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Abstract

The onset and progressive pathogenesis of periodontal disease is thought to be initiated by the entry of Aggregatibacter
actinomycetemcomitans (Aa) into periodontal tissue, especially gingival epithelium. Nonetheless, the mechanism underlying
such bacterial entry remains to be clarified. Therefore, this study aimed to investigate the possible role of Aa outer
membrane protein 29 kD (Omp29), a homologue of E. coli OmpA, in promoting bacterial entry into gingival epithelial cells.
To accomplish this, Omp29 expression vector was incorporated in an OmpA-deficient mutant of E. coli. Omp29+/OmpA2 E.
coli demonstrated 22-fold higher entry into human gingival epithelial line cells (OBA9) than Omp292/OmpA2 E. coli. While
the entry of Aa and Omp29+/OmpA2 E. coli into OBA9 cells were inhibited by anti-Omp29 antibody, their adherence to
OBA9 cells was not inhibited. Stimulation of OBA9 cells with purified Omp29 increased the phosphorylation of focal
adhesion kinase (FAK), a pivotal cell-signaling molecule that can up-regulate actin rearrangement. Furthermore, Omp29
increased the formation of F-actin in OBA9 cells. The internalization of Omp29-coated beads and the entry of Aa into OBA9
were partially inhibited by treatment with PI3-kinase inhibitor (Wortmannin) and Rho GTPases inhibitor (EDIN), both known
to convey FAK-signaling to actin-rearrangement. These results suggest that Omp29 is associated with the entry of Aa into
gingival epithelial cells by up-regulating F-actin rearrangement via the FAK signaling pathway.
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Introduction

Aggregatibacter actinomycetemcomitans (Aa) is a putative pathogen of

localized aggressive (juvenile) periodontitis [1], and the pathoge-

nicity of this microorganism, especially its involvement in

periodontal bone destruction, was demonstrated in a rat oral

infection model [2]. Cytolethal distending toxin (CDT) and

leukotoxin are postulated as virulent factors of Aa [3,4].

Localization of Aa in the human gingival tissue was apparently

demonstrated by immuno-fluorescent and immuno-histochemical

analyses [5,6]. It is plausible that the entry of Aa into gingival

epithelium [7,8] may facilitate the delivery of these toxins to host

tissues. It was reported that Aa enters KB cells (human oral

epidermal carcinoma) by promoting a rearrangement of host

cytoskeletal components, such as actin microfilaments [9],

indicating that entry of Aa is a consequence of bacterial uptake

by epithelial cells and not bacterial intrusion.

The primary stimulus necessary for the cellular internalization

of Aa appears to be elicited by initial bacterial binding to the cell

surface molecules expressed on epithelial cells [7]. Previously, we

have reported that outer membrane protein 100 (Omp100) of Aa,

which possesses high homology to YadA, an outer-membrane

protein of Yersinia enterocolitica, is associated with bacterial adhesion

to KB cells or normal human gingival keratinocytes [10].

Although Omp100 can facilitate bacterial adhesion, an additional

molecule of Aa, i.e., one that can act on the epithelial cells to elicit

the uptake (entry) of the bacterium, is required. While it is

plausible that one of the other major Omps of Aa, including

Omp64, Omp39, Omp29, Omp18, and Omp16 [11], may be

engaged in the induction of bacterial uptake by epithelial cells, the

precise Omp and its mechanism associated with the induction of

bacterial entry into gingival epithelial cells remain to be

elucidated.

E. coli outer membrane protein A (OmpA) plays a key role in the

bacterial entry into brain microvascular endothelial cells [12] and

intestinal epithelial cells [13]. Anti-OmpA antibody inhibits the

entry of E. coli into brain microvascular endothelial cells, and

OmpA deletion mutant E. coli loses the capacity to enter into

microvascular endothelial cells [12]. OmpA of Klebsiella pneumoniae

is also capable of binding and activating human macrophages,

consequently inducing the production of proinflammatory factors

[14]. Importantly, our previous study revealed that Omp29 of A.
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actinomycetemcomitans belongs to the E. coli OmpA family [15].

Interestingly, contrary to Omp100, the gene encoding the OmpA/

Omp29 family of molecules did not show homology to Yersinia

enterocolitica YadA, suggesting a possibility that Omp29 has no role

in bacterial adhesion to epithelial cells.

Based on these lines of evidence, we hypothesized that Omp29

is associated with the entry of Aa into gingival epithelial cells in a

manner similar to E. coli OmpA. The results demonstrated that

Omp29 does act on human gingival epithelial cells to induce their

uptake of Aa by up-regulating the rearrangement of cytoskeleton

fiber, F-actin.

Materials and Methods

Bacterial strains and culture
Aa strain Y4 (ATCC, Manassas, VA) was cultured in

trypticase soy broth supplemented with 0.6% yeast extract

(TSBY; Difco Laboratories, Detroit, MI) in humidified 5% CO2

atmosphere at 37uC. Streptococcus sanguis ATCC10556 (ATCC)

was grown aerobically in TSBY. An OmpA-deficient mutant of

E. coli (Bre51; E. coli K12 back ground) was a gift from Dr.

Henning (Max-Planck-Institut für Biologie, Germany) [16]. Aa

Omp16 and Omp29 were purified followingthe method

previously published [11]. The Omp29 expression vector that

contains the Aa omp34 gene was incorporated in Bre51 by the

method previously reported [15]. The E. coli Bre51 that

expressed Omp29 was designated as E. coli 3826. E. coli 3826

and Bre51 were cultured at 37uC with Luria-Bertani (LB) broth

containing ampicillin (100 mg/ml) when it was needed. Other-

wise, both strains of E. coli were cultured with TSBY at 37uC.

The bacterial number was measured by spectrophotometer at

OD 580 nm.

