementation of strain
JP2arcB1) were inoculated at the identical cell density and incubated
at 37°C for 7 h (late exponential phase) in BHI medium (black col-
umns) or in BHI medium supplemented with 250 �M EDDHA (gray
columns). Cell density (CFU/milliliter) for each culture was deter-
mined as described in Materials and Methods.

FIG. 5. Inactivation of arcB results in reduced expression of afuA
and ftnAB. Equivalent amounts of DNA-free total RNA isolated from
aerobic, iron-replete cultures of A. actinomycetemcomitans JP2 (lane
1), JP2-12 (LuxS deficient; lane 2), and JP2arcB1 (ArcB deficient; lane
3) were analyzed by RT-PCR using primer specific for afuA (A) or
ftnAB (B). Amplification products were visualized by ethidium bro-
mide staining after electrophoresis in 1% agarose gels.

TABLE 4. Expression of afuA and ftnAB in an ArcB-deficient
mutant of A. actinomycetemcomitans

Gene
Cycle threshold (Ct) for straina:

JP2 JP2arcB1 JP2arcB1YGS

afuA 17.4 21.8(�16-fold)b 18.4
ftnAB 12.0 16.5 (�24-fold) 12.0

a Cycle threshold (Ct) was determined from second derivative plots of real-
time PCR data obtained using the data analysis software supplied with the Smart
Cycler system.

b Values in parentheses indicate the approximate reduction in transcript copy
number of the indicated gene in the ArcB-deficient strain JP2arcB1 relative to
the numbers in strains JP2 and JP2arcB1YGS.
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tracted from receptor-bound transferrin in Neisseria meningi-
tidis is transferred to the periplasmic ferric binding protein
FpbA (25), which is the N. meningitidis homolog of A. actino-
mycetemcomitans AfuA (25, 44). The combined decrease in the
expression of tbp and afuA may thus render the luxS mutant
deficient in the acquisition of iron from transferrin in vivo.
Studies to examine the binding and transport of iron from
transferrin by the luxS mutant and to compare the persistence
and survival of A. actinomycetemcomitans JP2 and the luxS
mutant in an in vivo mouse model are currently under way.

Our findings that LuxS-dependent signaling may be impor-
tant in iron acquisition and storage are also consistent with
those of previous studies with other bacteria that have shown
that iron acquisition is closely linked to N-acyl-homoserine
lactone-dependent and/or LuxS-dependent quorum-sensing
systems. For example, iron availability has been shown to reg-
ulate density-dependent luminescence in V. fischeri (30) and
the presence of N-acyl-homoserine lactones and siderophores
has been shown to stimulate the growth of other marine bac-
teria (28, 29). Lewenza and Sokol have shown that the CepRI
quorum-sensing system regulates siderophore biosynthesis in
B. cepacia (38). In addition, inactivation of luxS in the peri-
odontal pathogen P. gingivalis influences its growth under he-
min-limiting conditions and has been shown to alter the ex-
pression of the arginine-specific protease RgpA and other
outer membrane proteins that are involved in hemin acquisi-
tion (10, 12). RgpA has been suggested to increase hemin
availability by degrading host hemin-sequestering polypeptides
(50, 59). Finally, Lilley and Bassler have shown that AI-2
down-regulates siderophore production in V. harveyi (39). In-
terestingly, our analysis of spent culture medium with chroma-
zurol S (56) suggests that A. actinomycetemcomitans produces
a siderophore (D. R. Demuth, unpublished results), and real-
time PCR showed that the expression of sidD, encoding a
putative receptor for an enterobactin-like siderophore, is in-
creased in the LuxS-deficient mutant of A. actinomycetemcomi-
tans (Table 2). These results suggest that AI-2 may also func-
tion to down-regulate siderophore-mediated iron acquisition
in A. actinomycetemcomitans. Studies to identify the sid-
erophore and to isolate the genes involved in its biosynthesis to
determine how luxS may regulate siderophore production in A.
actinomycetemcomitans are under way.

The association of LuxS-dependent signaling with iron ac-
quisition in A. actinomycetemcomitans, P. gingivalis, and V.
harveyi suggests that the mechanism of AI-2 signal transduc-
tion may be conserved in these organisms. At present, the AI-2
signal transduction cascade has been characterized only in V.
harveyi and has been shown to involve the periplasmic AI-2
receptor LuxP, the LuxQ sensor, phosphotransfer protein
LuxU, and the response regulator LuxO (4, 5, 19, 20, 39).
However, our search of the A. actinomycetemcomitans genome
for homologs of LuxP, LuxQ, LuxU, or LuxO did not identify
proteins that exhibited the high level of sequence identity that
was found to occur between the V. harveyi and A. actinomyce-
temcomitans LuxS proteins. This suggests that the AI-2 signal
transduction proteins of A. actinomycetemcomitans may have
diverged in sequence from LuxP, LuxQ, LuxU, and LuxO or,
alternatively, that AI-2 may not function as a cell-to-cell com-
munication signal in A. actinomycetemcomitans. Indeed, Win-
zer et al. (71) have argued that the lack of highly conserved

