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The oral bacterium Prevotella intermedia attaches to and invades gingival epithelial cells, fibroblasts, and endo-
thelial cells. Several genes encoding proteins that mediate both the adhesion and invasion processes are carried on
the genome of this bacterium. Here, we characterized one such protein, AdpC, belonging to the leucine-rich repeat
(LRR) protein family. Bioinformatics analysis revealed that this protein shares similarity with the Treponema
pallidum LRR (LRR,,) family of proteins and contains six LRRs. Despite the absence of a signal peptide, this
protein is localized on the bacterial outer membrane, indicating that it is transported through an atypical secretion
mechanism. The recombinant form of this protein (rAdpC) was shown to bind fibrinogen. In addition, the heter-
ologous host strain Escherichia coli BL21 expressing rAdpC (V2846) invaded fibroblast NIH 3T3 cells at a 40-fold-
higher frequency than control E. coli BL21 cells expressing a sham P. infermedia 17 protein. Although similar results
were obtained by using human umbilical vein endothelial cells (HUVECs), only a 3-fold-increased invasion of V2846
into oral epithelial HN4 cells was observed. Thus, AdpC-mediated invasion is cell specific. This work demonstrated

that AdpC is an important invasin protein of P. intermedia 17.

Prevotella intermedia, a black-pigmented, Gram-negative,
anaerobic bacterium, is associated with periodontal disease.
Lopez previously found a high prevalence of Porphyromonas
gingivalis and P. intermedia in adult periodontitis lesions (31).
Although P. intermedia is also found at healthy sites (30, 44),
the profile of degradative enzymes produced by the organism
varies depending on the site at which it is present (33). This
suggests that under certain conditions, this organism alters its
enzyme profile to become more virulent, which promotes the
progression of periodontitis. In addition to periodontitis, P.
intermedia has also been shown to be associated with endodon-
tic infections such as root canal infection, apical periodontitis,
and periapical lesions. In fact, Baumgartner et al. showed pre-
viously that 36% of samples from endodontic infections con-
tain P. intermedia (1). Also, P. intermedia has been found in
extraoral sites in bacterial tracheitis in children (7) and can-
crum oris (also known as noma, an infection that destroys
orofacial tissues) lesions (17, 18). Finally, previous studies sug-
gested that chronic infections, including those associated with
periodontitis, increase the risk of systemic diseases such as
coronary heart disease and preterm delivery of low-birth-
weight infants. Haraszthy et al. previously found periodonto-
pathogens, including P. intermedia, in atherosclerotic plaques
(22). In addition, Madianos et al. (32) previously demonstrated
a significantly higher prevalence of positive fetal IgM to P.
intermedia for preterm infants than for full-term infants.
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P. intermedia invades a variety of nonphagocytic eukaryotic
cells (16). The ability to invade these cells affords the bacteria
access to a nutritionally rich environment as well as an escape
from host immune defenses. The type C fimbriae have been
shown to play a major role in the invasion process of epithelial
cells, as the anti-type C fimbria antibody inhibited invasion
(16). However, we postulated that other proteins mediating the
attachment and invasion processes of P. intermedia remain
unknown. The availability of the genomic sequence of P.
intermedia 17 allowed us to apply genomic approaches to
identify and characterize such candidates. Using proteomic
approaches, we have identified and characterized the sur-
face protein AdpB, which binds a variety of host extracellular
matrix (ECM) components (47). Furthermore, analysis of the
P. intermedia 17 genome sequence has revealed the presence of
multiple genes encoding proteins with similarity to the leucine-
rich repeat (LRR) family of proteins (27). These proteins have
been demonstrated to be present in a variety of organisms,
including viruses, bacteria, archaea, and eukaryotes, and have
been shown to play a role in the immune response, apoptosis,
adhesion, invasion, signal transduction, and DNA/RNA pro-
cessing (5, 27). Thus, we reasoned that the P. intermedia 17
LRR-like proteins play a role in the attachment and invasion
of the bacterium into host cells as well. Here, we report one
such P. intermedia 17 protein, AdpC, encoded by P10136 (www
.oralgen.lanl.gov), that confers an invasive phenotype to Esch-
erichia coli cells expressing the protein.

MATERIALS AND METHODS

Bacterial strains and growth conditions. P. intermedia strain 17, provided by
Kai Leung (U.S. Army Dental Research Detachment, Great Lakes, IL), was
used. Bacteria were maintained on blood agar plates (tryptic soy agar IT [TSA II],
5% sheep blood; BBL, Cockeysville, MD) under anaerobic conditions in an
atmosphere consisting of 80% N,, 10% H,, and 10% CO, at 37°C. Broth cultures
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TABLE 1. Strains and plasmids used in this study

Strain Plasmid

Description

Source or reference

P. intermedia 17 Parent strain

Kai Leung, U.S. Army Dental Research
Detachment, Great Lakes, 1L

E. coli

One Shot Chemically competent cell Invitrogen

TOP10 pCR 2.1 Cloning vector Invitrogen

V2920 pVA2920 Kn"; pCR2.1 containing the 0.9-kb adpC gene in TOP10 cells This study

V2846 pVA2846 Kn'; pET30a containing the 0.9-kb adpC gene in BL21(DE3) This study
cells; expression construct

V2720 pVA2720 Kn"; pET30a Novagen

V2848 pVA2848 Kn"; pET30a containing the 0.9-kb PI1571 gene in BL21(DE3) This study
cells; expression construct