Primary culture and immortalized human gingival
epithelial cell line and other epidermal carcinoma cell
lines

The method of establishing an immortalized human gingival

epithelial cell (HGEC) line (OBA9) from primary culture and its

characteristics were previously published [17]. The primary

cultures of HGEC and OBA9 cells were cultured with keratino-

cyte-serum free medium (K-SFM; Invitrogen, Buffalo, NY) in a

plastic tissue flask pre-coated with type-I collagen (rat tail, BD

Biosciences, Franklin Lakes, NJ). Epidermal carcinoma cell lines

KB (ATCC) and Hep2 (ATCC) were maintained in DMEM

(Invitrogen) supplemented with 10% FBS. The protocol to sample

gingival tissue from periodontally healthy subject at the crown

lengthening procedure was approved by the IRB of the Forsyth

Institute. Informed consent was obtained before the collecting

tissue sample.

Polyclonal antibody specific to Aa Y4 Omp29
Polyclonal IgG antibodies to Omp29 or whole fixed Aa Y4

were developed in mice. BALB/c mice (8-week-old) were

immunized (s.c.) with purified Omp29 (30 mg/animal) or

formalin-fixed whole Aa Y4 (109 cells/animal) in Freund’s

complete adjuvant, respectively. A second injection of each

antigen in Freund’s incomplete adjuvant and the booster

injection of respective antigen in saline were carried out at two-

week intervals from the initial immunization. Seven days after the

booster injection, serum was collected from peripheral blood of

euthanized mice. IgG in the serum was purified using a protein-G

column purification kit (ImmunoPure IgG Purification kit; Pierce,

Rockford, IL).

Bacterial entry and adhesion to gingival epithelial cell
lines

The confluent epithelial cells in a 96-well plate were cultured in

antibiotic-free K-SFM overnight prior to the bacterial entry assay.

Live bacteria harvested at mid-log growth curve were co-cultured

with the epithelial cells in antibiotic-free K-SFM (5.56105

bacteria/100 ml/well) in the presence or absence of anti-Omp29

IgG or control non-immunized IgG. In some assays, phosphati-

dylinositol-3 (PI-3) kinase inhibitor Wortmannin (Biomol Research

Laboratories, Plymouth Meeting, PA), a small GTP binding

protein Rho inhibitor EDIN (epidermal cell differentiation

inhibitor [18]), or actin rearrangement inhibitor cytochalasin D

(Sigma, St. Louis, MO) was added to the medium. After

appropriate time periods of co-culture, extracellular bacteria that

did not enter the epithelial cells were killed by gentamicin (1 mg/

ml in PBS; Sigma). The live bacteria remaining inside of the cells

were released by osmotic disruption with distilled water (100 ml/

well), followed by extensive pipetting (20 strokes/well). Bacterial

Figure 1. Kinetics of Aa or S. sanguis entry and adhesion to
OBA9. (A and B) Aa or S. sanguis growing in middle of logarithmic
phase in broth culture was applied to confluent OBA9 cells in 96-well
plates (5.56105 bacteria/100 ml/well). The multiplicity of infection (MOI)
value used in these entry and adhesion assays were about 55 (5.56105

bacteria/1.06104 epithelial cells/well). The co-culture of bacteria and
OBA9 cells was incubated at various times, and bacterial entry and
attachment to OBA9 cells were evaluated by the protocol described in
Materials and Methods. The number of bacteria which entered (A) or
adhered (B) to OBA9 was expressed as a colony forming unit (CFU). Each
point represents mean 6 SD of CFU from three wells.
doi:10.1371/journal.pone.0018287.g001
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suspension was spread onto TBSY agar plates (40 ml/plate), and

the number of colonies was counted. The Colony Forming Unit

(CFU) corresponds to the number of colonies observed in a TBSY

agar plate. In order to count the adherent bacteria, the co-culture

was disrupted and homogenized without gentamicin treatment

containing both entered and adherent bacteria to epithelial cells.

The number of adherent bacteria was calculated by subtracting

the CFU obtained with gentamicin from the CFU obtained

without gentamicin treatment.

ELISA
The mouse IgG antibody response to Omp29 and fixed bacteria

were evaluated by ELISA following the method previously

described [19]. Purified Omp29 (1 mg/ml), or formalin-fixed

whole Aa Y4, E. coli 3826 or E. coli Bre51 (106/well, respectively)

was coated onto a 96-well ELISA plate in sodium bicarbonate

buffer (pH 9.4). Mouse anti-Omp29 IgG or control IgG was

applied to each well, followed by biotin-labeled goat anti-mouse

IgG (Boehringer Mannheim Biochemicals, Indianapolis, IN) and

horseradish peroxidase (HRP)-conjugated streptavidin (Boehringer

Mannheim). Colorimetric reaction was developed with o-Phenyl-

enediamine (OPD; Sigma) in citrate buffer (pH 4.5) containing

0.02% H2O2. The developed color was measured by an ELISA

reader at OD490 nm.

SDS polyacrylamide gel electrophoresis (SDS-PAGE) and
Western blot analysis

Purified Omp29 and bacterial samples were dissolved in SDS-

PAGE loading buffer (Invitrogen) containing 2-mercaptoethanol

and were boiled for 10 min. Proteins separated in 4–12% gradient

SDS polyacrylamide gel (Invitrogen) were trans-blotted onto a

nitrocellulose (NC) paper. The membrane was treated with

blocking buffer (5% non-fat milk in phosphate buffered saline

[PBS] containing 0.1% Tween 20, pH 7.4) for 1 hr at room

temperature. The NC membrane was incubated with mouse anti-

Omp29 IgG (1:1000 dilution) overnight at 4uC. After reaction of

membrane with HRP-conjugated donkey anti-mouse IgG anti-

body (Jackson Immunoresearch, West Grove, PA; 1:5000),

immunodetection was performed using Immobilon Western

Chemiluminescent HRP substrate (Millipore, Billerica, MA).

