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We previously showed that the Aggregatibacter actinomycetemcomitans lsrACDBFG and lsrRK operons are regulated by LsrR
and cyclic AMP receptor protein (CRP) and that proper regulation of the lsr locus is required for optimal biofilm growth by A.
actinomycetemcomitans. Here, we identified sequences that reside immediately upstream from both the lsrA and lsrR start
codons that closely resemble the consensus recognition sequence of Escherichia coli integration host factor (IHF) protein. A.
actinomycetemcomitans IHF� and IHF� were expressed and purified as hexahistidine fusion proteins, and using electrophoretic
mobility shift assays (EMSAs), the IHF�-IHF� protein complex was shown to bind to probes containing the putative IHF recog-
nition sequences. In addition, single-copy chromosomal insertions of lsrR promoter-lacZ and lsrA promoter-lacZ transcrip-
tional fusions in wild-type A. actinomycetemcomitans and �ihfA and �ihfB mutant strains showed that IHF differentially regu-
lates the lsr locus and functions as a negative regulator of lsrRK and a positive regulator of lsrACDBFG. Deletion of ihfA or ihfB
also reduced biofilm formation and altered biofilm architecture relative to the wild-type strain, and these phenotypes were par-
tially complemented by a plasmid-borne copy of ihfA or ihfB. Finally, using 5= rapid amplification of cDNA ends (RACE), two
transcriptional start sites (TSSs) and two putative promoters were identified for lsrRK and three TSSs and putative promoters
were identified for lsrACDBFG. The function of the two lsrRK promoters and the positive regulatory role of IHF in regulating
lsrACDBFG expression were confirmed with a series of lacZ transcriptional fusion constructs. Together, our results highlight the
complex transcriptional regulation of the lsrACDBFG and lsrRK operons and suggest that multiple promoters and the architec-
ture of the lsrACDBFG-lsrRK intergenic region may control the expression of these operons.

The dental biofilm is a complex and dynamic microbial com-
munity that comprises up to 700 different species of bacteria

(1, 2, 58, 60). This biofilm is the prime etiological agent of three
common oral diseases in humans, dental caries, gingivitis, and
periodontal disease (3–5, 59). The progression of these diseases is
associated with major shifts in microbial populations in the oral
biofilm, and diseased sites often exhibit increased populations of
pathogenic species relative to healthy sites in the oral cavity (3, 4,
6). The stimuli that contribute to these populational shifts have
not been well characterized, but the oral cavity is subject to con-
tinual environmental flux, including changes in pH, temperature,
osmolarity, and nutrient supply. Oral bacteria rapidly detect and
respond to these environmental fluctuations, allowing them to
successfully coexist and thrive in the oral cavity (4, 7, 8). Both
intra- and interspecies communication is known to occur among
oral bacteria, and it is likely that these signaling processes enable
the organisms to coordinate their behavior and function by regu-
lating gene expression as a community. One mechanism of com-
munication, termed “quorum sensing,” is a cell density-depen-
dent response (9–12), which in Gram-negative bacteria is
mediated by the production, release, and detection of soluble sig-
nal molecules called “autoinducers.”

Aggregatibacter actinomycetemcomitans is a Gram-negative or-
ganism that is associated with aggressive forms of periodontitis
and other systemic infections (13–16). This organism expresses
LuxS and secretes autoinducer 2 (AI-2), and AI-2-dependent quo-
rum sensing has been shown to regulate the expression of viru-
lence factors, iron acquisition systems, and biofilm formation
(17–20). The complex regulatory network involved in A. actino-
mycetemcomitans biofilm growth and the role of quorum sensing

in this process have begun to be explored in recent years. A. acti-
nomycetemcomitans expresses two periplasmic proteins, LsrB and
RbsB, that function as receptors for AI-2 (21, 22), and inactivation
of either or both of the genes encoding these proteins results in
reduced biofilm growth and virulence (18, 20, 21). Like Esche-
richia coli and Salmonella, A. actinomycetemcomitans LsrB is en-
coded by an operon consisting of lsrACDBFG (the Salmonella en-
terica serovar Typhimurium operon also contains an additional
gene designated lsrE), where the lsrACD genes encode the AI-2
transporter, lsrF encodes an aldolase-like protein that cleaves AI-2
(23), and lsrG codes for an isomerase of phospho-AI-2 (24). Up-
stream of and divergently transcribed from the lsrACDBFG
operon resides lsrRK, encoding a repressor of lsrACDBFG (LsrR)
and an AI-2 kinase (LsrK), which in E. coli regulate the expression
of lsrACDBFG operon in an AI-2-dependent manner (25, 26). In
E. coli and S. Typhimurium, AI-2 is internalized and phosphory-
lated at high density by LsrK, and AI-2-PO4 binds to LsrR, result-
ing in derepression of lsrACDBFG. The structure of both operons
is conserved in A. actinomycetemcomitans, but in contrast to what
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occurs in E. coli, deletion of lsrK had no effect on the transcrip-
tional activity of the A. actinomycetemcomitans lsrA or lsrR pro-
moters (27). However, deletion of lsrR, lsrRK, or the gene encod-
ing the cyclic AMP (cAMP) receptor protein (CRP) results in a
significant reduction of biofilm formation by A. actinomycetem-
comitans (27). Thus, the proper regulation of the lsr locus has a
significant impact on the ability of A. actinomycetemcomitans to
thrive in biofilms.