V2847 pVA2847 Kn"; pET30a containing 0.9-kb P12109 in BL21(DE3) cells; This study
expression construct

V2921 pVA2921 Kn"; pET30a containing the 2-kb C-terminal region of pPI10035 This study
in BL21(DES3) cells; expression construct

V2922 pVA2922 Kn"; pET30a containing 2-kb pP10626 in BL21(DE3) cells; This study

expression construct

were prepared in brain heart infusion (BHI) broth (Difco Laboratories, Detroit,
MI) supplemented with 5 pg/ml hemin, 5 mg/ml yeast extract, 1 mg/ml cysteine,
and 1 pg/ml menadione. E. coli strains TOP10 (Invitrogen, Carlsbad, CA) and
BL21(DE3) (Invitrogen, Carlsbad, CA), used for cloning and protein expression,
respectively, were grown aerobically at 37°C in Luria-Bertani (LB) broth or on
1.5% agar plates with 50 pg/ml kanamycin. All bacterial strains and plasmids
used in this study are listed in Table 1.

Eukaryotic cells and growth conditions. Human umbilical vein endothelial
cells (HUVECs) were obtained from Cambrex Corporation (Walkersville, MD)
and maintained in endothelial growth medium (EGM; Cambrex Corporation,
Walkersville, MD) at 37°C in 95% air-5% CO, under standard conditions as
described previously (23). NIH 3T3 cells, a kind gift from Silvio Gutkind (OPBC,
NIDCR, NIH), were maintained in Dulbecco’s modified Eagle’s medium
(DMEM; Gibco, Carlsbad, CA) supplemented with 10% fetal bovine serum
(FBS) and 100 U/ml penicillin-streptomycin at 37°C in 90% air-10% CO,. HN4
cells were derived from a primary tongue squamous cell carcinoma and were
obtained from W. Andrew Yeudall of Virginia Commonwealth University
(VCU) (Richmond, VA) (12). Cells were maintained in DMEM supplemented
with 10% FBS, 100 U/ml penicillin-streptomycin, 100 mM sodium pyruvate, and
100 mM HEPES at 37°C under an atmosphere of 90% air-10% CO,.

5" RACE. 5’ rapid amplification of cDNA ends (RACE) was performed as
described previously (29). Briefly, total P. intermedia 17 RNA was prepared by
using an RNeasy minikit (Qiagen). Five micrograms of total RNA and 200 pmol
5'-phosphorylated primer (Div-P) with the sequence 5'-GTTTCCTTGCCTTC
AGCATC-3" were used to generate cDNA. The cDNA was then purified with
the MinElute PCR purification kit (Qiagen) and self-ligated with T4 RNA ligase
(New England Biolabs) at an ambient temperature for 18 h. The ligated cDNA
was amplified by a first PCR using a gradient annealing temperature ranging
from 45°C to 60°C and primers Div-R1 (5'-GGTCTTAAGTTCTTCACCAAG-
3’) and Div-F1 (5'-GCGCAAGCAAACGCGCTCG-3"). A 1:1,000 dilution of
the primary PCR product was then used as a template to perform a secondary
gradient PCR with an annealing temperature ranging from 45°C to 53°C with
primers Div-R2 (5'-CTGGTTGGGCAACATCTATCG-3") and Div-F2 (5'-CT
TAAACCTTTTAGATGCTGC-3"). The presence and size of PCR products
were determined by using 3% agarose gel electrophoresis. The sequences of the
PCR products were determined by sequencing using DNA fragments extracted
from gels as templates.

Cloning of adpC. Primers for the full-length gene were designed to amplify the
900-bp gene (termed here adpC [ad for adhesin, p for Prevotella, and C because
it is the third adhesin identified in P. intermedia 17]). The sequence of the
forward primer was 5'-GTCACTACCATGGCTGTGTTCTTCAGTTGCACG
C-3’, and the sequence of the reverse primer was 5'-GCTATCCTCGAGTATT
GCGCCCGCCTTCACCTC-3" (where the underlined sequences indicate Ncol
and Xhol sites, respectively). P. intermedia 17 genomic DNA was used as a
template for the amplification of the adpC gene. The PCR-amplified DNA was
then cloned into a pCR 2.1 vector (Invitrogen, Carlsbad, CA) and transformed
into TOP10 cells (Invitrogen, Carlsbad, CA). White colonies selected on LB agar
plates containing kanamycin (50 pg/ml) and X-gal (5-bromo-4-chloro-3-indolyl-
B-p-galactopyranoside) (40 wg/ml) were examined for plasmid content. The

Ncol/XhoI DNA fragment carrying the adpC gene was isolated from the recom-
binant pCR-adpC plasmid (pVA2920) and inserted into the pET30a expression
vector (Novagen, Madison, WI) so that the expressed protein would fuse with the
N-terminal hexahistidine and S tags as well as the C-terminal hexahistidine tag to
facilitate detection and purification. DNA sequencing using the T7 promoter and
the T7 terminator was used to verify the proper orientation of the insert and
confirm that no changes were introduced into the adpC sequence.

