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The SerB protein of Porphyromonas gingivalis is a HAD family serine phosphatase that plays a critical role
in entry and survival of the organism in gingival epithelial cells. SerB is secreted by P. gingivalis upon contact
with epithelial cells. Here it is shown by microarray analysis that SerB impacts the transcriptional profile of
gingival epithelial cells, with pathways involving the actin cytoskeleton and cytokine production among those
significantly overpopulated with differentially regulated genes. Consistent with the transcriptional profile, a
SerB mutant of P. gingivalis exhibited defective remodeling of actin in epithelial cells. Interaction between
gingival epithelial cells and isolated SerB protein resulted in actin rearrangement and an increase in the F/G
actin ratio. SerB protein was also required for P. gingivalis to antagonize interleukin-8 accumulation following
stimulation of epithelial cells with Fusobacterium nucleatum. SerB is thus capable of modulating host cell signal
transduction that impacts the actin cytoskeleton and cytokine production.

Porphyromonas gingivalis, a gram-negative anaerobe, is an
important pathogen in chronic and severe manifestations of
periodontal disease (28). P. gingivalis is also a common inhabi-
tant of the gingival crevice in healthy individuals (44) and thus
can be categorized as a host-adapted pathogen. The primary
ecological niche of P. gingivalis is in the subgingival crevice, and
the organism engages the host epithelial cells that line the
gingival crevice in an intricate molecular dialogue. Through
manipulation of epithelial cell signaling pathways, P. gingivalis
rapidly internalizes within these cells in high numbers (3, 8,
27). Intracellular P. gingivalis cells accumulate in the perinu-
clear area and remain viable and capable of cell-to-cell spread
(3, 54). Despite the burden of large numbers of intracellular P.
gingivalis, gingival epithelial cells do not undergo either ne-
crotic or apoptotic cell death, and indeed are rendered resis-
tant to chemically induced apoptosis (31, 34, 53). Adaptation
of both P. gingivalis and the gingival epithelial cells to their
cohabitation occurs on a genome-wide scale (21, 58). Approx-
imately 40% of the expressed proteome of P. gingivalis is mod-
ulated upon internalization within epithelial cells (51). In gin-
gival epithelial cells, several thousand genes are differentially
expressed following infection with P. gingivalis, a response that
is tailored to P. gingivalis and is markedly different from the
transcriptional profiles of epithelial cells infected with Aggre-
gatibacter actinomycetemcomitans, Fusobacterium nucleatum,
or Streptococcus gordonii (21, 22). Entry of P. gingivalis into
gingival epithelial cells requires remodeling of both the micro-

filament and microtubule cytoskeleton (27), along with modu-
lation of cytosolic calcium ion concentrations (2), and activa-
tion of the mitogen-activated protein kinase (MAPK) family
member JNK (49). Infection by P. gingivalis impacts the innate
immune functionality of epithelial cells as NF-�B activity is
suppressed and secretion of interleukin-8 (IL-8) is inhibited
(11, 49). Moreover, invasive P. gingivalis antagonizes the IL-8
secretion stimulated by other oral organisms, such as F.
nucleatum, a phenomenon known as local chemokine paralysis
(11).