The integration host factor (IHF) is a DNA-binding and
-bending protein that consists of two subunits, HimA (IHF�) and
HimD (IHF�), which show 30% identity in their amino acids in E.
coli. IHF recognizes and binds to the asymmetric consensus se-
quence YAANNNNTTGATW, where Y � T or C, N � any base,
and W � A or T (28, 29), which usually is found in A/T-rich
regions (30). The surrounding regions flanking the IHF consensus
site are also important in the IHF binding (31). IHF was originally
discovered as being essential for the integration of the bacterio-
phage � DNA into the chromosome (32). However, it is now
known to play a role in bacterial chromatin organization, recom-
bination, DNA replication, and transcriptional regulation in
Gram-negative bacteria, including the regulation of genetic loci
associated with virulence in many pathogenic bacteria. IHF has a
critical role in the coparticipation with RpoS for the transcrip-
tional activation of genes required for the transition from expo-
nential growth to the stationary phase, and in Salmonella, IHF
coordinates the regulation of the major virulence gene clusters.
Specifically, IHF has a positive regulatory role in the expression of
the pathogenicity island 1 (SP-1) in early and late exponential
phases of growth, while at the onset of the stationary phase, IHF
inhibits the expression of the genes encoding the type III secretion
system (TTSS) and has a positive effect on the expression of the
genes coding for secreted effector proteins (33). IHF also has a
positive role in the transcriptional control of the che genes that
encode the chemotaxis proteins and genes coding for the flagel-
lum in Salmonella (33), E. coli K-12 (34), and Caulobacter (35).
IHF contributes to flagellin protein phase variation in Salmonella
(33, 36, 37), and in E. coli, IHF participates in the control of phase
variation of type 1 fimbria (38). Furthermore, the foundation of
the biofilm structure is the extracellular polymeric substance
(EPS) that acts as a barrier to protect the bacteria in the biofilm
community from host defenses and antibiotics. Extracellular IHF
appears to play a role in the integrity of the EPS matrix that con-
tains extracellular DNA, and treatment with IHF antibodies rap-
idly disrupts the biofilm EPS formed by several human pathogens
in vitro (39–41).

In this report, we show that the intergenic region (IGR) sepa-
rating the A. actinomycetemcomitans lsrACDBFG and lsrRK oper-
ons contains two motifs that resemble the consensus IHF binding
site and that both interact with purified IHF�-IHF� complex. We
also show that IHF differentially regulates the lsrACDBFG and
lsrRK operons, and deletion of either ihfA or ihfB reduces biofilm
growth by A. actinomycetemcomitans. These results highlight the
complex transcriptional regulation of the lsrACDBFG and lsrRK
operons and suggest that the architecture of the lsrACDBFG-lsrRK
intergenic region may contribute to the regulation of these oper-
ons.

MATERIALS AND METHODS
Bacterial strains, plasmids, and media. The bacterial strains and plas-
mids used in this study are listed in Table S1 in the supplemental material.

Luria-Bertani (LB) broth, LB agar (LB broth plus 1.5% agar), TYE broth
(1% tryptone, 0.5% yeast extract), brain heart infusion (BHI) broth, and
BHI agar (all from Difco) were routinely used for the propagation and
plating of bacteria. Aggregatibacter actinomycetemcomitans (afimbriated,
smooth-colony morphotype strain 652) was grown at 37°C under mi-
croaerophilic conditions in a candle jar and was also used for biofilm
experiments (see below). When required, the medium was supplemented
with 25 �g/ml kanamycin (Km), 12.5 �g/ml tetracycline (Tc), 50 �g/ml
spectinomycin (Sp), or 100 �g/ml ampicillin (Amp).

DNA procedures. DNA manipulations were carried out as described
previously (42). Transformation of E. coli and A. actinomycetemcomitans
was done by electroporation (Bio-Rad, Hercules, CA). Transformants
containing plasmids were selected on LB agar plates supplemented with
the appropriate antibiotics. Plasmid DNA was isolated using the QIAprep
Spin miniprep kit (Qiagen, Valencia, CA). Restriction enzymes were used
as recommended by the manufacturer (New England BioLabs, Ipswich,
MA). All primers used in this study (Integrated DNA Technology, Cor-
alville, IA) are shown in Table S2 in the supplemental material, and those
flanked with restriction enzyme sites are underlined in the primer se-
quences. Primer sequences were designed based on the genome informa-
tion of A. actinomycetemcomitans strain D11S-1 available from the Patho-
systems Resource Integration Center (http://patricbrc.vbi.vt.edu). All
constructs were verified by DNA sequencing (University of Louisville
Core Sequencing Facilities).

Identification of the lsrR and lsrA transcriptional start sites. The
transcriptional start sites of lsrR and lsrA were determined using a Gene
Racer kit (Invitrogen, Grand Island, NY). A. actinomycetemcomitans 652
was grown in LB to the late exponential phase (optical density at 600 nm
[OD600] of 0.4). This culture was treated with Qiagen RNAprotect bacte-
rial reagent, and total RNA was extracted using the RNeasy lipid tissue
minikit (Qiagen, Valencia, CA) as specified by the manufacturer. RNA
was treated with RNase-free DNase I (New England BioLabs, Ipswich,
MA) to eliminate contaminating DNA. RNA was quantified by spectro-
photometry using a Nanodrop ND-1000 (Thermo Fisher Scientific, Pitts-
burgh, PA). A 44-base 5= RNA adaptor oligonucleotide was ligated to the
5= ends of the total RNA (5 �g) using T4 RNA ligase. Reverse transcription
(RT) was performed with avian myeloblastosis virus (AMV) reverse trans-
criptase and random hexamers that were included in the Gene Racer kit.
PCR was performed using the Gene Racer 5= primer and the lsrA- and
lsrR-specific primers ATE-210 and ATE-208, respectively. The PCR prod-
ucts were subsequently cloned into a pCR4-TOPO vector and trans-
formed into E. coli TOP10 (Invitrogen). Thirty-five positive independent
clones were sequenced for the lsrR promoter, and 28 clones were analyzed
for the lsrACDBFG promoter.

Construction of lsrR and lsrA promoter-lacZ fusion plasmids. Var-
ious fragments containing portions or the entire intergenic region be-
tween lsrACDBFG and lsrRK region were amplified by PCR as follows
using A. actinomycetemcomitans 652 genomic DNA as a template. The
typical amplification profile used was 94°C for 2 min for 1 cycle and then
94°C for 30s, 60°C for 1 min, and 72°C for 2 min for 25 cycles. For the lsrR
promoter fusion constructs pATE69, pATE70, and pATE100, portions of
the intergenic region were amplified using the primer sets ATE-172F and
ATE-6R, ATE-173F and ATE-6R, and ATE-242F and ATE-6R, respec-
tively (see Table S2 in the supplemental material). The 193-, 143-, and
414-bp PCR products were then digested with KpnI-BamHI, and each was
cloned into KpnI-BamH-digested pJT3 (43) to create pATE69, pATE70,
and pATE100, respectively. A similar approach was used to construct the
lsrA promoter fusion plasmids pATE73, pATE74, and pATE75. The
primer sets used to amplify the appropriate promoter fragment for these
constructs were ATE-165F and ATE-7R, ATE-166F and ATE-7R, and
ATE-167F and ATE-7R, respectively.