Expression and purification of rAdpC. The pET30a-adpC (pVA2846) con-
struct was transformed into E. coli BL21(DE3) expression cells, and positive
transformants were selected on LB agar plates containing kanamycin (30 pg/ml).
A single colony was inoculated into 50 ml of LB medium containing 30 pg/ml of
kanamycin and grown overnight at 37°C. This culture was then used to inoculate
1 liter of LB broth medium containing 30 wg/ml of kanamycin. The culture was
incubated at 37°C until the optical density at 660 nm (ODjg) reached about 0.6.
AdpC expression was induced by the addition of 1 mM isopropyl-B-p-thiogalac-
topyranoside (IPTG) to the culture, which was then allowed to incubate for an
additional 4 h at 37°C. Cells were harvested by centrifugation at 7,500 rpm for 25
min. Recombinant AdpC (rAdpC) was purified by using nickel agarose (Ni-
nitrilotriacetic acid [NTA]) affinity chromatography under native conditions ac-
cording to the manufacturer’s instructions (Qiagen, Valencia, CA). The purified
protein was dialyzed against phosphate-buffered saline (PBS) (1x PBS, pH 7.4).
The purity of the protein was assessed by using one-dimensional SDS-PAGE.

ELISA. Ninety-six-well plates were coated with 100 pl of 1 pg/ml, 3 pg/ml, 6
pg/ml, 12.5 pg/ml, 25 pg/ml, 50 wg/ml, and 75 pg/ml of rAdpC overnight. The
plates were then washed three times in PBS containing Tween 20 (PBS-T)
(0.05%, vol/vol) and blocked with 1% nonfat milk in PBS for 2 h at 37°C.
Fibrinogen (fraction I type I from human plasma), fibronectin (from human
placenta), laminin (from human placenta), and collagen (type I from human
skin) were purchased from Sigma-Aldrich (St. Louis, MO) and prepared in PBS
(pH 7.4). Solutions (100 pl) containing 20 wg/ml of protein were then added to
the wells and incubated at 37°C for 2 h. The plates were washed with 0.05%
Tween 20 in PBS (pH 7.4). Following washing, the plates were incubated with
antibody specific for fibronectin, fibrinogen, laminin, or collagen at 37°C for 2 h.
After incubation, the plates were washed and incubated with a 1:2,000 dilution of
secondary antibody (anti-rabbit IgG alkaline phosphatase [AP] conjugate) for 1 h
at 37°C. Plates were then washed, and the color was developed by using a
substrate for alkaline phosphatase (p-nitrophenylphosphate [PNPP] substrate
solution; Bio-Rad, Hercules, CA). Fluorescent signals were detected at 405
nm with a Fluostar Galaxy spectrophotometer (BMG Labtechnologies Inc.,
Durham, NC). To determine the specificity of binding of AdpC to fibrinogen, a
dose-dependent binding assay was done as described above by using bovine
serum albumin (BSA) as a negative control. For competitive enzyme-linked
immunosorbent assay (ELISA), a 96-well plate was coated with rAdpC (20
pg/ml) and incubated at 37°C for 2 h. Following washing with 1X PBS containing
0.05% Tween, the plate was blocked with 1% skim milk in 1X PBS overnight at
4°C, washed again as described above, and then bound with fibrinogen (5 pg/ml)
preincubated with various amounts of rAdpC (0.25 mg/ml used to make dilutions
ranging from 1 to 1:128). The plate was incubated overnight at 4°C, and the
signal was developed as described above.
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FIG. 1. Characteristics of P. intermedia 17 AdpC. (A) adpC genomic locus. Gene designations are according to the Oralgen database
(www.oralgen.lanl.gov). (B) Alignment of P. intermedia 17 AdpC and Tannerella forsythia BspA. Leucine amino acid residues are shown in boldface
type. The positions of the six LRR regions in AdpC are highlighted in gray.

Bacterial cell fractionation. P. intermedia 17 outer membrane proteins were
isolated as described previously (36, 47). E. coli outer membranes were isolated
as described previously by Carlone et al. (9). Cells were harvested and broken
down by sonication. Membrane proteins were harvested by centrifugation in a
microcentrifuge (three times at 15,000 X g at 4°C), and cytoplasmic proteins were
solubilized with 2% Sarkosyl (in 10 mM HEPES, pH 7.4). Outer membranes
were recovered by centrifugation as described above (15,000 X g at 4°C) and
suspended in 10 mM HEPES buffer.

Anti-rAdpC antibody preparation. The generation of rabbit polyclonal anti-
rAdpC antibody was done commercially by Proteintech Group Inc. Briefly, 200
ng of rAdpC mixed with complete Freund’s adjuvant was used to immunize two
New Zealand White rabbits. The rabbits were then boosted twice with 100 pg of
rAdpC in incomplete Freund’s adjuvant at 2-week intervals. Blood was collected
2 weeks following the final boost. Sera were prepared, and the antibody was
affinity purified using nitrocellulose membrane-immobilized rAdpC, as described
previously (29, 41).