A distinctive feature of P. gingivalis manipulation of host cell
physiology is that the process is accomplished in the absence of
a conventional type III secretion system, machinery that is
utilized by other invasive organisms to deliver effector proteins
directly into the cytoplasm of host cells (9). Rather, P. gingivalis
secretes effector proteins into the extracellular milieu when
stimulated by epithelial cell components (7, 37). One such
secreted effector protein is SerB, a phosphoserine phosphatase
and a member of the haloacid dehalogenase superfamily of
hydrolytic dehalogenases, widespread in both prokaryotes and
eukaryotes (46). P. gingivalis mutants unable to express SerB
are deficient in internalization and survival in gingival epithe-
lial cells (46). SerB is functional within epithelial cells, inter-
acting with cytoplasmic glyceraldehyde-3-phosphate dehydro-
genase and HSP90 and modulating microtubule dynamics. As
tightly regulated patterns of protein phosphorylation and de-
phosphorylation are important for a wide range of eukaryotic
cell activities, we hypothesized that SerB may have a more
broadly based effect on gingival epithelial cell physiology. To
better define the role of SerB in the interaction between P.
gingivalis and gingival epithelial cells, we examined its effects
on the epithelial cell transcriptome. A microarray analysis re-
vealed that SerB impacts the expression of over 3,000 genes,
including those involved in regulating the dynamics of the actin
cytoskeleton and in cytokine secretion. These activities of SerB
were confirmed at the phenotypic level by confocal micros-
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copy, showing actin rearrangements in response to SerB, and
by loss of IL-8 chemokine paralysis in epithelial cells infected
with a SerB mutant.

MATERIALS AND METHODS

Bacteria and epithelial cells. P. gingivalis strains ATCC 33277, SerB mutant,
complemented SerB mutant (46), and F. nucleatum ATCC 25586 were cultured
in trypticase soy broth, supplemented with yeast extract (1 mg ml�1), hemin (5
�g ml�1), and menadione (1 �g ml�1), anaerobically at 37°C. Escherichia coli
strains were grown in LB medium aerobically at 37°C. Human immortalized
gingival keratinocytes (HIGKs) (36) were cultured under 5% CO2 in keratino-
cyte serum-free medium (Gibco/Invitrogen, Carlsbad, CA) supplemented with
0.05 mM calcium chloride and 200 mM L-glutamine (Gibco/Invitrogen). Bacte-
ria-HIGK cell coculture was performed as described elsewhere (30). Briefly,
bacteria at mid-log phase were harvested and resuspended in antibiotic-free
keratinocyte serum-free medium. Bacteria were added to 70 to 90% confluent
HIGK cells to give a multiplicity of infection (MOI) of 100 and incubated at 37°C
in 5% CO2.

Microarray hybridization. After a 2-h challenge with bacteria, quadruplicate
cultures of HIGKs were lysed with Trizol (Invitrogen). RNA isolation, cDNA
synthesis, labeled cRNA synthesis, and chip hybridization were conducted as
previously described (30). Briefly, total RNA was extracted from Trizol-lysed
cells, treated with DNase I, purified, and quantified according to standard meth-
ods (Qiagen, Valencia, CA, and Affymetrix, Santa Clara, CA). cDNA synthesis
was performed according to the Affymetrix protocol (SuperScript double-
stranded cDNA synthesis kit; Invitrogen) with 5 to 8 �g of total cellular RNA
used as a template to amplify mRNA species for detection. Double-stranded
cDNA was purified and used as a template for labeled cRNA synthesis. In vitro
transcription was performed using a BioArray high-yield RNA transcript labeling
kit (T7; Enzo Life Science, Farmingdale, NY) to incorporate biotinylated nucle-
otides. cRNA was subsequently fragmented and hybridized onto Genechip hu-
man genome U133-A oligonucleotide arrays (Affymetrix) with appropriate con-
trols. Each sample was studied in parallel, and the samples were not pooled. The
microarrays were hybridized for 16 h at 45°C, stained with phycoerythrin-conju-
gated streptavidin, and washed according to the Affymetrix protocol (EukGE-
WS2v4) using an Affymetrix fluidics station and scanned with an Affymetrix
GeneChip 3000 scanner.