Construction of pATE92 and pATE93 plasmids. The promoter re-
gion and structural ihfA gene were amplified from A. actinomycetemcomi-
tans genomic DNA using primer sets ATE-216F and ATE-218R, and the
resulting 813-bp fragment was digested with BamHI-XbaI and cloned
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into BamHI-XbaI-digested pJT7 (A. Torres-Escobar, M. D. Juarez-Rodri-
guez, and D. R. Demuth, submitted for publication) (see Table S2 in the
supplemental material) to create pATE92. Similarly, the promoter region
and structural ihfB gene were amplified from A. actinomycetemcomitans
genomic DNA using primer sets ATE-219F and ATE-221R, and the re-
sulting 714-bp product was digested with KpnI-XbaI and cloned into
KpnI-XbaI-digested pJT7 (see Table S2) to create pATE93.

Construction of ihfA and ihfB expression plasmids. The structural
ihfA and ihfB genes were PCR amplified from A. actinomycetemcomitans
genomic DNA using primer sets ATE-188F and ATE-189R and ATE-190F
and ATE-191R, respectively. The 302-bp product containing the ihfA gene
and the 285-bp product containing the ihfB gene were digested with NcoI-
ApaI and cloned individually into the NcoI-ApaI-digested pYA3883 (44)
expression vector to create pATE76 and pATE77, respectively. However,
IHF� was only moderately expressed from pATE77; thus, a fragment
containing the structural ihfB flanked by the sequence encoding the AU1
(44) from pATE77 was amplified using the primer set ATE-192F and
ATE-193R in order to increase its expression. The resulting 317-bp PCR
product was digested with NcoI-XhoI and cloned into NcoI-XhoI-di-
gested pET28A� vector (Novagen) to obtain pATE80.

Generation of A. actinomycetemcomitans markerless deletion mu-
tants. The construction of A. actinomycetemcomitans harboring a mark-
erless deletion mutation of the ihfA gene was carried out by amplifying the
upstream and downstream flanking regions of ihfA with primer sets ATE-
157F and ATE-134R and ATE-135F and ATE-158R (see Table S2 in the
supplemental material). The respective 646-bp and 546-bp PCR products
were digested with NheI-XhoI and XhoI-SacI and cloned adjacently
(joined by the XhoI restriction site) into NheI-SacI-digested pJT1 suicide
vector (43) to create pATE78. A similar approach was used to generate the
markerless deletion mutant in ihfB. The upstream and downstream flank-
ing regions of ihfB were amplified by PCR with primer sets ATE-159F and
ATE-142R and ATE-143F and ATE-160R (see Table S2). The respective
652-bp and 1,035-bp PCR products were digested with NheI-XhoI, and
XhoI-SacI and cloned adjacently (joined by the XhoI restriction site) into
the NheI-SacI-digested pJT1 suicide vector to create pATE79. Each re-
combinant suicide plasmid (20 �g) was introduced individually into A.
actinomycetemcomitans by electroporation. Electroporated cells were in-
cubated in 0.5 ml of SOC broth (Super Optimal broth with glucose added
for catabolite repression) standing for 5 h at 37°C under microaerophilic
conditions (anaerobic jar). Bacterial cells with single recombinant event
were selected onto BHI agar containing 50 �g/ml Sp at 37°C under mi-
croaerophilic conditions. Ten spectinomycin-resistant (Spr) colonies
were randomly selected and subcultured daily for 24 h at 37°C for 3 con-
secutive days, except that the final cultures were grown in the presence of
1 mM IPTG (isopropyl-�-D-thiogalactopyranoside) (IPTG-induced Ptrc-
sacB). To select for bacteria that had undergone a second recombination
event, the culture was diluted 10-fold, spread onto TYE agar supple-
mented with 1 mM IPTG and 10% sucrose, and grown at 37°C under
microaerophilic conditions. One thousand sucrose-resistant (Sucr) colo-
nies were replica plated onto TYE agar supplemented with sucrose and
onto BHI agar supplemented with spectinomycin. Spectinomycin-sensi-
tive (Sps) colonies were selected to perform PCR for the deletion mutation
of the target genes, using the primer set ATE-137F and ATE-140R for ihfA
deletion or ATE-145F and ATE-148R for ihfB deletion. Sps colonies that
were PCR positive were selected for further analysis.

Integration of lsrR-lacZ or lsrA-lacZ transcriptional fusion in single
copy into the A. actinomycetemcomitans genome. To integrate a single
copy of the lsrR-promoter- or lsrA-promoter-lacZ transcriptional fusions
into the chromosome of A. actinomycetemcomitans by homologous re-
combination, the lsrR-lacZ (in a 3,000-bp KpnI-XbaI fragment) and lsrA-
lacZ (in a 3,969-bp KpnI-XbaI fragment) constructs were released from
pATE23 and pATE75, respectively, and were subcloned into KpnI-XbaI-
digested pJT10 suicide vector (Torres-Escobar et al., submitted) to create
pATE94 and pATE95, respectively. Each recombinant suicide plasmid (20
�g) was introduced individually into A. actinomycetemcomitans 652 and

isogenic �ihfA, and �ihfB mutants by electroporation. A similar approach
used to generate the markerless deletion mutants described above was
employed, but with the selection of Spr colonies, to obtain A. actinomyce-
temcomitans with a single copy of the transcriptional fusion inserted in the
chromosome by one homologous recombinant event. Ten Spr colonies
were selected to verify by PCR the single-copy chromosomal insertion of
the lsrR-lacZ or lsrA-lacZ fusion with primer sets ATE-210R and MDJR-
123R and MDJR148F and ATE208R and ATE-208R and MDJR-123R and
MDJR148F and ATE210R, respectively. The Spr colonies that were PCR
positive were selected for further analysis.

Growth kinetics. A single colony of A. actinomycetemcomitans har-
boring each recombinant plasmid was independently inoculated into 10
ml of BHI medium supplemented with 25 �g/ml Km and was grown
standing for 24 h at 37°C. The next day, the overnight culture (OD600 of
0.6) was diluted at a 1:30 ratio to inoculate 10 ml of BHI with 25 �g/ml Km
and grown standing at 37°C. For the first 12 h of growth, an aliquot was
removed each hour, and culture density was determined by measuring the
OD600. Additional aliquots were taken from each culture for analysis at
the 24-, 48-, and 72-h time points. �-Galactosidase (�-Gal) activity was
also determined for each aliquot as described below.