Phosphorylation of focal adhesion kinase (FAK) in OBA9 cells

was also determined by Western blot analysis. OBA9 cells were

homogenized in a lysis buffer containing 25 mM Tris-HCl,

150 mM NaCl, 5 mM EDTA, 10% glycerol, 1% Triton X-100,

0.1% SDS, 1% NP-40, 1 mM PMSF, protease inhibitor cocktail

(Sigma) and phosphatase inhibitor I and II (Sigma). The FAK

protein in the cell lysate was immuno-precipitated with rabbit anti-

total FAK monoclonal antibody (Cell Signaling, Beverly, MA;

1:50) that was pre-bound to GammaBind Plus SepharoseTM beads

(Pharmacia Biotech, Uppsala, Sweden). After extensive washing

with the lysis buffer, proteins captured by the anti-FAK antibody

coated beads were separated by SDS-PAGE and subjected to

Western blot analyses with rabbit anti-phospho FAK (Tyr397)

polyclonal antibody (Cell Signaling; 1:500) or with rabbit anti-total

FAK monoclonal antibody (1:1000). After reaction of membrane

with HRP-conjugated donkey anti-rabbit IgG (Jackson Immunor-

esearch, 1:5,000), immunodetection was performed as described

above.

Immunofluorescence microscopy
Sub confluent OBA9 cells in 35 mm culture dish were pre-

cultured in the presence or absence of anti-Omp29 IgG or control

non-immunized IgG for 15 min. Then, cells were co-cultured with

Aa Y4 (16107 bacteria/2 ml/dish) in antibiotics free K-SFM for

1 hr and were fixed with 4% paraformaldehyde in PBS. Non-

specific binding was blocked by incubation with PBS containing

1% BSA for 20 min. The cells were incubated with rabbit

polyclonal anti-Aa Y4 antibody (5 mg/ml) [11]at 4uC overnight.

Figure 2. Induction of Omp29 surface expression in OmpA-deficient E. coli. (A) Using Western blot analysis, anti-Omp29 serum IgG was
reacted to the purified Omp29, whole Aa Y4, E. coli Bre51 and omp34 gene-transfected E. coli Bre51. The heat-modifiable property of Omp29 resulted
in two distinct migration patterns at 29 kD and 34 kD. (B–D) The formalin-fixed whole Aa Y4 (B), formalin-fixed whole E. coli Bre51 (C) or E. coli 3826
(D) was reacted with anti-Omp29-specific IgG and control serum IgG at various concentrations as indicated on the x-axis. The antibody binding to
each fixed bacterial antigen was detected with goat anti-mouse IgG-biotin (610,000), followed by HRP-conjugated avidin (640,000). Colorimetric
reactions were developed with o-Phenylenediamine in appropriate buffer. The optical density (OD) of each well of ELISA plate was measured at
490 nm. The results are expressed as mean OD 6 SD of triplicate wells.
doi:10.1371/journal.pone.0018287.g002
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After three washes with PBS for 5 min, the cells were incubated

with Aleaxa Fluor 594H anti-rabbit IgG (Invitrogen: 1:200) and

Alexa Fluor 488 phalloidinH (Invitrogen: 1:250) for 1 hr at room

temperature. Nuclei were stained with DAPI (Invitrogen: 5 mg/

ml). After rinsing with PBS, fluorescence signals were detected

with Olympus FSX100 fluorescence microscopy (Olympus,

Tokyo, Japan).

Detection of internalized fluorescent beads in OBA9 by
flow cytometry

Omp29-coated fluorescent Latex beads (0.75 mm diameter;

Polysciences Inc., Warrington, PA) were prepared following the

method by Shimoji et al [20]. Briefly, fluorescent beads were

coated with Omp29 in bicarbonate buffer (pH 9.6) for 2 hr at

27uC. Omp16- or BSA-coated beads were also prepared as control

using the same method. The presence of Omp29 or Omp16 on

each bead was confirmed by anti-Omp29 IgG or anti-whole Aa

IgG. Confluent OBA9 in a 6-well plate was incubated with each

bead suspension in the presence or absence of anti-Omp29 IgG

(10 mg/ml), control IgG (10 mg/ml), Wortmannin (10 nM), or

EDIN (100 ng/ml). After washing with PBS, OBA9 cells were

removed from the culture plate by treatment with trypsin-EDTA.

In order to remove beads that attached on the surface, but did not

enter into OBA9 cells, the cell suspension was washed 5 times with

cold PBS containing 0.02% EDTA. After the fourth wash,

complete removal of beads from the cell surface was confirmed

under fluorescent microscopy. The internalized beads in OBA9

were analyzed by a FACScan flow cytometer (Becton Dickinson,

Mountain View, CA). Logarithmic amplification of fluorescent

intensity on OBA9 (5,000 cells) was determined by forward light

scatter intensity.

In order to analyze F-actin content of OBA9, confluent cells

were incubated with or without purified Omp16 or Omp29

(10 mg/ml, respectively) in K-SFM. After the removal of OBA9

cells from the tissue culture plate by treatment with trypsin-EDTA,

a single cell suspension of OBA9 was fixed with saline containing

5% formalin, and the cell membrane of OBA9 was permeabilized

by 0.1% Tween 20 in PBS. F-actin in OBA9 was stained with

FITC-conjugated phalloidin (6100 dilution, Sigma), and fluores-

cent intensity in each cell was collected by a flow cytometer.