Microarray analysis. Following initial assessment of the host cell response to
each condition, supervised analysis was performed to investigate differences in
gene regulation among experimental conditions. For this analysis, the raw signal
intensities were log transformed for all probe sets that passed the initial expres-
sion filters and were correlated using BRB Array Tools 5.0 (Simon and Peng-
Lam, National Cancer Institute, Rockville, MD). In each supervised analysis,
biological replicates were grouped into classes according to their infection state
during coculture experiments, and probe sets significant at the P � 0.005 level
between classes were identified. To test the ability of these significant probe sets
to truly distinguish between the classes, leave-one-out cross-validation (LOOCV)
studies were preformed. In these LOOCV studies each array was left out in turn
and a classifier was derived between the groups by selecting probe sets significant
at a P level of �0.005. The significant probe sets were then used with several
prediction models (covariate predictor, diagonal linear discriminant analysis,
1-nearest neighbor, 3-nearest neighbors, nearest centroid, support vector ma-
chines, and Bayesian compound covariate predictor) to predict the class identity
of the array that was left out and not included when the classification model was
built. The ability of the classifier to correctly predict the class identity of the
left-out array was estimated using Monte Carlo simulations with 2,000 permu-
tations of the data set and compared to the likelihood of a correct prediction by
chance alone (P � 0.5).

Functional categorization by gene ontology and bioinformatics analyses. Kegg
pathways were populated using Pathway Express (25), available at http://vortex
.cs.wayne.edu/projects.htm.

Quantitative RT-PCR. Total RNA isolated from control and P. gingivalis-
infected HIGK cells was reverse transcribed to cDNA using SuperScript III.
Specific DNA standards were synthesized from chromosomal DNA in a standard
PCR. Real-time reverse transcription-PCR (RT-PCR) was performed on a Bio-
Rad iCycler using Sybr green supermix (Bio-Rad). Results were analyzed with
the iCycler iQ optical system software version 3.0a. The melt curve profiles were
examined to verify a single peak for each sample, indicating primer specificity,
and the transcript copy number was calculated (57). RNA extracts were prepared
in duplicate from independent experiments, and cDNA samples were loaded in
triplicate.

Expression of recombinant protein. rSerB 0653 and rPG1107 were expressed
in Escherichia coli strain TunerDE3 (Novagen, San Diego, CA) using the
pET30b expression system. His tag proteins were purified with a nickel resin
(Bio-Rad, Hercules, CA). Purity was �97%, as determined by sodium dodecyl
sulfate-polyacrylamide gel electrophoresis and Coomassie staining.

Confocal microscopy. P. gingivalis strains (MOI, 100) or rSerB enzymes (100
�g) were added to HIGK cells and incubated for the appropriate time. Cells
were washed three times with phosphate-buffered saline (PBS, pH 7.4) and fixed
with 4% paraformaldehyde in PBS pH 7.4 for 30 min at room temperature.
Immunostaining was performed after permeabilization with 0.2% saponin in
PBS containing 10% goat serum for 20 min. Bacteria were detected with poly-
clonal rabbit anti-P. gingivalis antibody (1:500), and rSerB was detected with
anti-SerB antibody (1:500), followed by fluorescein isothiocyanate-conjugated
anti-rabbit secondary antibody (1:500). F actin was stained by phalloidin-Texas
Red isothiocyanate (1:200). Images were taken at 40� or 60� on a Bio-Rad
MRC1024 CLSM confocal microscope. A series of fluorescent optical x-y sections
were collected to create digitally reconstructed images (x-z section and z-projection
of x-y sections) with ImageJ 1.35c and Adobe Photoshop 6.0 software. Total actin
fluorescent accumulations in the stack of z-projections representing whole cells were
quantified with ImageJ 1.35c using the area calculator plug-in.

Quantitative F actin analysis. HIGK cells were treated with rSerB for 2 h, and
the ratio of F actin to G actin was analyzed using an F actin/G actin in vivo assay
kit (Cytoskeleton Inc., Denver, CO) based on the manufacturer’s protocol.
Briefly, cells were lysed, F actin was stabilized in actin stabilization buffer, and
the cell lysates were centrifuged at 100,000 � g for 60 min. The supernatants (G
actin) were separated from the pellets (F actin). The pellets were resuspended to
the same volume as the supernatants using ice-cold distilled water containing 2
�M cytochalasin D and were incubated on ice for 1 h. Equal volumes of the
samples were separated by sodium dodecyl sulfate-polyacrylamide gel electro-
phoresis and analyzed by Western blotting with an antiactin antibody. Actin
bands in each fraction were detected using chemiluminescence, and the ratio of F
actin to G actin was quantified using the Kodak 1D Image Analysis software v.3.6.1.