�-Gal assays. �-Galactosidase (�-Gal) activity was qualitatively as-
sessed on LB agar plates that were supplemented with 50 �g/ml 5-bromo-
4-chloro-3-indolyl-�-D-galactopyranoside (X-Gal). Quantitative evalua-
tion of �-Gal activity was carried out using permeabilized cells incubated
with o-nitrophenyl-�-D-galactopyranoside (ONPG) substrate (Sigma, St.
Louis, MO) as previously described by Miller (45). Average values 	
standard deviations) for activity units were routinely calculated from
three independent assays, each carried out in triplicate.

Expression and purification of IHF protein. E. coli LMG194 harbor-
ing pATE76 and E. coli BL21(DE3) transformed with the pATE80 plasmid
were used for the synthesis of the hexahistidine fusion proteins’ IHF alpha
(IHF�) and beta (IHF�) subunits, respectively. The expression and de-
tection of the recombinant proteins were performed essentially as de-
scribed previously by Torres-Escobar et al. (44). Purification was carried
out by cobalt-based immobilized metal affinity chromatography under
denaturing conditions. Eluted fractions containing the purified IHF� and
IHF� subunits were selected based on sodium dodecyl sulfate-polyacryl-
amide gel electrophoresis analysis (SDS-PAGE). The IHF� and IHF� se-
lected pools were mixed in equimolar quantities and dialyzed in a Slyde-
A-Lyzer 3K cassette (Pierce) at 4°C against refolding buffer containing 50
mM Tris-HCl (pH 8.5), 4 M urea, 0.5 M L-arginine, 264 mM NaCl, 11 mM
KCl, 8 mM MgCl2, 0.1% Triton X-100, and 20% (vol/vol) glycerol for 24
h. Subsequently, samples were dialyzed for 24 h against the buffer de-
scribed above but containing 2 M urea and then sequentially dialyzed for
12 h each in buffer consisting of 50 mM Tris-HCl (pH 8.5), 100 mM NaCl,
0.1 mM KCl, 4 mM MgCl2, 2 mM Mg(CH3COO)2, 0.1 mM EDTA, 0.1
mM dithiothreitol (DTT), 50% (vol/vol) glycerol, and 2, 1, or 0.5 M urea.
A final dialysis was then carried out for 6 h against the buffer described
above without urea. Aliquots of the IHF heterodimer reconstituted from
purified subunits IHF� and IHF� was stored at 
70°C. The protein con-
centration was determined by the Bradford assay, using bovine serum
albumin (BSA) as a standard.

EMSA. The DNA fragments used for the nonradioactive electropho-
retic mobility shift assay (EMSA) were obtained by PCR using sets of
primers described in Table S2 in the supplemental material. A biotin 3=-
end labeling kit (Fisher Scientific, Pittsburgh, PA) was used for labeling of
DNA fragments according to the manufacturer’s instructions. Binding
reactions were performed with a total of 50 fmol of each probe mixed with
various amounts of the IHF heterodimer reconstituted from purified sub-
units IHF� and IHF� (1, 2, and 4 �M) in 20 �l of binding buffer consist-
ing of 10 mM Tris-HCl [pH 7.5], 50 mM KCl, 1 mM dithiothreitol, 1 �g
poly(dI-dC), and 100 �g/ml bovine serum albumin (BSA). The reaction
mixtures were incubated for 20 min at room temperature. Afterward, 5 �l
of gel loading buffer (0.25� Tris-borate-EDTA [TBE], 60%; glycerol,
40%; bromophenol, 0.2% [wt/vol]) was added, and the mixtures were
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electrophoresed in a 6% native polyacrylamide gel in 0.5� TBE buffer (45
mM Tris-borate, 1 mM EDTA [pH 8.0]) and immunoblotted. DNA bands
were detected using the LightShift chemiluminescent EMSA kit according
to the manufacturer’s instructions.

Biofilm formation and analysis. A. actinomycetemcomitans biofilms
were grown in an FC81 polycarbonate flow chamber (Biosurface Tech-
nologies Corp., Bozeman, MT) (chamber dimensions are 50.5 mm by 12.7
mm by 2.54 mm) at a flow rate of 10 ml per hour at 25°C, essentially as
described by Shao et al. (20). The resulting biofilm was stained with 0.2
mg/ml fluorescein isothiocyanate (FITC) (Sigma-Aldrich) for 1 h in the
dark and then washed with phosphate-buffered saline (PBS) for 2 h. Bio-
films were visualized using an Olympus Fluoview FV500 confocal scan-
ning laser microscope (Olympus, Pittsburgh, PA) at a magnification of
�600, using an argon laser. Confocal images were captured from 20 ran-
domly chosen frames from each flow chamber, and z-plane scans from 0
to 100 �m at 1-�m intervals were performed above the glass surface for
each frame. The images were analyzed using Volocity image analysis soft-
ware (PerkinElmer, Inc., Waltham, MA) to reconstruct three-dimen-
sional images. Biofilm depth, biofilm biomass, and total surface area of
biofilm were determined using the Volocity software package. The values
reported are means of data from the different frames obtained. Biofilm
assays were repeated independently three times with each strain. Differ-
ences among biofilms were determined by one-way analysis of variance
(ANOVA) followed by Tukey’s multiple-comparison test. Differences
with P values of �0.05 were considered significant. Data were analyzed
with GraphPad Prism v5 software.

RESULTS
Identification of putative integration host factor binding sites in
the lsrACBFG and lsrRK operon promoters. In our previous
work, we identified key promoter elements in a 414-bp sequence
that encompasses the intergenic region between the divergent
lsrACBFG and lsrRK operons in A. actinomycetemcomitans and
showed that the expression of these operons was controlled by
both the LsrR repressor and cAMP receptor protein (CRP) (27).
We have now identified two additional sequences in the 414-bp
intergenic region that closely resemble the E. coli consensus rec-
ognition sequence of the integration host factor (IHF) protein
(YAANNNNTTGATW, where Y � T or C, N � any base, and
W � A or T) (29). The first putative IHF binding sequence is located
at nucleotides 
65 to 
77 relative to the lsrR start codon. The second
sequence comprises nucleotides 
66 to 
78 relative to the putative
lsrA start codon (27). These sequences have been designated IHFs1

and IHFs2, respectively (for details, see Fig. 2). Furthermore, exami-
nation of the A. actinomycetemcomitans genome sequence identi-
fied two open reading frames designated D11S_1364 and
D11S_1626, which are annotated ihfA and ihfB, respectively (see
Fig. S1A in the supplemental material). These genes encode pro-
teins that exhibit 82% and 78% amino acid sequence similarity
with E. coli IHF� and IHF�, respectively (not shown) and 40%
sequence identity compared to each other (see Fig. S1B).