Results

Entry and adhesion of Aa to OBA9
In order to examine the properties of Aa Y4 to attach or enter to

gingival epithelial cells, live Aa Y4 or control oral commensal

bacterium, S. sanguis, was incubated with the confluent OBA9

cultured in 96-well plates for various periods (Fig. 1). The

attachment of Aa to OBA9 occurred at an earlier incubation time

Figure 3. Anti-Omp29 IgG antibody inhibits bacterial entry, but not adhesion, to OBA9. Live Aa Y4, Omp292/OmpA2 E. coli strain Bre51
or Omp29+/OmpA2 E. coli strain 3826 harvested at the mid-log phase was incubated with confluent OBA9 in a 96-well plate (5.56105 bacteria/100 ml/
well) in the presence of anti-Omp29 IgG antibody or control serum IgG. For E. coli strains, a dose of anti-Omp29 serum IgG (10 mg/ml) or control
serum IgG (10 mg/ml) was applied to each well. After 4 hours of incubation, entry (A) or adhesion (B) of Aa Y4, or entry (C) or adhesion (D) of
Omp292/OmpA2 E. coli strain Bre51 or Omp29+/OmpA2 E. coli strain 3826 to OBA9 was measured. Each column represents mean CFU 6 SD of three
wells. One representative result from at least 3 different experiments is shown. *, Significantly lower than Aa Y4 incubated in medium alone (without
antibody) or control IgG by Student’s t test (P,0.05). #, Significantly higher than E. coli Bre51 entry or adhesion to OBA9 in the absence of antibody
by Student t test (P,0.05). {, Significantly lower than the entry of E. coli 3826 incubated in medium alone (without antibody) or control IgG by
Student t test (P,0.05).
doi:10.1371/journal.pone.0018287.g003
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(30 min) (Fig. 1B) than internalization (2 hours) (Fig. 1A). After 6–

8 hours of incubation, both attachment and internalization of Aa

Y4 reached saturation level. On the other hand, compared to Aa

Y4, the initial entry event of S. sanguis was detected later

incubation periods (6–8 hours) than Aa Y4, and the number of

entered S. sanguis was remarkably lower than that of Aa Y4 during

these late incubation periods (6–8 hours) (Fig. 1A). However, the

adhesion of S. sanugis to OBA9 cells reached to the same level as Aa

Y4 after 8 hr of incubation (Fig. 1B). The entry and attachment of

Aa Y4 were also examined using different cell lines, including

primary culture of human gingival epithelial cells (5th passage) and

epidermal carcinoma cell lines (KB and Hep2). Aa Y4 was capable

of entering and adhering to all cell lines tested (data not shown).

These findings suggested that a periodontal pathogen, Aa Y4,

periodontal pathogenic bacteria, can not only attach but also

internalize to epithelial cells in a manner different from the control

S. sanguis.

Induction of Omp29 surface expression in OmpA-
deficient E. coli

Based on the Western blot analysis, the polyclonal anti-Omp29

IgG demonstrated two bands of purified Omp29, Aa Y4 and E. coli

3826 (Fig. 2A, lane 2 and 4), but not E. coli Bre51 (Fig. 2A, lane 3)

which lacks both OmpA and Omp29. The heat-modifiable

property of Omp29 resulted in two distinct migration patterns

(29 and 34 kDa) in an SDS-PAGE carried out in a reductive

condition [11,15]. Binding activity of anti-Omp29 IgG to fixed

whole bacteria was also examined by ELISA (Fig. 2B–2D). Anti-

Omp29 IgG reacted to fixed Aa Y4 and E. coli 3826 in a dose-

dependent manner as compared to control IgG that showed no

distinctive binding activity to the same battery of antigens (Fig. 2B

and 2D). Neither anti-Omp29 serum IgG nor control serum IgG

reacted to the OmpA deletion mutant E. coli Bre51 (Fig. 2C).

These results indicated that E. coli 3826, but not E. coli Bre51,

expresses Omp29 on its surface.

Inhibition of Aa Y4 entry into OBA9 by anti-Omp29 IgG
antibody

The entry or attachment of Aa Y4 to OBA9 was examined in

the presence or absence of anti-Omp29 IgG or control IgG (Fig. 3).

Anti-Omp29 IgG inhibited bacterial entry (Fig. 3A), but not

attachment (Fig. 3B), in a dose-dependent manner. Control IgG

did not affect the entry (Fig. 3A) or adhesion (Fig. 3B) of Aa Y4.

Polyclonal mouse IgG antibody to whole Aa inhibited both entry

and adhesion of the bacteria to OBA9 (data not shown). These

results suggest that Omp29 is associated with Aa internalization,

but not adhesion, to gingival epithelial cells.

Omp29 increases the entry of OmpA2 E. coli into OBA9
The role of Omp29 in bacterial entry into OBA9 was further

examined using E. coli 3826 (Omp29+/OmpA2) and E. coli Bre51

(Omp292/OmpA2). E. coli 3826 entered into OBA9 22-fold more

than E. coli Bre51 (Fig. 3C). The entry of E. coli 3826 into OBA9

was significantly inhibited by anti-Omp29 IgG, but not by control

IgG. Although the ability of E. coli 3826 to attach to OBA9 was

slightly higher (1.4-fold) than E. coli Bre51, anti-Omp29 IgG had

no effect on the adhesion of either E. coli 3826 or E. coli Bre51 to

OBA9 (Fig. 3D).

Figure 4. Bacterial Omp29 up-regulates F-actin rearrangement in OBA9, which results in induction of Aa Y4 entry into OBA9. (A and
B) Aa Y4 harvested at mid-log growth was incubated with confluent OBA9 cells (56105 bacteria/100 ml/well) in the presence or absence of
cytochalasin D (F-actin rearrangement inhibitor) by the indicated concentration in the figures. The number of bacteria entered or adherent to OBA9
cells was shown (A, bacterial entry; B; bacterial attachment). *, Significantly lower than control medium alone by Student’s t test (P,0.05). (C–F) After
pretreatment of sub confluent OBA9 cells with or without anti-Omp29 IgG (10 mg/ml) or control non-immunized IgG (10 mg/ml) for 15 min, OBA9
cells were co-cultured with Aa Y4 (16107 bacteria/2 ml/dish) in the antibiotics-free K-SFM for 1 hr. F-actin (green) and Aa Y4 (red) were observed
using immunofluorescence microscopy in OBA9 cells. White arrow indicates co-localization (yellow) of F-actin and Aa Y4. (C) medium alone, (D) Aa Y4,
(E) anti-Omp29 IgG and Aa Y4, and (F) control IgG and Aa Y4. Scale bar: 10 mm.
doi:10.1371/journal.pone.0018287.g004
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Omp29 up-regulates F-actin formation in OBA9, which
results in induction of Aa Y4 entry into OBA9