IL-8 assay. HIGK cells were reacted sequentially with F. nucleatum and P.
gingivalis at an MOI of 100 at 37°C in 5% CO2 in the presence of a proteinase
inhibitor cocktail (Sigma, St. Louis, MO). Supernatant samples were removed,
filtered, and analyzed with an enzyme-linked immunosorbent assay kit for IL-8
(R&D Systems, Minneapolis, MN) according to the manufacturer’s instructions.

Microarray accession number. The array results have been deposited in the
GEO repository (http://www.ncbi.nlm.nih.gov/geo) under accession number
GSE10526.

RESULTS

Transcriptional profiling of gingival epithelial cells infected
with P. gingivalis wild-type and SerB mutant strains. To reveal
the range of effects of SerB on host cells, HIGKs were tran-
scriptionally profiled following infection with parental or SerB
mutant strains of P. gingivalis. HIGK cells behave similarly to
primary low-passage cultures of gingival epithelial cells in
terms of responses to P. gingivalis challenge (21). In addition,
the contribution of SerB to the invasive process is equivalent in
HIGKs and in primary gingival epithelial cells (46). Further-
more, HIGKs can be grown to high cell number without the
patient-to-patient transcriptome variability that can occur with
primary cells (26); thus, HIGKs represent a useful model for
the study of gingival epithelial cell global transcriptional re-
sponses to oral organisms (21, 22). Samples of uninfected
HIGKs and P. gingivalis 33277-infected and P. gingivalis SerB
mutant-infected cells were used to determine the overall sim-
ilarity of the transcriptional responses. After elimination of
probe sets with signals that were not greater than background
levels on all arrays, signal intensity data for the 12,699 probe
sets that passed the initial expression filters were included in an
unsupervised cluster analysis and supervised class prediction
analysis. The unsupervised hierarchical cluster analysis (not
shown) revealed transcriptional profiles that were characteris-
tic of each infection state, as biological replicates clustered
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together. A supervised analysis was performed using individual
comparisons of the parent and mutant infection states with a
common baseline of the uninfected state. At a significance
level of P � 0.005, 3,365 probe sets were differentially regu-
lated in HIGKs infected with the SerB mutant of P. gingivalis
compared to the parental strain. Assuming normality of the
data set, the 3,365 significant genes was 50-fold higher than the 64
probe sets that would be expected by chance alone at P � 0.005,
given that 12,699 probe sets passed the expression filter. A Tree-
View visualization of the 3,365 probe sets differentially expressed
between the infection classes is shown in Fig. 1. The ability of the
regulated probe sets to correctly differentiate treatment groups
was confirmed by a LOOCV analysis. The classifiers performed
flawlessly and correctly predicted the treatment group with 100%
accuracy using seven prediction models: covariate predictor, di-
agonal linear discriminant analysis, 1-nearest neighbor, 3-nearest
neighbors, nearest centroid, support vector machines, and Bayes-
ian compound covariate predictor.

Ontology analysis of differentially regulated genes. The pre-
dictive power of individual differentially regulated genes is
limited in the absence of information regarding the expression
levels of other genes that also impact related biological pro-
cesses. Hence, in order to derive biologically relevant informa-
tion from the array data, an ontology analysis of known met-
abolic pathways was performed with probe sets at the P �
0.005 significance level using the Pathway Express algorithm
(25). The three host cell pathways most significantly impacted
by the SerB mutant in comparison with the parental strain
were regulation of actin cytoskeleton (Kegg 04810; 49 regu-
lated, 206 pathway genes), focal adhesion (Kegg 04510; 59
regulated, 194 pathway), and MAPK signaling (Kegg 04010; 60
regulated, 273 pathway). In addition to being highly impacted,
these processes are interconnected and are relevant to the overall
biology of pathogen-host interactions. Differentially regulated
genes representing these pathways are depicted in Fig. 2.