IHF interacts with the lsrACDBFG-lsrRK intergenic region
of A. actinomycetemcomitans. To determine if the A. actinomy-
cetemcomitans IHF protein interacts with the putative binding
sites identified in the lsrA and lsrR promoters (lsrAP and lsrRP), A.
actinomycetemcomitans IHF� and IHF� were expressed as hexa-
histidine fusion proteins and purified as described in Materials
and Methods. The purified individual subunits and a heterodimer
made by incubating equimolar concentrations of the individual
subunits are shown in Fig. 1. Using the purified heterodimer prep-
aration, EMSA reactions were performed with a family of DNA
fragments that spanned the 414-bp promoter sequence (Fig. 2A).

Preliminary experiments showed that the protein and probe con-
centrations required for optimal formation of DNA-protein com-
plexes were 4 �M and 50 fmol, respectively (data not shown). As
shown in Fig. 2B, IHF bound only to probes that contained the
putative binding sites described above (i.e., probes III, IV, V, VI,
VIII, IX, X, and XI), whereas probes comprising other regions of
the IGR or coding sequences of lsrA or lsrR did not form DNA-
IHF complexes (i.e., probes I, II, VII, and XII). Interestingly, upon
interaction with IHFs2, the IHF protein produced a single shifted
band when incubated with probes III, IV, and VI and two shifted
bands with probe V. Similarly, when binding to IHFs1, a single
shifted band was detected for probe XI, but multiple shifted bands
were observed using probes VIII, IX, and X. There are several
possible explanations for this observation: IHF binding may be
influenced by sequences flanking the core consensus sequence,
IHF binding may be altered when the binding site resides close to
the 5= end of the probe, or alternatively, IHF may induce different
DNA-protein conformations in the various probes. IHF binding
was not detected using a 200-bp DNA fragment derived from the
Yersinia pseudotuberculosis psaA gene, which represented a nega-
tive control. Together, these results indicate that IHF interacts
with both the lsrRK and lsrACDBFG promoters.

IHF regulates the expression of the lsrACDBFG and lsrRK
operons in A. actinomycetemcomitans. Single-copy chromo-
somal insertions of the lsrR promoter-lacZ or lsrA promoter-lacZ
transcriptional fusion constructs were introduced into A. actino-
mycetemcomitans 652 (to generate strains 652-TE-23 and 652-TE-
75) and its isogenic �ihfA and �ihfB mutant strains (producing
stains 652-TE78-23, 652-TE78-75, 652-TE79-23, and 652-TE79-
75), as described in Materials and Methods. �-Galactosidase (�-
Gal) activity expressed by these strains was measured to determine
if the IHF protein influences the expression of the lsrACDBFG
and/or lsrRK operon. As shown in Table 1, �-Gal expression di-
rected by the lsrR promoter was induced by 4-fold in both the
�ihfA and �ihfB mutant strains. In contrast, �-Gal expression
directed from the lsrA promoter decreased by 4- to 6-fold in the
�ihfA or �ihfB strain. Thus, IHF interacts with each promoter,
but the binding of IHF differentially regulates the expression of
the lsrRK and lsrACDBFG operons, reducing the expression of
lsrRK and inducing lsrACDBFG.

Transcription of the lsrRK and lsrACDBFG operons initiates
from multiple sites. 5= rapid amplification of cDNA ends (5=-

FIG 1 SDS-PAGE analysis of hexahistidine IHF � and � fusion subunits ex-
pressed in the cytoplasm of the E. coli LMG109 and BL21(DE3) strains. Lane 1,
molecular mass marker (MM); lanes 2 and 3, hexahistidine IHF� and IHF�
subunits, respectively, purified by cobalt-based immobilized metal affinity
chromatography; lane 4, IHF� and -� subunits from reconstituted IHF het-
erodimer (at a 1:1 molar ratio) as described in Materials and Methods.
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RACE) was employed to map the transcriptional start sites (TSSs)
for both the lsrACDBFG and lsrRK promoters. As shown in Table
2, two TSSs (referred to as TSSR1 and TSSR2) were mapped up-
stream from the lsrR start codon. The main start site (TSSR1)
mapped to nucleotide 
38 and represented 86% of the positive
clones that were identified by 5=-RACE. A secondary TSS (TSSR2)
mapped to nucleotide 
138. In support of these results, putative

10 and 
35 elements are present upstream from both TSSs, at
nucleotides 
41 to 
46 and 
66 to 
71 for TSS1 and 
144 to

149 and 
168 to 
173 for TSS2. As shown in Fig. 3, the putative

35 element associated with TSS1 overlaps the IHFs1 binding site
and the putative 
35 element for TSS2 overlaps the CRP2 binding
site that was previously identified (27). These results suggest that
two promoters, RP1 and RP2, may drive the expression of lsrRK.