Western blot analysis. Proteins from various E. coli V2846 and P. intermedia
17 cell fractions (whole-cell lysate or outer membrane) were separated on SDS-
PAGE gels and transferred onto nitrocellulose membranes as described previ-
ously by Towbin et al. (45). Following blocking in Tris-buffered saline (TBS) with
1% (wt/vol) BSA, the membranes were incubated in TBS containing affinity-
purified anti-rAdpC serum at a 1:500 dilution. The blot was then washed with
TBS plus 0.05% Tween 20 and incubated with a 1:2,000 dilution of secondary
antibody (horseradish peroxidase-conjugated anti-rabbit antibody; Promega,

TTTAAAACATCACATTATGAGAAAAGCCTATTTATTCACATTACTTTTACCT
+1(-16 bp)

GTGTTCTTCAGTTGCACGCTACATGCACAAACAACGAAAACGATAGATGT
Met Div-R2
TGCCCAACCAGGAACATTGTCTGCAACTCTTGGTGAAGAACTTAAGACCA
Div-R1
TTAAAGACCTTACCGTTACTGGTAAAATAAACACTGCCGACATTGACGGA

CTTGCGCAAGCAAACGCGCTCGAAGTCTTAAACCTTTTAGATGCTGCCAT

Div-F1 Div- F2
TGTAGATGCTGAAGGCAAGGAAACAACAGTATTTCCAGGCTATACATTGC
Div-P

FIG. 2. Genetic organization of the adpC transcriptional start site.
Sequences upstream of adpC are denoted in italic type. The transcrip-
tional (+1) and translational (Met) start sites are indicated. Sequences
used to design primers are underlined, and the designations of the
primers are included underneath the sequences.

Madison, WI). Following three washes, protein bands were visualized with
4-chloro-naphthol in the presence of hydrogen peroxide.

Dot blot analysis. Bacterial cells from cultures grown to the mid-logarithmic
phase were washed three times with PBS and adjusted to a final concentration of
0.45 as determined by measurements of the optical density at 660 nm. Four
microliters of each serial dilution (1, 1:2, 1:4, and 1:8) was spotted in triplicate
onto a nitrocellulose membrane. The membrane was air dried, blocked with 5%
skim milk (2 h at room temperature [RT]), and then incubated with anti-rAdpC
(1:500 dilution in PBS for 2 h at RT). Following incubation, the membrane was
washed three times with PBS containing 0.05% Tween 20. Anti-rabbit I1gG
alkaline phosphatase-conjugated antibody at a 1:5,000 dilution was then added,
and the blot was incubated for 1 h at RT. Following washing three times with
PBS-Tween 20, the signals were visualized by incubation of the membrane with
alkaline phosphatase substrate (nitroblue tetrazolium [NBT]/BCIP [5-bromo-4-
chloro-3-indolylphosphate]).

S-tag analysis. The presence of the S-tag fusion protein was assessed by using
the FRETWorks S-tag fluorescent detection kit (Novagen, Madison, WI) ac-

260KDa
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FIG. 3. Purification of rAdpC. Shown is an SDS-PAGE analysis of
the E. coli V2846 cell lysate before (lane 2) and after (lane 3) IPTG
induction. Purified AdpC after nickel agarose (Ni-NTA) affinity chroma-
tography is shown in lane 4. A molecular mass marker is shown in lane 1.
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cording to the manufacturer’s instructions. Studies were done by using whole
bacterial cells.

E. coli interaction with host cells. (i) Plate assay. (a) Total interaction. Mouse
NIH 3T3 fibroblast cells, oral epithelial HN4 cells, and HUVECs were used for
the study. The cells were prepared in 12-well tissue culture plates with 2.5 X 10°
cells/well in cell-specific growth medium (e.g., EGM for HUVECs) and grown at
37°C in 95% air-5% CO, under standard conditions. Host cells were washed
twice with 1X PBS (pH 7.4) and suspended in serum-free medium. E. coli
expressing the native AdpC protein (V2846) was used for the infection study. E.
coli with only the pET30a vector (V2720) and E. coli expressing a protein
encoded by PI1571 (V2848) were used as control strains. The bacterial cell types
were grown in LB broth with 30 pg/ml of kanamycin at 37°C. Cultures were
induced with 1 mM IPTG when the culture density reached the mid-logarithmic
growth phase (ODgg of 0.5) and were grown for an additional 3 h. Bacterial
cultures were harvested, washed twice with PBS (pH 7.4), and suspended in
EGM (or NIH 3T3-specific medium). Host cells were then infected with the
bacterial cells at a multiplicity of infection (MOI) of 1:100 and incubated at 37°C
in 95% air-5% CO, for 30 min. The cells were then washed with PBS and
disrupted by two freeze-thaw cycles to break the eukaryotic cells. The mixture
was harvested from plates, and 200 pl of serial dilutions in LB broth supple-
mented with 10 pug/ml of kanamycin was plated onto LB agar plates. Following
overnight incubation at 37°C, the number of bacterial CFU was determined.

(b) Invasion. Eukaryotic cells were infected as described above. The extracel-
lular bacteria were killed by the incubation of the cells with host cell medium
supplemented with 100 pg/ml of carbenicillin. Carbenicillin is a very effective
antibiotic against E. coli and at the same time is not internalized by nonphago-
cytic cells and, thus, does not kill intracellular bacteria. The cells were then
washed with PBS, and intracellular bacteria were released and enumerated as
described above.

(ii) Confocal imaging. Infection was performed as described above, with some
modifications. The E. coli cells were labeled by using 2,7-bis(2-carboxyethyl)-5
(and 6)-carboxyfluorescein (BCECF) prior to infection. HUVECs were prepared
on glass coverslips, washed, and infected with the labeled bacterial cells at an
MOTI of 1:10. After 10 min, the HUVECs were fixed in PBS supplemented with
10% formaldehyde at room temperature for 15 min. Cells were then washed and
incubated with 50 mM NH,CI and 0.3% Tween 20 in PBS for 10 min at room
temperature. Coverslips with HUVECs were washed, mounted with Antifade
(Molecular Probes, Eugene, OR), and examined by using a Carl Zeiss (Ban-
nockburn, IL) LSM 510 Meta confocal imaging microscope with a Zeiss PlanApo
63x/1.4-numerical-aperture oil objective.