SerB affects expression of genes that regulate actin dynamics.
In pathways related to actin stability, several downstream
genes that are close to the level of actin binding and focal
adhesion assembly were differentially regulated. In comparison
to the parental strain, the SerB mutant downregulated genes
for �-actinin, vinculin, paxillin, Arp2/3, Mena, and mDia.
�-Actinin is an F-actin cross-linking protein that can anchor

FIG. 1. Comparison of transcriptional profiles of HIGK cells fol-
lowing coculture with wild-type P. gingivalis or SerB mutant strain. The

expression pattern of the cRNAs analyzed by microarray is repre-
sented as a supervised analysis of the variance-normalized data set of
differentially expressed genes with the algorithm Cluster and displayed
with TreeView. Each row represents an individual DNA element spot-
ted on the array, and each column represents the expression states of
cRNAs for the challenge condition indicated. Each expression data
point represents the ratio of the fluorescence intensity of the cRNA
from P. gingivalis 33277-infected cells (Pg columns, replicates [R] 1 to
4) to the fluorescence intensity of the cRNA from SerB mutant-in-
fected cells (SerB columns, R 1 to 4). The distance matrix used to show
the relatedness of samples through gene expression space was the
Pearson’s correlation coefficient. The cluster is subdivided into three
groups consisting of genes that were repressed (green), genes that were
induced (red), and genes whose expression did not change (black). The
variation in expression for a given gene is expressed as the distance
from the mean observation for that gene according to the color scale
presented below the heat map.
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actin to a variety of intracellular structures (52). Vinculin is a
prominent component of focal adhesions that can bind actin
and mediate barbed end capping (39). Paxillin is a multido-
main adaptor that recruits both structural and signaling mol-
ecules to focal adhesions (6). Actin-related protein (Arp) 2/3
complex is an actin nucleator that controls polymerization,
organization, and recycling of actin filament networks (19).
Mena (ENAH/VASP) is an actin-associated protein involved
in a range of processes related to cytoskeleton remodeling, and
mDia can directly nucleate, elongate, and bundle actin fila-
ments (17, 43). In contrast, LIMK was upregulated in response
to the SerB mutant. LIMK is a protein kinase that phosphory-
lates and inactivates the actin binding/depolymerizing factor
cofilin, thereby stabilizing the actin cytoskeleton and prevent-
ing actin remodeling. Consistent with upregulation of LIMK
was SerB-induced downregulation of SSH (Slingshot ho-
molog), which dephosphorylates and activates cofilin (4, 18).
Major nodes in the actin pathways that were downregulated by
the SerB mutant included Rho-associated protein kinase
(ROCK), Rac, and p21-activated kinase (PAK). ROCK phos-

phorylates a large number of client proteins that are involved
in actin assembly (32). Rac is a Rho family small GTPase that
is a central hub in the regulation of actin and adhesion orga-
nization (40). PAK is involved in the dissolution of stress fibers
and reorganization of focal complexes (59). To confirm differ-
ential gene expression of key components of the actin stability
pathway and to verify the role of SerB in the process, quanti-
tative real-time RT-PCR was performed following challenge of
HIGKs with parental, SerB-deficient, and SerB-complemented
(cSerB) strains. As shown in Table 1, the results were consis-
tent with the microarray expression profile. Furthermore, the
complemented SerB mutant elicited a pattern of gene expres-
sion similar to the parental strain. Collectively, these results
suggest that SerB has an overwhelming effect on actin cytoskel-
etal architecture through differential and consistent regulation
of a number of actin binding proteins and through coordinated
regulation of central nodes of the pathways that control actin
fiber stability and assembly of focal adhesions.