Three TSSs (designated TSSA1, TSSA2, and TSSA3) were mapped
for the lsrACDBFG operon. The main TSS (TSSA2) was located 210
nucleotides upstream from the lsrA start codon and represented
60% of the clones that were identified by 5=-RACE. Two secondary
TSSs mapped to nucleotides 
184 (TSSA1) and 
262 (TSSA3)
relative to the putative lsrA start codon (27), and these sites rep-
resented 28% and 11% of the 5=-RACE clones identified, respec-
tively (Table 2). Consistent with these assignments, putative 
10
and 
35 elements were associated with each TSS, located at nu-
cleotides 
191 to 
196 and 
212 to 
217 for TSSA1, 
215 to
220 and 
238 to 243 for TSSA2, and 
268 to 273 and 
293 to 298
for TSSA3 (Fig. 3). Similar to the results for the lsrRK promoter, the

FIG 2 Binding of reconstituted IHF heterodimer to the lsrA and lsrR promoters. (A) Schematic representation of the lsrA-lsrR promoter region showing the
putative binding regions for LsrR (black boxes), CRP (gray boxes), and IHF. PCR fragments used for EMSA reactions encompassing the lsrA and lsrR coding
regions and the promoter sequence are numbered from I to XII, and the nucleotides contained by each fragment are indicated to the right. The numbering of the
nucleotides comprising the 414-bp promoter sequence is relative to the start codon of lsrR. (B). PCR probes were incubated in the presence (�) or absence (
)
of 4 �M reconstituted IHF heterodimer for 20 min at room temperature, and DNA-protein complexes (indicated by asterisks) were resolved in 6% polyacryl-
amide gels. A 200-bp DNA fragment from the psaA gene of Yersinia pseudotuberculosis (probe Yp) was used as the negative control.

TABLE 1 Differential regulation of the lsrRK and lsrACDBFG
promoters by IHF

Strain Genotype
�-Galactosidase activity
(Miller units)

652-TE-23 Wild type-lsrR::lsrR23-lacZ 33.3 	 1.1
652-TE78-23 �ihfA-lsrR::lsrR23-lacZ 123.5 	 0.9
652-TE79-23 �ihfB-lsrR::lsrR23-lacZ 133.0 	 3.4
652-TE-75 Wild type-lsrA::lsrA75-lacZ 96.6 	 3.7
652-TE78-75 �ihfA-lsrA::lsrA75-lacZ 17.1 	 0.8
652-TE79-75 �ihfB-lsrA::lsrA75-lacZ 23.8 	 0.6

TABLE 2 Transcriptional start sites identified by 5=-RACE

TSS Position (nucleotide)a

No. (%) of 5=-RACE
clones identified

lsrR
TSS1 
38 (A) 30 (86)
TSS2 
138 (A) 5 (14)

lsrA
TSS1 
184 (G) 8 (29)
TSS2 
210 (A) 17 (60)
TSS3 
262 (A) 3 (11)

a The letter in parentheses indicates the nucleotide determined for that 5= end.
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10 and 
35 elements associated with TSSA1 overlap the LsrR
binding sites O4 and O3, which were previously characterized (27).
In addition, the 
10 element associated with TSSA2 overlaps the
LsrR binding site, O3, and its corresponding 
35 element overlaps
a previously identified CRP2 binding site. Finally, the 
35 element
associated with TSSA3 overlaps the LsrR binding site O2. Thus,
similar to the lsrRK operon, multiple promoters (AP1, AP2, and
AP3) may control the expression of lsrACDBFG. Overall, these
results suggest that several regulatory proteins, including IHF,
LsrR, and CRP, interact with multiple overlapping promoters to
regulate the expression of the lsrACDBFG and lsrRK operons in A.
actinomycetemcomitans.

Functional characterization of the lsrACDBFG and lsrRK
promoters. Our previous results suggested that the lsrRK pro-
moter resides within nucleotides 
1 to 
255 upstream of the lsrR
start codon (27). As shown in Fig. 4A, there was no significant
difference in lacZ expression produced from constructs pATE23
and pATE100, confirming that no additional regulatory elements

required for expression of lsrRK exist between nucleotides 
256
and 
414. In contrast, our previous results showed that the
255-bp fragment did not promote the expression of lsrA, but
the entire 414-bp sequence was necessary for expression of
lsrACDBFG (27). The results presented above now suggest that
both the lsrRK and lsrACDBFG promoter regions contain multi-
ple transcriptional initiation sites, and to demonstrate the func-
tion of the putative promoters associated with these TSSs, a series
of DNA fragments encompassing portions of the 414-bp IGR were
amplified by PCR and cloned individually into the low-copy-
number promoterless lacZ plasmid pJT3 (Fig. 4). The recombi-
nant plasmids and a control vector without a promoter were in-
troduced into A. actinomycetemcomitans by electroporation, and
�-galactosidase (�-Gal) activity was determined. As shown in Fig.
4A, a 5-fold reduction in �-Gal expression occurred when nucle-
otides 
1 to 
81 upstream from lsrR were deleted (see pATE68).
This suggests that RP1 is the main promoter driving lsrRK expres-
sion under the growth conditions tested and is consistent with our

FIG 3 Double-stranded DNA sequence of the 414-bp lsrA-lsrR promoter region. The numbers on the top and bottom strands are relative to the lsrR and lsrA start
codons, respectively. Inverted repeat sequences that represent LsrR binding sites are labeled “O1” to “O4.” Regions that resemble the consensus CRP binding site
are shown in green boxes and are labeled “CRP1” and “CRP2.” Regions that resemble the consensus IHF binding site are shown in blue boxes and are labeled
“IHFs1” and “IHFs2.” The transcriptional start sites are indicated with bent arrows. For lsrR, start sites are labeled “TSSRX”; for lsrA, start sites are labeled “TSSAX.”
Predicted 
35 and 
10 sequences are shown in shown in red text. Potential Shine-Dalgarno sequences are labeled “SD.”
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results indicating that TSSR1 is the major TSS of the lsrRK operon
(Table 1). However, even in the absence of RP1, significant �-Gal
expression was observed, indicating that RP2 is also functional
and contributes to lsrRK expression. Deletion of the LsrR binding
sites O3 and O4 (pATE69 in Fig. 4A) resulted in a modest increase
in lacZ expression, suggesting that O1 and O2 may be the primary
sites for the LsrR-mediated repression of lsrRK that was previously
reported (27).

As shown in Fig. 4B, little lacZ expression occurred in the strain
containing pATE71, in which the putative promoter elements as-
sociated with the three TSSs identified above were deleted. In ad-
dition, similar low levels of lacZ expression were observed with
pATE73, where IHFs2 was deleted but the upstream promoter
elements were left intact. This suggests that IHF is a positive reg-
ulator of lsrA expression, consistent with the results shown in
Table 1. This was further confirmed by restoring IHFs2 in con-
struct pATE74, which produced significantly higher levels of lacZ
expression. Interestingly, lacZ expression from pATE74 was ap-
proximately 5-fold higher than that observed with pATE75, which
contains the entire 414-bp promoter fragment, suggesting that an
additional lsrA negative regulatory element may exist in the region
comprising nucleotides 
1 to 
44 relative to the putative lsrA
start codon. At present, it is not known if this putative element
functions at the transcriptional or posttranscriptional level.