A previous study reported that Aa strains utilize either actin-

dependent or actin-independent mechanisms to penetrate KB

cells [21]. Since we wanted to determine if Aa Y4 could enter

OBA9 by actin rearrangement, the entry and attachment of Aa

Y4 to OBA9 were examined in the presence or absence of

cytochalasin D, an F-actin rearrangement inhibitor (Fig. 4A and

4B). Cytochalasin D inhibited the entry of live Aa Y4 into OBA9

in a dose-dependent manner (Fig. 4A), but it did not affect the

attachment of live Aa Y4 to OBA9 cells (Fig. 4B). In order to

determine if bacterial Omp29 regulates F-actin formation and

bacterial invasion, OBA9 cells were co-cultured with Aa in the

presence or absence of anti-Omp29 IgG or control IgG for 1 hr,

and the F-actin and Aa were visualized by immunofluorescenses

(Fig. 4C–4F). Compared to the OBA9 cells treated with medium

alone that showed modest level of diffuse F–actin expression

(green fluorescent; Fig. 4C), Aa Y4 (red fluorescent) applied to

OBA9 cells was found co-localized with F–actin which showed

remarkably increased level of polymerization (Fig. 4D), indicating

F-actin rearrangement was induced in conjunction with bacterial

entry. Importantly, anti-Omp29 IgG treatment abrogated such

co-localization of Aa Y4 and F-actin as well as the increased level

of F-actin polymerization (Fig. 4E), whereas increased F-actin

polymerization and co-localization with Aa were not affected by

the presence of control IgG (Fig. 4F). Next, to investigate whether

purified Omp29 induce F-actin formation, confluent OBA9 cells

were incubated in the presence or absence of 10 mg/ml of

purified Omp16 or Omp29 (10 mg/ml, respectively) for 1 hr, and

the cytoplasmic content of F-actin was determined by flow

cytometry (Fig. 5A–5C). OBA9 incubated with Omp29 showed

notable up-regulation of F-actin content (Fig. 5C) compared to

OBA9 incubated in medium alone (Fig. 5A) or OBA9 reacted

with Omp16 (Fig. 5B), respectively. These results suggested that

Aa Y4 induces actin rearrangement via Omp29 which, in turn,

leads the entry of Aa Y4 into OBA9 cells.

Omp29 induces FAK phosphorylation
It is well described that focal adhesion kinase (FAK) is an

important signaling switchboard in the course of actin rearrange-

ment triggered by the stimulation of cell surface adhesion

molecules [22,23]. To examine the effect of Omp29, or control

Omp16, on the FAK phosphorylation in gingival epithelial cells,

OBA9 cells were reacted with Omp16 or Omp29 for various

periods. Subsequently, whole FAK-protein captured by antibody-

mediated immuno-precipitation was blotted onto nitrocellulose

membrane and reacted with anti-phosphorylated FAK antibody

(Fig. 5D and 5E). The Omp29 stimulation clearly up-regulated the

Figure 5. Omp29 induces actin rearrangement and FAK phosphorylation in OBA9. (A–C) The confluent OBA9 cells in the tissue culture
flask were incubated for 1 hour in medium alone (A) or in the presence of Omp16 (10 mg/ml) (B) or Omp29 (10 mg/ml) (C). In order to stain F-actin,
OBA9 cells removed from culture plate by trypsin-EDTA were permeabilized and stained with FITC-Phalloidin. (A) The solid histogram # shows the
non-stained OBA9 and the open histogram in gray line * indicates the FITC-Phalloidin staining of OBA9. (B and C) The open histogram * indicates the
FITC-Phalloidin stained OBA9 incubated with medium alone and the solid histograms display the staining of OBA9 stimulated with Omp16 (B) or
Omp29 (C), respectively. (D and E) After stimulation of OBA9 cells with Omp16 (10 mg/ml) (D) or Omp29 (10 mg/ml) (E) for the time periods shown in
the figure, whole cellular proteins dissolved in lysis buffer were immuno-precipitated with anti-total FAK antibody bound to GammaBind Plus
Sepharose beads. The proteins pulled down with the beads were blotted onto NC membrane and reacted with anti-total FAK antibody or anti-
phospho FAK antibody using Western-blot method.
doi:10.1371/journal.pone.0018287.g005
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phosphorylation of FAK in OBA9 cells in a time-dependent

manner (Fig. 5E), while Omp 16 did not induce phosphorylation

of FAK (Fig. 5D).

Omp29, but not Omp16, evokes internalization in OBA9
To confirm whether Omp29 triggers internalization in OBA9,

fluorescent Latex beads coated with purified Omp29, Omp16 or

BSA were incubated with OBA9, and the beads internalized

into OBA9 were analyzed by flow cytometry (Fig. 6). Omp29-

coated beads were incorporated into OBA9 at a greater

magnitude than BSA-coated beads or Omp16-coated beads

(Fig. 6A, B and C). BSA-coated beads also entered OBA9

(Fig. 6A), but only slightly. To explain this, it is reported that rat

gingival junctional epithelium can uptake topically applied

horseradish peroxidase or colloidal gold-labeled concanavalin

A [24,25]. Thus, the uptake of latex beads by BSA appears to

have resulted from the intrinsic characteristics of epithelial cells.

Taken together, these findings indicated that Omp29 triggers

internalization in OBA9.