SerB modulates IL-8 expression. The actin and MAP kinase
signaling pathways interface through Rho family GTPases such

FIG. 2. Summary of epithelial cell actin and MAP kinase-related genes differentially regulated (P � 0.005) following infection with the P.
gingivalis SerB mutant compared to the parental strain. The pathway was adapted from Pathway Express and utilizes the Kegg nomenclature. Red
represents upregulation, green represent downregulation, and gray represents no change in expression. �P indicates phosphorylation; �P indicates
dephosphorylation. Pointed arrows indicate molecular interactions resulting in activation; flat arrows indicate molecular interactions resulting in
inhibition. Solid lines show a direct interaction, and dotted lines are interactions involving intermediates.
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as Cdc42 and linking kinases such as PAK. The MAP kinase
pathway can ultimately converge on production of cytokines.
The array analysis indicated that, in comparison to the parent
strain, the SerB mutant elevated IL-8 mRNA levels (Fig. 2).
Upregulation of IL-8 by the SerB mutant may result from
elevated expression of transforming growth factor 	-activated
kinase 1 (MAP3K7), which can activate p38 though MKK3/6.
Downregulation of p38 by the parental and complemented
SerB mutant strains, but not by the SerB mutant, was con-
firmed by quantitative real-time RT-PCR (Table 1). Both
transforming growth factor 	-activated kinase 1 and p38 can
activate transcription factors, such as NF-�B, which can con-
trol IL-8 gene expression (1, 12).

Reorganization of the actin cytoskeleton is deficient in the
SerB mutant. While transcriptional profiling of infected cells
can provide insights into their phenotypic status, it does not
account for posttranslational modifications, which control
much of the information flow through eukaryotic signal trans-
duction pathways. Thus, to verify the array results and to eval-
uate the extent of actin remodeling that occurs in gingival
epithelial cells upon infection with parental or SerB-deficient
strains, the actin cytoskeleton was visualized and quantified by
confocal microscopy. Actin rearrangements have been shown
to be required for P. gingivalis entry into gingival epithelial
cells, a rapid process that is complete in approximately 20 min
(3). In addition, prolonged cohabitation with intracellular P.
gingivalis results in a cortical redistribution and condensation
of actin microfilaments (56). As our transcriptional snapshot
was taken at 2 h of P. gingivalis infection, the differential gene
expression could be a legacy of events that have already oc-
curred at the phenotypic level (e.g., bacterial invasion). Alter-
natively, as protein levels can lag behind differential mRNA
expression by several hours (22), observed transcriptional
changes could be an early indication of events that are about to
occur at the phenotypic level (e.g., redistribution and conden-
sation of actin microfilaments). To distinguish between these
possibilities, actin microfilaments were observed after 10 min
and 6 h of infection with parental and SerB mutant strains. No
differences in actin microfilament structure or levels were ob-
served after 10 min of interaction of host cells with either P.
gingivalis 33277 or SerB mutant strains (Fig. 3A and C). How-
ever, after 6 h of association, the parental strain induced an
increase in actin microfilaments that had relocated to the cell

surface and were associated with external, membrane-bound P.
gingivalis (Fig. 3B and C). The SerB mutant, in contrast, failed
to induce either an increase or a rearrangement of actin.
Hence, SerB appears to ultimately exert its actin-related function-
ality on the membrane of host epithelial cells and participate in
the process that causes actin remodeling over longer time periods.
The snapshot of gene expression data depicted in Fig. 2, there-
fore, can be predicted to make a significant contribution to the
mechanism by which SerB modulates the actin cytoskeleton.