Bioinformatics approaches. Sequence similarity searches were done by using
the BLAST program (NCBI [http://ncbi.nlm.nih.gov/]).

Statistical analysis. Student’s ¢ test two-group comparisons were done to
assess the statistical significance of our data.

RESULTS

Characterization of AdpC using bioinformatics approaches.
The PI0136 gene, which encodes the AdpC protein, is the first
gene of a two-gene genomic locus located upstream of the
PI0135 gene, which codes for a putative internalin-like protein
(Fig. 1A). Upstream of adpC and separated by an 859-bp
intergenic region (IGR0103) is a large open reading frame
with the opposite orientation, PI0137, which codes for a lectin-
like adhesin precursor. Located downstream of PI0135 by 230
bp (IGR0102) is PI0134, which codes for an ISPg-3-related
transposase, followed by two open reading frames, P1I0133 and
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PI0132, which encode hypothetical proteins. PI0134 is sepa-
rated from PI0133 by 167 bp (IGR0101). The genetic arrange-
ment of the open reading frames suggests that adpC is possibly
cotranscribed with PI0135. AdpC shares the highest sequence
similarity with the surface antigen BspA of Tannerella forsythia
(formerly known as Bacteroides forsythus) (GenBank accession
number AAC82625.1). Both proteins share 30% identity and
46% similarity over the 225-amino-acid region (Fig. 1B). This
similarity is confined to the first LRR region of T. forsythia
BspA containing 16 LRR motifs. The sequence of the motifs is
XXLXLXXNXLXXLXXLXXLXXL, where L is leucine, va-
line, or isoleucine; N is asparagine, cysteine, or threonine; and
X is any amino acid (40). Most of the lysine and isoleucine
residues are conserved between the two proteins (Fig. 1B).
Sequence analysis revealed that P. intermedia AdpC has six
LRR repeats. The positions of the repeats in AdpC are shown
in Fig. 1B. AdpC also showed significant similarity to a Bac-
teroides fragilis hypothetical protein (EMBL accession number
BADA48495.1), a Bacteroides thetaiotaomicron hypothetical pro-
tein (GenBank accession number AA(076347.1), the Strepto-
coccus pneumoniae choline-binding protein PcpA (39), a
Trichomonas vaginalis BspA-like surface antigen, and an
Entamoeba histolytica BspA-like leucine-rich repeat protein
(10, 15, 24).

Transcriptional start site. To determine the transcriptional
start site of the adpC transcript, 5’ RACE was performed. Two
major PCR amplification fragments were detected following
secondary PCR using primers Div-R2 and Div-F2 (results not
shown; primer positions are shown in Fig. 2). Sequence anal-
ysis of the larger fragment, approximately 330 bp, revealed that
it was a concatemer composed of several adpC fragments. The
smaller fragment, 110 bp in length, was a single circularized
cDNA fragment composed of adpC sequences located up-
stream of the sequence designated Div-R2 and downstream of
the sequence designated Div-F2 until the end of the Div-P
sequence as well as 16 bp of sequence derived from an inter-
genic region located upstream of adpC, IGR0103 (Fig. 2).
Precisely, the region containing adpC sequences started at the
beginning of phosphorylated primer Div-P, which was used to
amplify the transcript, and ended on the C residue located in
the intergenic region 16 bp upstream of the translational start
site of adpC. Such data indicated that self-ligation of the cDNA
occurred during our study. Ultimately, these results demon-
strated that the adpC transcript initiates 16 bp upstream of the
translational start site at base pair C (Fig. 2).

Purification of rAdpC. The gene encoding the entire pro-
tein, as annotated on the Oralgen website (www.oralgen.lanl
.gov), was cloned into the pET30 vector, and the protein was
expressed by using E. coli BL21(DE3) cells. The addition of

FIG. 4. rAdpC binding to ECM proteins. Shown is data from ELISA of rAdpC binding to various ECM ligands. (A) Binding of various ligands
to rAdpC. Different amounts of rAdpC ranging from 3 to 75 g were deposited into wells of a 96-well plate. Solutions (100 wl) containing 20 pg/ml
of various ECM proteins were then added to the wells, and the binding was detected by using antibody specific for the ECM proteins followed by
a secondary AP-conjugated antibody. The amounts of bound proteins were then determined based on the fluorescent signal intensity derived from
a substrate for AP. (B) Specificity of AdpC binding to fibrinogen. Various amounts of rAdpC and BSA were deposited into the wells of a 96-well
plate, and the plate was then incubated with solutions (100 pl) containing 20 wg/ml of fibrinogen. Bound fibrinogen was detected as described above
for A. (C) Competitive inhibition of rAdpC binding to fibrinogen using various concentrations of soluble rAdpC. A 96-well plate coated with
rAdpC (2 pg/well) was incubated with fibrinogen (5 pg/ml) mixed with various amounts of rAdpC (0.25 mg/ml used to make dilutions ranging from

1 to 1:128). Bound fibrinogen was detected as described above for A.
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FIG. 5. Cellular localization of AdpC. Proteins were separated by SDS-PAGE and analyzed by Western blotting. AdpC was detected with
affinity-purified rabbit anti-rAdpC. (A) E. coli V2921 whole-cell lysate proteins (lanes 1, 2, 3, and 4) and outer membrane proteins (lanes 5 and
6), which were derived from cultures grown in the presence (lanes 1, 3, and 5) or absence (lanes 2, 4, and 6) of IPTG. Proteins were derived from
E. coli V2921 (lanes 1 and 2) and E. coli V2846 (lanes 3, 4, 5, and 6). (B) P. intermedia 17 outer membrane proteins (lane 2) and E. coli V2846
cell lysate proteins (lane 3). A molecular mass marker is shown in lane 1.