FAK downstream signaling, PI3-kinase and Rho GTPase
are involved in the internalization of Omp29-coated
beads and Aa

It is well recognized that PI3-kinase and Rho GTPase are

downstream targets of FAK [26], and we found in this study that

Omp29 induced the phosphorylation of FAK (Fig. 5). Therefore,

to examine whether Omp29-mediated internalization of Aa Y4 in

gingival epithelial cells involves these signal transducers, inhibitory

assays were performed using flow cytometry. Omp29-coated

fluorescent Latex beads were incorporated into OBA9 at a greater

magnitude than BSA-coated beads or Omp16-coated beads

(Fig. 6A, B and C). BSA-coated beads also entered OBA9

(Fig. 6A), but only slightly. The internalization of Omp29-coated

beads was inhibited by anti-Omp29 serum IgG (Fig. 6E), but not

by control serum IgG (Fig. 6D). Wortmannin (PI3-kinase inhibitor;

6F) and EDIN (signal transduction inhibitor Rho GTPases; 6G)

also inhibited internalization of Omp29-coated beads into OBA9.

Both inhibitors, Wortmannin and EDIN also interrupted the entry

of live Aa Y4 into OBA9 in a dose-dependent manner (Fig. 7A),

Figure 6. Influence of Rho GTPase inhibitor and PI-3-kinase inhibitor on internalization of Omp29-coated beads into OBA9. (A–C)
Confluent OBA9 cells cultured in tissue culture plate were incubated with or without BSA-coated fluorescent Latex beads (FLB) (A), Omp16-coated
FLB (B), or Omp29-coated FLB (C) for 4 hours. The open histogram indicates non-treated OBA9 and the solid histogram display the internalization of
indicated FLB, respectively. (D–G) Omp29-coated FLB were incubated with OBA9 cells for 4 hours in the presence or absence of control serum IgG
10 mg/ml (D), anti-Omp29 serum IgG 10 mg/ml (E), Wortmannin 10 nM (F), or EDIN 100 ng/ml (G). Open histogram * indicates the internalization of
Omp29-coated FLB in OBA9 incubated with medium alone. The solid histogram display the incorporation of Omp29-coated FLB treated with IgG or
inhibitory agents, respectively. Anti-Omp29 serum IgG, Wortmannin and EDIN inhibited 97%, 73% and 66% of Omp29-coated FLB internalization into
OBA9 cells, as determined by mean fluorescent intensity.
doi:10.1371/journal.pone.0018287.g006
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whereas these inhibitors did not affect the attachment of live Aa Y4

to OBA9 cells (Fig. 7B). These findings suggested that Omp29-

induced bacterial internalization is involved in PI3-kinase and Rho

GTPase signaling in OBA9 cells.

Discussion

It is proposed that at least four different steps are required for E.

coli K1 invasion into brain endothelial cells: 1) initial binding, 2)

tight binding/invasion, 3) host cell cytoskeletal rearrangement,

and 4) intercellular trafficking [27]. Each step of the bacterial

invasion event is engaged by distinct bacterial components [27].

We found that Aa Omp29 is associated with bacterial entry into

gingival epithelial cells by up-regulation of F-actin rearrangement.

Therefore, Omp29 appears to operate in accordance with step 3 of

this multiple-step paradigm, only substituting Aa for E. coli

invasion.

E. coli OmpA, a homologue of Omp29, binds to gp96 expressed

on endothelial cells and induces actin cytoskeletal rearrangements

[28]. In our study, Omp29 induced F-actin rearrangement and the

resulting bacterial internalization in OBA9 cells (Fig. 4). On the

other hand, we also previously reported that Aa Omp100 is

associated with adhesion of Aa to gingival keratinocytes [10].

According to our homology search, Omp100 showed high

similarity to Yersinia enterocolitica YadA [11] that is associated with

Yersinia adhesion to extracellular matrix proteins [29] and

fibroblasts [30]. Coincidently, Li et al. also reported that a gene

locus of Aa encoding putative invasion-related protein is

homologous to Yersinia enterocolitica YadA [31]. However, in the

latter study, the gene encoding the OmpA/Omp29 family of

molecules was not detected in the invasion-related gene locus of

Aa. The different roles played by Omp100 and Omp29 in

bacterial entry were distinguished by bacterial entry inhibition

assays using specific antibody to each molecule, i.e., anti-Omp29

antibody inhibits the entry, but not the adhesion, of Aa (Fig. 3),

whereas anti-Omp100 antibody inhibits both adhesion and entry

of Aa to gingival epithelial cells [10]. These findings led to the new

hypothesis that initial bacterial adhesion mediated by Omp100

allows Omp29 binding to its putative ligand expressed on gingival

epithelial cells. Additional study will be required to clarify how

Omp100 and Omp29 are engaged in the distinct steps of bacterial

internalization, i.e., adhesion and entry, either independently or

together. For example, the development of E. coli Bre 51 mutant

strain that expresses both Omp100 and Omp29, or Omp100

alone, would provide the clue to evaluate this new hypothesis.

It is well recognized that FAK plays an important role in the

course of actin rearrangement triggered by cell surface adhesion

molecules [22]. Furthermore, the signaling cascade initiated from

FAK activation is documented in the mechanism underlying

cytoskeletal fiber rearrangement that, in general, involves PI3-

kinase and Rho GTPase [23]. In the present study, Omp29 induced

F-actin rearrangement which resulted in the bacterial internaliza-

tion in OBA9 (Fig. 4) and the up-regulation of FAK phosphory-

lation within 30 min (Fig. 5). In addition, the bacterial internaliza-

tion into OBA9 was remarkably abrogated by PI3-kinase or Rho

GTPase inhibitor (Fig. 7). These findings indicated that Aa Omp29

may induce F-actin rearrangement by activation of FAK-PI3kinase

or -Rho-GTPase signaling cascade, which, in turn, would result in

OBA9 bacterial internalization. It is possible that such an early

cellular response occurs only if it is independent from gene

transcription. When we used the RNA synthesis inhibitor

actinomycin D to test this possibility, it neither altered the entry

of Aa nor the internalization of Omp29-coated beads into OBA9

(data not shown), further supporting the argument that Omp29-

mediated actin rearrangement does not require gene transcription.