polypeptides corresponding to the signal transduction proteins
of V. harveyi suggests that AI-2-dependent quorum-sensing
systems do not exist in many bacteria. Instead, they propose
that AI-2 represents a metabolite of the activated methyl cycle
which functions as a nutrient that is secreted and subsequently
consumed by the bacterial cell (71). Furthermore, Taga et al.
have shown that AI-2 is actively transported into Salmonella
enterica serovar Typhimurium by LsrABC and that the lsr
operon is regulated by AI-2 (68). However, several other lines
of evidence suggest that AI-2 does indeed function in intra-
and interspecies communication. First, AI-2-dependent regu-
lation of the lsr operon is maintained in lsr mutants of serovar
Typhimurium that cannot internalize the signal (68), suggest-
ing that these cells are still capable of sensing and responding
to external AI-2. In addition, AI-2 from many diverse organ-
isms activates quorum-sensing system 2 of V. harveyi. It has
previously been shown that AI-2 from A. actinomycetemcomi-
tans induced specific LuxS-dependent responses in a heterol-
ogous organism, P. gingivalis, and complemented a luxS mutant
of P. gingivalis (18). Finally, the response of A. actinomycetem-
comitans and of many other organisms to AI-2 appears to be
much broader than the physiological response that would be
necessary for utilization of AI-2 as a nutrient. Together, these
findings suggest that AI-2 functions as a signal that is capable
of inducing specific intra- and interspecies responses. There-
fore, we favor the hypothesis that AI-2 signal transduction in
A. actinomycetemcomitans is mediated by sensor kinase and
response regulator polypeptides that have diverged in se-
quence from LuxQ and LuxO.

Our results show that a protein related to the ArcB sensor of
A. actinomycetemcomitans exhibits the greatest similarity to
LuxQ (�50% homology over 500 residues). However, al-
though amino acid residues that are involved in the phospho-
transfer reactions of E. coli ArcB are conserved in the A.
actinomycetemcomitans sequence, it is not known whether A.
actinomycetemcomitans ArcB is functionally equivalent to
ArcB of E. coli. We also showed that growth of an isogenic
arcB mutant of A. actinomycetemcomitans JP2 under aerobic,
iron-limited conditions was poor relative to that of the parent
strain and that the arcB mutant exhibited decreased expression
of afuA and ftnAB. Thus, inactivation of arcB gave rise to a
phenotype that was similar to that of the luxS mutant, and
ArcB and LuxS appear to regulate a common set of genes
encoding ferric transport and storage proteins. This suggests
that ArcB may function as a sensor of AI-2 and may act in
concert with LuxS to control the acquisition and storage of iron
in A. actinomycetemcomitans during aerobic growth. Interest-
ingly, recent studies have suggested that E. coli ArcB may have
functional roles beyond controlling the response to anaerobic
growth via its cognate response regulator ArcA. For example,
Matsushika and Mizuno have shown that ArcB-dependent
phosphotransfer reactions are complex and that ArcB may
participate in more than one signaling pathway (42). ArcB has
also been shown to activate the noncognate response regula-
tors CheY (72) and OmpR (41), suggesting that ArcB-medi-
ated cross talk may occur with other signal transduction cas-
cades. Therefore, it is possible that E. coli ArcB mediates a
broad cellular response to a variety of environmental stimuli
during both aerobic and anaerobic growth. It is also interesting
that ArcB is a tripartite sensor containing an integral histidine
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phosphotransfer domain (43, 72). Thus, AI-2 signal transduc-
tion via ArcB would not require an independent phosphotrans-
fer polypeptide, which may explain our inability to identify a
protein homologous to V. harveyi LuxU in the A. actinomyce-
temcomitans genome.

The level at which ArcB contributes to the putative LuxS-
dependent signaling cascade in A. actinomycetemcomitans re-
mains to be determined. It is not known whether ArcB re-
sponds to external AI-2 via a periplasmic AI-2 receptor protein
(e.g., RbsB), since the periplasmic domain of ArcB is very
short (approximately 10 amino acid residues). Alternatively,
ArcB may interact with AI-2 after it has been internalized by
the cell. Interestingly, Taga et al. have suggested that once
AI-2 is transported by LsrABC, it may be modified into a
molecule that functions as an internal signal (68). ArcB activity
is known to respond to intracellular molecules (24), and a
search of the A. actinomycetemcomitans genome indicated that
the lsr operon is present in this organism (D. R. Demuth,
unpublished data). Finally, it is also possible that ArcB acti-
vates only one branch of a complex signal-dependent regula-
tory cascade, similar to the LuxS-dependent QseB and QseC
regulators of flagella and motility in E. coli (48). Clearly, de-
fining the molecular mechanism whereby AI-2 is sensed by A.
actinomycetemcomitans and identifying and characterizing the
receptor and response regulator that are involved in regulating
the expression of iron acquisition genes are necessary to pre-
cisely define the AI-2-dependent signal transduction cascade in
A. actinomycetemcomitans.

In summary, we have shown that AI-2 is important for the
adaptation of A. actinomycetemcomitans to iron limitation and
its growth under such conditions and that AI-2 influences the
expression of genes involved in the acquisition and storage of
iron. In addition, the LuxS-dependent regulation of iron ac-
quisition and storage genes may require the ArcB sensor.
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