IPTG to E. coli V2846 cells resulted in the expression of a
distinct band at 42 kb corresponding to the expected size of
rAdpC (Fig. 3, lane 3). This band was absent in the E. coli cell
lysate prior to induction with IPTG (Fig. 3, lane 2). The cell
lysates from IPTG-induced E. coli V2846 were applied onto a
nickel affinity column, and AdpC was purified under native
conditions. SDS-PAGE analysis of the elution fractions con-
firmed the presence of only one band, thus verifying that the
protein was purified to homogeneity (Fig. 3, lane 4).

AdpC binds fibrinogen. An enzyme-linked immunosorbent
assay (ELISA) was performed to test the adherence of rAdpC
to extracellular matrix (ECM) proteins. As shown in Fig. 4A,
several proteins were examined. rAdpC bound fibrinogen with
the highest affinity. Binding was also observed with fibronectin.
However, no binding was detected with collagen and laminin.
These results showed that AdpC binds fibrinogen and fi-
bronectin. Furthermore, increasing amounts of rAdpC bound
both fibrinogen and fibronectin in a saturable, dose-dependent
manner, indicating that the binding was specific. To further
confirm the specificity of AdpC binding to fibrinogen and fi-
bronectin, the binding experiment was performed in the pres-
ence of a negative control, BSA. No significant differences in
AdpC binding to BSA and to fibronectin were detected, thus
demonstrating that the binding was not specific (results not
shown). However, significant 2- to 3-fold differences were ob-
served between AdpC binding to fibrinogen and to BSA.
Therefore, AdpC is a fibrinogen-binding protein (Fig. 4B).
Finally, a competitive ELISA performed in the presence of
increasing amounts of soluble rAdpC confirmed the specificity
of the binding of AdpC to fibrinogen (Fig. 4C).

Cellular localization of AdpC in P. intermedia 17 and in E.
coli. Although an analysis of cellular localization using the
PSORT server (http://psort.ims.u-tokyo.ac.jp) failed to identify
the typical N-terminal signal sequence that would target the
protein to the outer membrane in this Gram-negative bacte-
rium, we reasoned that AdpC was a surface protein, as are
most of the proteins belonging to the LRR family. Thus, we
examined various fractions derived from E. coli AdpC (V2846)
for the presence of rAdpC using anti-rAdpC antibody (Fig.
5A). The presence of a signal corresponding to a 42-kDa pro-

tein in the cell lysate (Fig. 5A, lane 3) and the outer membrane
(Fig. 5A, lane 5) demonstrated that AdpC is transported to the
outer membrane. No AdpC-specific signal was detected in E.
coli cell lysates expressing the C-terminal portion of a protein
encoded by P. intermedia 17 pP10035 (V2921) (Fig. 5A, lanes 1
and 2), thus confirming that the signal was specific to AdpC.
Furthermore, outer membrane fractions of P. intermedia 17
were examined for the presence of AdpC. Again, a signal
corresponding to 40 kDa was detected in this fraction (Fig. 5B,
lane 2). The 2-kDa-smaller size of the detected protein than
the rAdpC expressed in E. coli (Fig. 5B, lane 3) is in agreement
with the absence of the His tag and S tag present in rAdpC
expressed by E. coli V2846.

To determine the surface location of AdpC, a dot blot ex-
periment was performed. As shown in Fig. 6, signal was de-
tected when P. intermedia 17 and V2846 cells were used (Fig.
6B and C). No signal was observed when a control E. coli strain
that does not express AdpC (V2720) was used (Fig. 6A), thus
confirming that the observed signal was AdpC specific. Fur-
thermore, protease-treated V2846 cells did not interact with
anti-rAdpC, thus indicating that AdpC was degraded by the
protease and no longer available for interactions with the an-
tibody (Fig. 6D). Since in our experiment, intact bacterial cells
were treated with protease, only surface proteins were sub-
strates for degradation by the protease. Taken together, these
data demonstrate that AdpC is a cell surface protein.

We also performed an alternative assay to further confirm
the cell surface location of AdpC. Using an S-tag fluorescence
detection kit and whole bacterial cells, we detected signals at
520 nm in samples containing V2846 (Table 2). No signal
above the background was detected in a sample containing
control E. coli V2921, expressing the intracellular S-tag fusion
protein (C-terminal portion of the pPI0035-endoded protein)
(Table 2). These data again show that rAdpC is associated with
the cell surface of E. coli V2846.