Penetration of bacterial protein into host tissue is a necessary

step toward inducing adaptive immune response, such as

production of antigen-specific IgG. Remarkably elevated

Omp29-specific IgG in the serum of patients with localized

aggressive (juvenile) periodontal disease [32] suggests that Omp29

is one of the major antigens penetrating host tissue, and, as such, it

is recognized by lymphocytes. Using a rat periodontal disease

model, we demonstrated that systemic adoptive transfer of

Omp29-specific Th1 cells, along with the local gingival injection

of Omp29, can result in RANKL-dependent periodontal bone

loss, whereas adoptive transfer of the Th1 cells alone without local

antigen injection did not induce bone resorption [33,34].

Furthermore, cultured rat gingival epithelial cells could process

the internalized formalin-killed Aa and present Omp29 antigen to

Th1 cells, which resulted in their activation and proliferation [35].

These studies support that bacterial entry into the host tissue or

cell is requisite to elicit the host destructive Th1 immune

responses, because, without internalization of bacterial antigen in

the host, immune response can not be induced. The results from

the present study, together with our previous demonstrations of

Omp29-mediated immune intervention in rat periodontal de-

struction [33,34,36], strongly suggest that penetration of Omp29

into gingival epithelial cells plays a pathogenic role in the course of

periodontal disease caused by A. actinomycetemcomitans.

Figure 7. Influence of Rho GTPases inhibitor and PI-3-kinase
inhibitor on bacterial entry and attachment to OBA9. Aa
harvested at mid-log growth phase was incubated with confluent
OBA9 cells (56105 bacteria/100 ml/well) in the presence or absence of
Wortmannin or EDIN by the indicated concentration in the figures. The
number of bacteria that entered or adherent to OBA9 cells is shown (A,
bacterial entry; B, bacterial attachment). *, Significantly lower than
control medium alone by Student’s t test (P,0.05).
doi:10.1371/journal.pone.0018287.g007
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Taken together, the results obtained in this study elucidated that

Aa Omp29 acts on gingival epithelial cells to cause F-actin

rearrangement via FAK signaling cascade, which results in the

uptake of Aa into human gingival epithelial cells. Future study will

be required to identify the receptor for Omp29 expressed on

gingival epithelial cells. Such studies will lead to a better

understanding of the molecular mechanism that up-regulates

bacterial uptake by gingival epithelial cells and thereby provide for

the development of novel preventive or therapeutic regimens in

the treatment of periodontal disease.

Acknowledgments

This paper is dedicated to the memory of Dr. Mark E. Wilson. We thank

Dr. Ulf Henning (Max-Planck-Institut für Biologie, Germany) and Dr.

Sugai (Hiroshima University, Japan) for the generous gift of E. coli Bre51

and EDIN, respectively.

Author Contributions

Conceived and designed the experiments: HK MK MAT TK. Performed

the experiments: AP S. Makihira KO TK. Analyzed the data: AP MK MS

S. Makihira KO. Contributed reagents/materials/analysis tools: HK MS

YK S. Murakami. Wrote the paper: MK MAT TK.

References

1. Slots J, Bragd L, Wikstrom M, Dahlen G (1986) The occurrence of

Actinobacillus actinomycetemcomitans, Bacteroides gingivalis and Bacteroides

intermedius in destructive periodontal disease in adults. J Clin Periodontol 13:
570–577.

2. Schreiner HC, Sinatra K, Kaplan JB, Furgang D, Kachlany SC, et al. (2003)
Tight-adherence genes of Actinobacillus actinomycetemcomitans are required

for virulence in a rat model. Proc Natl Acad Sci U S A 100: 7295–7300.

3. Henderson B, Nair SP, Ward JM, Wilson M (2003) Molecular pathogenicity of
the oral opportunistic pathogen Actinobacillus actinomycetemcomitans. Annu

Rev Microbiol 57: 29–55.
4. Kachlany SC (2010) Aggregatibacter actinomycetemcomitans leukotoxin: from

threat to therapy. J Dent Res 89: 561–570.
5. Christersson LA, Wikesjo UM, Albini B, Zambon JJ, Genco RJ (1987) Tissue

localization of Actinobacillus actinomycetemcomitans in human periodontitis.

II. Correlation between immunofluorescence and culture techniques.
J Periodontol 58: 540–545.

6. Saglie FR, Marfany A, Camargo P (1988) Intragingival occurrence of
Actinobacillus actinomycetemcomitans and Bacteroides gingivalis in active

destructive periodontal lesions. J Periodontol 59: 259–265.

7. Meyer DH, Mintz KP, Fives-Taylor PM (1997) Models of invasion of enteric
and periodontal pathogens into epithelial cells: a comparative analysis. Crit Rev

Oral Biol Med 8: 389–409.
8. Fives-Taylor PM, Meyer DH, Mintz KP, Brissette C (1999) Virulence factors of

Actinobacillus actinomycetemcomitans. Peridontology 2000 20: 136–167.

9. Fives-Taylor P, Meyer D, Mintz K (1995) Characteristics of Actinobacillus
actinomycetemcomitans invasion of and adhesion to cultured epithelial cells.

Adv Dent Res 9: 55–62.
10. Asakawa R, Komatsuzawa H, Kawai T, Yamada S, Goncalves RB, et al. (2003)

Outer membrane protein 100, a versatile virulence factor of Actinobacillus
actinomycetemcomitans. Mol Microbiol 50: 1125–1139.

11. Komatsuzawa H, Asakawa R, Kawai T, Ochiai K, Fujiwara T, et al. (2002)

Identification of six major outer membrane proteins from Actinobacillus
actinomycetemcomitans. Gene 288: 195–201.

12. Prasadarao NV, Wass CA, Weiser JN, Stins MF, Huang SH, et al. (1996) Outer
membrane protein A of Escherichia coli contributes to invasion of brain

microvascular endothelial cells. Infect Immun 64: 146–153.