IHF influences biofilm formation by A. actinomycetemcomi-
tans. We previously showed that deletion of lsrR or crp reduced
biofilm growth of A. actinomycetemcomitans, suggesting that
proper regulation of lsrACDBFG and lsrRK expression is impor-
tant for the formation of A. actinomycetemcomitans biofilms (27).
To determine if deletion of IHF affected biofilm formation, strains
652-TE-78 and 652-TE-79 (�ihfA and �ihfB, respectively) were
cultured in flow cells, and the resulting biofilms were analyzed by
confocal laser scanning microscopy using Volocity software. Rep-
resentative reconstructed three-dimensional images of the bio-
films formed by each strain are shown in Fig. 5, and measurements
of biofilm biomass, depth, and surface coverage are presented in
Table 3. Deletion of ihfA or ihfB resulted in a significant decrease
in biofilm depth and an increase in total biomass relative to the
wild type. Biofilms produced by the mutant strains appeared less
structured than the wild type and more closely resembled a con-
fluent layer of cells (and thus a higher total surface coverage)
rather than the distinct microcolonies observed with wild-type
strain 652. Consistent with this, average biomass per microcolony
was significantly increased in the mutant strains since the Volocity
software delineated fewer distinct microcolonies (Table 3). Com-
plementation of the �ihfA and �ihfB strains with the low-copy-
number plasmids pATE92 and pATE93 (copy number of approx-
imately 5 to 10 per cell) containing the promoter and the

FIG 4 Schematic diagrams of the lsrR (A) and lsrA (B) transcriptional fusion constructs showing the putative binding regions for LsrR (black boxes labeled “O1”
to “O4”), CRP (gray boxes), IHF (solid ovals), and transcriptional start sites (bent arrows). Fragments derived from the 414-bp promoter fragment are
represented by thin lines, and the lsrA and lsrR coding sequences are shown by the large open arrows. The numbering of the nucleotides is relative to the lsrR start
codon in panel A and from the putative lsrA start codon in panel B. The lacZ gene is indicated by a solid black arrow. �-Galactosidase activity for each construct
is expressed as Miller units and was measured in A. actinomycetemcomitans (Aa) strains transformed individually with each plasmid and grown in BHI medium
as described in Materials and Methods. Measurements were made at the mid-exponential phase of growth, and values are means of results from three
independent experiments 	 standard deviations.
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structural ihfA and ihfB genes, respectively, resulted in a biofilm
phenotype that was similar to the that of the wild type (Fig. 5D and
E). However, total biomass of the complemented cultures was less
than that of the parent strain and could be due to the effect of
multiple copies of the ihfA and ihfB genes in these strains. To-
gether, these results suggest that ihfA and ihfB are required for
biofilm formation by A. actinomycetemcomitans and may act at
least in part through the regulation of the lsrRK and lsrACDBFG
loci.

DISCUSSION

In E. coli and S. Typhimurium, the products of the divergent
lsrACDBFG-lsrRK operons are involved in a regulatory network
that controls the uptake and processing of autoinducer 2 (AI-
2). The structure of both operons is conserved in A. actinomy-
cetemcomitans, and recent results from our laboratory showed
that the LsrR repressor protein and cyclic AMP receptor protein
(CRP) regulate the expression of both the lsrACDBFG and lsrRK
operons in A. actinomycetemcomitans (27). As currently anno-
tated, the A. actinomycetemcomitans D11S genome indicates that a

255-bp intergenic region resides between lsrACDBFG and lsrRK,
and our present results indicate that all of the regulatory elements
required to control the expression of lsrRK reside within this se-
quence. However, the 255-bp fragment did not function as the
lsrA promoter, but instead, expression of lsrACDBFG required an
additional 159 nucleotides comprising nucleotides �1 to �158 of
the annotated lsrA sequence. This led us to speculate that the lsrA-
lsrR intergenic region might comprise 414 bp and the actual lsrA
start codon may be the ATG at nucleotides �159 to �161 of the
annotated lsrA gene (27). Examination of the region from 
256 to

414 identified a sequence (IHFs2) that resembled the E. coli con-
sensus IHF binding site at nucleotides 
66 to 
78 upstream from
the putative lsrA start codon, and EMSA showed that purified
IHF�-IHF� complex bound to probes containing this sequence.
IHF functions as a positive regulator of lsrACDBFG expression,
since deletion of IHFs2 and expression of a single-copy lsrA pro-
moter-lacZ reporter in the �ihfA and �ihfB backgrounds both
resulted in a significant reduction in lacZ expression. The mecha-
nism of IHF-mediated induction lsrA operon expression is cur-

FIG 5 Three-dimensional reconstructions of biofilms formed by wild-type A. actinomycetemcomitans 652 (A) and isogenic �ihfA (B) and �ihfB (C) mutants.
Mutations were complemented by a plasmid-borne copy of ihfA or ihfB in plasmids pATE92 and pATE93 (D and E), respectively. Biofilms were cultured in open
flow cells as described in Materials and Methods and were visualized by confocal laser scanning microscopy. Image stacks were assembled and analyzed using
Volocity image analysis software. The yellow and blue scale bars in the x-y, x-z, and y-z sections represent 50 �m and 10 �m, respectively.