AdpC promotes invasion of E. coli expressing rAdpC. NIH
3T3 fibroblast cells, HUVECs, and oral epithelial HN4 cells
were used for the study. First, we used an antibiotic protection
assay where extracellular bacteria are killed by carbenicillin. At
the same time, carbenicillin does not affect the viability of
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FIG. 6. Surface location of AdpC determined by dot blot analy-
sis. Serial dilutions of bacterial cells were deposited onto a nitro-
cellulose membrane, and the presence of AdpC was detected by
using an anti-AdpC antibody. (A) E. coli containing plasmid pET30
(V2720). (B) Prevotella intermedia 17. (C) IPTG-induced E. coli
containing recombinant plasmid pET30-adpC (V2846). (D) IPTG-
induced E. coli containing recombinant plasmid pET30-adpC
(V2846). The cells were protease treated prior to deposition onto
the membrane.

E. coli + pET30-adpC

intracellular bacteria. As shown in Fig. 7A, E. coli cells
expressing rAdpC (V2846) have a 70-fold-elevated ability to
associate with fibroblasts compared to control bacteria con-
taining vector alone or, as observed for V2848, which ex-
presses another P. intermedia 17 LRR-like protein, PI1571.
It is noteworthy that drastic invasion rates were also ob-
served for V2846, while V2848 and V2720 did not invade
fibroblast cells (Fig. 7B). Large differences in invasion rates
were also obtained by infection of HUVECs; while control
strains V2720 and V2848 were not able to associate with and
invade host cells, rApdC-expressing strain V2846 readily
invaded HUVECs (Fig. 7C and D).

We also examined the ability of AdpC to mediate the
invasion of bacteria into oral epithelial cells. As shown in
Fig. 7E, V2846 had an approximately 2-fold-elevated ability
to interact with cells compared to control E. coli containing
the pET30 vector only. Furthermore, V2846 invaded HN4
cells at a 3-fold-higher rate than V2720, demonstrating that
AdpC slightly promotes the invasion of E. coli cells into oral
epithelial cells (Fig. 7F). Considering the drastic differences
in invasion rates observed between the control strain and
V2846 when NIH 3T3 cells and HUVECs were used, we do
not consider the slight change in the invasion of HN4 cells
very biologically significant, and we conclude that the AdpC-
mediated cell invasion is cell specific. Furthermore, since E.
coli strains expressing other P. intermedia 17 LRR-like pro-
teins, including PI1564 (Fig. 7A to D), P10493, PI1571, and
PI2109 (data not shown), did not invade eukaryotic cells, we
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conclude that the ability to confer an invasive phenotype on
otherwise noninvasive bacteria is AdpC specific.

The results for AdpC-mediated bacterial invasion were fur-
ther confirmed by using confocal microscopy, which demon-
strated higher numbers of internalized bacteria for E. coli
strain V2846 than for control strain V2720 (Fig. 8). We ob-
served that while 48% of bacteria expressing AdpC were able
to invade HUVECs, only 8% of control bacteria invaded the
cells. These results indicated that the presence of AdpC in-
creased bacterial invasion 6-fold. Collectively, the above-de-
scribed results indicated that AdpC promotes the bacterial
invasion of eukaryotic cells.

DISCUSSION

This is the first report describing an LRR-like protein of P.
intermedia 17. Proteins of the LRR family are involved mainly
in protein-protein interactions (27). The LRR motif of these
proteins forms a structural arrangement consisting of alpha-
helices and beta-strands that are joined by loops formed by the
LRR units (40). Such an arrangement results in a “horseshoe-
shaped” molecule that provides a versatile scaffold for protein-
protein interactions. Multiple genes encoding proteins with
characteristics of the LRR family of proteins are present in the
genome of P. intermedia 17. We began to investigate the role of
the proteins from the protein encoded by PI0136, which was
designated AdpC. Bioinformatics analysis showed that AdpC
contains the characteristic features of the LRR family of pro-
teins. There are several families of LRR proteins, and based on
sequence similarities, AdpC belongs to the Treponema palli-
dum LRR protein (LRRp) subfamily. This family, originally
identified in Treponema pallidum, is comprised of proteins that
are located on the cell surface (26, 27). Furthermore, LRR
proteins were shown previously to play a role in surface
adherence and aggregation (26, 37, 38). AdpC contains six
typical LRR motifs in which most of the leucine-like resi-
dues are conserved compared to the BspA protein of T.
forsythia (37, 42).

In contrast to other members of the LRR family of proteins
that are usually surface proteins, AdpC is classified as being
located in the cytoplasm. Most of the reported LRR proteins
contain an N-terminal signal peptide that marks them for se-
cretion across the bacterial membrane (cytoplasmic mem-
brane) as well as a C-terminal membrane attachment region
such as the LPXxTG motif followed by a hydrophobic trans-
membrane region observed for LnlA of Listeria monocytogenes
(2). AdpC lacks the classical signal sequence; therefore, it is
classified as a cytoplasmic protein according to bioinformatics

TABLE 2. Cellular localization of rAdpC in E. coli V2846

E. coli strain Fluorescence Presence of IPTG

V2921 14,680 +
V2921 16.827 -
V2846 33,563 -
V2846 50,122 +
+ control” 52,824
— control® 13,443

“ Manufacturer’s positive control.
® Manufacturer’s negative control.
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FIG. 7. Interaction of E. coli strains with eukaryotic cells. Eukaryotic cells were infected with E. coli V2846 (AdpC), V2848 (AdpD), and V2720
(pET30 only) as described in Materials and Methods. Total association (A, C, and E) and invasion (B, D, and F) of E. coli strains into host cells
were determined by the quantification of viable bacteria by counting of CFU. Results from an experiment performed in triplicate are shown. (A
and B) NIH 3T3 fibroblasts. (C and D) HUVECs. (E and F) Oral epithelial HN4 cells.