13. Rolhion N, Barnich N, Claret L, Darfeuille-Michaud A (2005) Strong decrease
in invasive ability and outer membrane vesicle release in Crohn’s disease-

associated adherent-invasive Escherichia coli strain LF82 with the yfgL gene
deleted. J Bacteriol 187: 2286–2296.

14. Soulas C, Baussant T, Aubry JP, Delneste Y, Barillat N, et al. (2000) Outer
membrane protein A (OmpA) binds to and activates human macrophages.

J Immunol 165: 2335–2340.

15. Komatsuzawa H, Kawai T, Wilson M, Taubman M, Sugai M, et al. (1999)
Cloning of the gene encoding the Actinobacillus actinomycetemcomitans 29 kDa outer

membrane protein, an analog of the OmpA family. Infect Immun 67: 942–945.
16. Bremer E, Silhavy TJ, Maldener M, Cole ST (1986) Isolation and

characterization of mutants deleted for the sulA-ompA region of the Escherichia

coli K-12 chromosome. FEMS Microbiology Letters 33: 173–178.
17. Kusumoto Y, Hirano H, Saitoh K, Yamada S, Takedachi M, et al. (2004)

Human gingival epithelial cells produce chemotactic factors interleukin-8 and
monocyte chemoattractant protein-1 after stimulation with Porphyromonas

gingivalis via toll-like receptor 2. J Periodontol 75: 370–379.
18. Sugai M, Enomoto T, Hashimoto K, Matsumoto K, Matsuo Y, et al. (1990) A

novel epidermal cell differentiation inhibitor (EDIN): purification and charac-

terization from Staphylococcus aureus. Biochem Biophys Res Commun 173:

92–98.

19. Kawai T, Ito H, Sakado N, Okada H (1998) A novel approach for detecting an
immunodominant antigen of Porphyromonas gingivalis in diagnosis of adult

periodontitis. Clin Diagn Lab Immun 5: 11–17.
20. Shimoji Y, Ng V, Matsumura K, Fischetti VA, Rambukkana A (1999) A 21-kDa

surface protein of Mycobacterium leprae binds peripheral nerve laminin-2 and

mediates Schwann cell invasion. Proc Natl Acad Sci U S A 96: 9857–9862.
21. Brissette CA, Fives-Taylor PM (1999) Actinobacillus actinomycetemcomitans

may utilize either actin-dependent or actin-independent mechanisms of invasion.
Oral Microbiol Immunol 14: 137–142.

22. Cary LA, Han DC, Guan JL (1999) Integrin-mediated signal transduction
pathways. Histol Histopathol 14: 1001–1009.

23. Parsons JT, Martin KH, Slack JK, Taylor JM, Weed SA (2000) Focal adhesion

kinase: a regulator of focal adhesion dynamics and cell movement. Oncogene 19:
5606–5613.

24. Romanowski AW, Squier CA, Lesch CA (1988) Permeability of rodent
junctional epithelium to exogenous protein. J Periodontal Res 23: 81–86.

25. Takata T, Nikai H, Ijuhin N, Ito H (1988) Penetration and uptake of colloidal

gold-labeled concanavalin A in the junctional epithelium of the rat. J Periodontol
59: 823–829.

26. Mitra SK, Schlaepfer DD (2006) Integrin-regulated FAK-Src signaling in
normal and cancer cells. Curr Opin Cell Biol 18: 516–523.

27. Xie Y, Kim KJ, Kim KS (2004) Current concepts on Escherichia coli K1

translocation of the blood-brain barrier. FEMS Immunol Med Microbiol 42:
271–279.

28. Prasadarao NV, Wass CA, Kim KS (1996) Endothelial cell GlcNAc beta 1-
4GlcNAc epitopes for outer membrane protein A enhance traversal of

Escherichia coli across the blood-brain barrier. Infect Immun 64: 154–160.
29. Flugel A, Schulze-Koops H, Heesemann J, Kuhn K, Sorokin L, et al. (1994)

Interaction of enteropathogenic Yersinia enterocolitica with complex basement

membranes and the extracellular matrix proteins collagen type IV, laminin-1
and -2, and nidogen/entactin. J Biol Chem 269: 29732–29738.

30. Schmid Y, Grassl GA, Buhler OT, Skurnik M, Autenrieth IB, et al. (2004)
Yersinia enterocolitica adhesin A induces production of interleukin-8 in

epithelial cells. Infect Immun 72: 6780–6789.

31. Li L, Matevski D, Aspiras M, Ellen RP, Lepine G (2004) Two epithelial cell
invasion-related loci of the oral pathogen Actinobacillus actinomycetemcomi-

tans. Oral Microbiol Immunol 19: 16–25.
32. Wilson ME, Hamilton RG (1995) Immunoglobulin G subclass response of

juvenile periodontitis subjects to principal outer membrane proteins of
Actinobacillus actinomycetemcomitans. Infect Immun 63: 1062–1069.

33. Kawai T, Eisen-Lev R, Seki M, Eastcott JW, Wilson ME, et al. (2000)

Requirement of B7 costimulation for Th1-mediated inflammatory bone
resorption in experimental periodontal disease. J Immunol 164: 2102–2109.

34. Valverde P, Kawai T, Taubman MA (2004) Selective blockade of voltage-gated
potassium channels reduces inflammatory bone resorption in experimental

periodontal disease. J Bone Miner Res 19: 155–164.

35. Matsuyama T, Kawai T, Izumi Y, Taubman MA (2005) Expression of major
histocompatibility complex class II and CD80 by gingival epithelial cells induces

activation of CD4+ T cells in response to bacterial challenge. Infect Immun 73:
1044–1051.

36. Valverde P, Kawai T, Taubman MA (2005) Potassium channel-blockers as
therapeutic agents to interfere with bone resorption of periodontal disease. J Dent

Res 84: 488–499.

Epithelial Actin Rearrangement by Aa Omp29

PLoS ONE | www.plosone.org 9 April 2011 | Volume 6 | Issue 4 | e18287