TABLE 3 Analysis of A. actinomycetemcomitans biofilmsa

Strain
Maximal biofilm
depth (�m)

Biomass (�m3 � 103)

Total surface area
(�m2 � 103)

Avg of
microcolony Total

652 12.19 	 1.6 4.7 	 1.5 594.9 	 47.7 808.1 	 25.1
�ihfA mutant 7.59 	 1.4§ 67.6 	 40† 690.3 	 58.8† 784.0 	 19.2
�ihfB mutant 8.35 	 1.1* 95.7 	 70‡ 745.9 	 21.8‡ 891.5 	 75.8§
�ihfA/pATE92 mutant 14.89 	 3.8 0.78 	 0.3 376.6 	 41.2‡ 643.8 	 30.3‡
�ihfB/pATE93 mutant 12.11 	 4.3 0.19 	 0.05 283.6 	 43.6‡ 515.6 	 61.9‡
a Significance: *, P � 0.05; §, P � 0.01; †, P � 0.001; ‡, P � 0.0001.
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rently not known. However, one possibility is that DNA bending
arising from IHF binding to IHFs2 stimulates transcription by
effecting a conformational change that alters the structure of the
DNA helix and facilitates open complex formation at one or more
of the lsrA promoters (see below), similar to that described for
PilvG by Parekh and Hatfield (46) or for systems such as phage
lambda pL promoter (47) and the Caulobacter crescentus flbG pro-
moter (48). 5=-RACE showed that the lsrA transcriptional start
sites (TSSs) reside a considerable distance upstream from the pu-
tative lsrA start codon and IHFs2, with the most prominent TSS
mapping to nucleotide 
210 and two additional sites mapping to
nucleotides 
184 and 
262 at lower frequency. This suggests that
lsrACDBFG expression may be directed from three promoters,
and putative 
10 and 
35 elements were associated with each of
the TSSs identified. Interestingly, elements from each of the puta-
tive promoters overlap binding sites for the LsrR repressor, sug-
gesting that a mechanism of LsrR-mediated repression of lsrACD-
BFG may be through restriction of RNA polymerase (RNAP)
access to these promoters when LsrR is bound. In addition, the
lsrAP2 promoter (TSS at 
210) is similar to the lsrA promoter of
E. coli (49) and resembles a class III CRP-dependent promoter,
possessing two or more CRP binding sites that function to in-
crease binding of RNAP and initiation of transcription (50). Sim-
ilar to some class III CRP-dependent promoters, lsrAP2 contains
one CRP site (CRP1) centered approximately 99 nucleotides up-
stream from the TSS and a second CRP site (CRP2) located around
nucleotide 
39 and overlapping the 
35 element of lsrAP2. In-
deed, two CRP binding sites located in similar positions in a semi-
synthetic CRP-dependent promoter resulted in a 2- to 4-fold in-
crease in transcription compared to a semisynthetic promoter
with a single CRP site overlapping the 
35 element (51). Thus, the
two CRP sites in lsrAP2 may act cooperatively where one � subunit
C-terminal domain (�CTD) of RNAP interacts with the upstream
CRP dimer subunit bound at CRP2, the second �CTD interacts
with the downstream CRP dimer subunit bound at CRP1, and the
downstream subunit of CRP at CRP2 interacts with RNAP � sub-
unit N-terminal domain (�NTD) and 
 subunit, consistent with
known class III CRP-dependent promoters (Fig. 6).

Or current model is that the regulation of lsrACDBFG expres-
sion is highly complex and is directed by regulatory elements in a
414-bp region that extends upstream from the ATG codon that is
currently annotated as nucleotides �159 to �161 of lsrA. Tran-
scription is primarily driven by lsrAP2, which produces a tran-
script containing a 5=-untranslated region of 210 nucleotides.

Transcription of the operon may be induced by DNA bending
mediated by IHF binding to IHFs2 and by CRP, but it is also
negatively controlled by LsrR and an unknown regulatory element
in the 
1 to 
42 region relative to the putative start codon (com-
pare plasmids pATE74 and pATE75 in Fig. 5). Currently it is not
known if this additional regulation occurs at the level of transcrip-
tion or by posttranscriptional mechanisms, such as the activity of
small RNAs involved in regulation of polycistronic mRNA (52).
Finally, we cannot conclusively exclude the possibility that IHFs2

and other regulatory elements reside within the coding sequence
of the gene and that the lsrA start codon as currently annotated in
the A. actinomycetemcomitans genome sequence is correct. Deter-
mination of the N-terminal protein sequence of native LsrA
would address this possibility.

A second IHF binding site (IHFs1) that interacts with purified
IHF complex was located at nucleotides 
65 to 
77 relative to the
lsrR start codon. Interestingly, IHF differentially regulates the
lsrRK and lsrACDBFG operons, since a single-copy genomic lsrRK
promoter-lacZ fusion expressed in �ihfA or �ihfB backgrounds
indicated that IHF negatively regulates lsrRK expression. Two TSS
were identified by 5=-RACE for the lsrRK promoter: the most
prevalent TSS mapped to nucleotide 
26, and a second site
mapped to residue 
126 at much lower frequency, and putative

10 and 
35 elements were associated with each TSS. Thus,
lsrRK may be expressed by two promoters. Deletion of lsrRP1 (TSS
at nucleotide 
26) resulted in a significant reduction in lsrRK
expression, consistent with the RACE results, suggesting that the
main TSS occurred at residue 
26. In addition, the putative 
35
element of lsrRP1 overlaps IHFs1, suggesting that downregulation
of lsrRK by IHF may arise from IHF blocking of RNAP at this
promoter. Repression of transcription by IHF binding to sites that
overlap core promoter elements has also been described for the
ompB promoter of E. coli (53) and for bacteriophage � PL2 and PR,
bacterial ilvGMEDA PG1 and promoters of ihfA and ihfB genes
(54–57). In addition, the downregulation of lsrRK by IHF may
also indirectly contribute to the induction of lsrACDBFG by re-
ducing the levels of the LsrR repressor protein that is produced.

In summary, we have shown that IHF differently regulates the
expression of lsrRK and lsrACDBFG and that each operon may be
transcribed by multiple promoters. The essential 
10 and/or 
35
elements for each of the promoters overlap binding sites for IHF,
LsrR, or CRP, suggesting that RNAP competes for binding to the
lsrA and lsrR promoters with these regulatory proteins. Finally,
lsrAP2 primarily drives expression of lsrACDBFG, and this pro-

FIG 6 Model showing similarity of lsrAP2 to the class III CRP-dependent promoter, in which regulation of lsrAP2 may require the interaction of RNA polymerase
(RNAP) � subunit C-terminal domains (�CTD) with bound CRP. The locations of the three putative lsrA promoters (lsrAP1, lsrAP2, and lsrAP3) are shown along
the bottom of the figure, and the putative 
10 and 
35 sites for each are represented by black boxes. The two lsrR promoters (lsrRP1 and lsrRP2) are shown at
the top of the figure, and the putative 
10 and 
35 sites for each are represented by gray boxes. CRP binding sites are indicated by opposing arrows.
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moter resembles a class III CRP-dependent promoter in which the
two CRP binding sites may function cooperatively to stimulate
transcription.
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