approaches. However, our data demonstrated that it is located
in the outer membrane of P. intermedia, which suggests that
mechanisms independent from the signal sequence play a role
in the transport of the protein across bacterial membranes.
Recently, a novel type II mechanism for the secretion of non-
classical bacterial proteins to the outer surface of the cell was
reported (13, 19). This system involves the targeting of the
protein to the outer membrane by an uncleaved N-terminal
Tat anchor sequence. It is possible that a similar mechanism is
also responsible for the secretion of AdpC, and future studies
are planned to further explore this possibility. Such studies
may also be of broader importance, as our data show that the
secretion mechanism targeting proteins to the outer mem-
brane is functional in other bacteria. Not only did we localize
AdpC on the outer membrane of P. intermedia, but it was also
located on the outer membrane and surface when it was ex-
pressed in a heterologous host, E. coli. Thus, this may be a
general mechanism for protein secretion.

Our study showed that rAdpC binds fibrinogen. The char-
acteristic sigmoidal shape of the binding curve further indi-
cated that the binding was specific and, thus, receptor medi-
ated. This was in agreement with the previously demonstrated
role of other LRR family members that bind protein partners

(27). For example, the BspA protein of 7. forsythia was shown
previously to bind fibronectin and fibrinogen (42).
Importantly, this study was also the first to identify and
characterize a P. intermedia 17 protein that mediates the inva-
sion of an otherwise noninvasive E. coli strain into nonphago-
cytic eukaryotic cells, including endothelial cells and fibroblast
cells. The direct verification of the role of AdpC in the inter-
action of P. intermedia 17 with host cells should be accom-
plished by using an isogenic mutant deficient in the protein.
However, efforts to generate a P. intermedia 17 isogenic mutant
have been unsuccessful in several laboratories. Thus, we have
used the heterologous host E. coli as a host for our study. The
results of our invasion studies are very drastic: while no bac-
terial invasion was observed using control E. coli strains, high
invasion rates were observed with the rAdpC-expressing strain.
Such results indicated that this protein plays a significant role
in mediating bacterial invasion. It is also noteworthy that four
other LRR-like proteins encoded on the genome of P. infer-
media 17 (P11564, P10493, PI1571, and PI12109) did not confer
invasive potential to E. coli, thus demonstrating that this
capability is specific for AdpC (J. Lewis et al., unpublished
observations). Its capacity to mediate invasion into a variety
of eukaryotic cells by different bacteria indicates that it may
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Number of bacteria per HUVEC*

Strain n Mean SD
V2846 32 4.81 18.54
V2720 32 0.84 2.46

Using a paired t-test, (t = 4.74, df = 31, p-value < 0.0001)

FIG. 8. Interaction of E. coli strains with HUVECs. HUVECs were infected with fluorescently labeled E. coli V2846 (AdpC) and V2720
(pET30 only) as described in Materials and Methods. Bacterial invasion was determined by visualization of the cells using confocal
microscopy and counting of fluorescently labeled bacteria at 0.5-um intervals for each HUVEC. Bacterial invasion of at least 30 HUVECs

was assessed.

be involved in mediating a general aspect of microbial in-
vasion. Further work aimed at identifying the AdpC ligands
is expected to shed light on the molecular mechanisms of the
AdpC-mediated invasion of eukaryotic cells by microorgan-
isms.

AdpC did not significantly promote the internalization of E.
coli into oral epithelial cells. Thus, AdpC-mediated invasion
appeared to be cell specific. Such findings suggested that AdpC
interacts with ligands that are present in only certain cell types
and are absent in others. P. intermedia 17 is internalized by oral
epithelial cells, and such an invasion is probably mediated by
other invasins present in this organism. In addition to adpC,
four other genes on the P. intermedia 17 genome encode
internalin-related proteins. Several putative internalin-like
proteins, such as the ones encoded by PI0023 and PI10212,
share similarity with the P. gingivalis putative internalins
InlJ (PG0350) and Irp (PG1374), which were shown previously
to play a role in biofilm formation and the invasion of P.
gingivalis into epithelial KB cells, respectively (8, 14). As dem-
onstrated previously for P. gingivalis and L. monocytogenes,
these proteins may also target P. intermedia to various niches

(3, 21), including the epithelial cells examined in our study.
The PI0135 gene, located downstream of adpC, codes for an
internalin-like protein similar to the L. monocytogenes interna-
lin LnlA, a major invasion protein required for the internal-
ization of bacteria by intestinal epithelial cells (20, 28, 34, 35,
40). Thus, it is possible that PI0135-encoded internalin medi-
ates the internalization of P. intermedia 17 by oral epithelial
cells.

In conclusion, we have identified AdpC as a major protein
candidate of P. intermedia 17 that is responsible for the inter-
nalization of bacteria by a variety of host cells. Future work will
focus on an elucidation of the detailed mechanism of the
AdpC-mediated invasion of E. coli, including the identification
of the eukaryotic binding partners and protein structure
characterization. In light of the multiple potential invasins
present in P. intermedia, the use of E. coli as a surrogate host
appears to be the best approach to start such investigations.
The results from these investigations will then be applied to
determine the role of AdpC in the pathogenesis of P. inter-
media. As LRR proteins are versatile ligands, these studies
will also contribute to a better understanding of the func-
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tions of the eukaryotic receptors involved in these interac-
tions.
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