SerB protein can induce actin reorganization. As the SerB
mutant is deficient in internalization and intracellular survival
(46), it was important to ensure that the actin-related pheno-
type was not a general consequence of failure to establish an
intracellular infection. P. gingivalis secretes SerB when in direct
contact with epithelial cells and can also secrete SerB into the
culture medium when stimulated by soluble signals from epi-
thelial cells (7). Therefore, extracellular SerB is likely to be
functional, and we sought to determine whether cell-free SerB
can play a role in actin remodeling. To accomplish this, we first
expressed recombinant SerB (rSerB) in E. coli. As a control,
we also expressed and purified the rPG1170 protein. PG1170 is
another serine phosphatase of P. gingivalis, although it is not

FIG. 3. SerB modulates the actin cytoskeleton in gingival epithelial
cells. (A) HIGK cells were infected with P. gingivalis 33277 (WT) or
SerB mutant (SerB) for 10 min or 6 h. Control (Ctrl) cells were
uninfected. The actin cytoskeleton was visualized with rhodamine-
phalloidin (red), and bacteria were stained with P. gingivalis antibody
and fluorescein-labeled secondary antibody (green). The image is a
confocal 0.2-�m optical x-y projection magnified 40�. Arrows indicate
areas of actin redistribution around P. gingivalis. (B) Boxed areas from
panel A are shown, along with x-z and y-z projections. (C) Quantitative
image analysis of actin fluorescence in the stack of z-projections rep-
resenting whole cells shown in panel A. Data are expressed as the ratio
of actin in infected versus control HIGK cells. *, P � 0.01 (t test) at 6 h
compared to 10 min.

TABLE 1. Differential expression of HIGK genes by
quantitative RT-PCR

Gene
Expression change (fold)a

33277 SerB- cSerB

ROCK1 3.4 ND 3.9
Cdc42 �2.5 2.6 �2.1
LIMK1 �3.0 9.8 �2.9
ACTN1 6.1 ND 5.3
VCL 7.7 ND 7.0
Arp2/3 5.2 ND 4.9
p38 �12.3 ND �10.8

a Change in expression compared to uninfected HIGK cells after interaction
with P. gingivalis 33277, SerB mutant (SerB-), or SerB-complemented mutant
(cSerB). All numerical values shown were significant at P � 0.01 (t test). ND, no
significant difference.
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involved in the invasion process and has a higher affinity for
phosphothreonine than phosphoserine (46). rSerB and
rPG1170 were incubated with gingival epithelial cells, probed
with rhodamine-phalloidin and antibodies to SerB, and exam-
ined by confocal microscopy. As shown in Fig. 4A, SerB at-
tached to the epithelial cell membrane and was not observed
within the cells. External SerB protein was capable of inducing
actin reorganization, whereas PG1170 interaction with the ep-
ithelial cells did not result in visible actin rearrangements. In
order to quantitate the degree of actin remodeling induced by
SerB, we measured the ratio of F/G actin following exposure to
rSerB, through purification of the cellular actin populations
and quantitation by densitometric analysis of Western blots.
Figure 4B shows that rSerB activity results in approximately
double the amount of filamentous actin inside epithelial cells
compared to control cells. Hence, SerB can exhibit at least two
distinct functional properties with regard to interactions with
host cells. When produced by intracellular organisms, SerB
interacts with cytosolic glyceraldehyde-3-phosphate dehydro-
genase and HSP90, ultimately impacting the integrity of the
microtubule cytoskeleton (46). Second, as shown here, over
longer periods of time, SerB modulates transcription of actin

cytoskeleton-associated genes and induces rearrangements of
the actin cytoskeleton. Further, SerB can accomplish actin
remodeling when present on the surface of epithelial cells.

Suppression of IL-8 secretion is diminished with the SerB
mutant. The array analysis indicated that SerB may be involved
in local chemokine paralysis (11), the process by which P.
gingivalis suppresses IL-8 production by epithelial cells, even
after stimulation with other bacteria such as F. nucleatum. To
explore this possibility, IL-8 secreted by HIGK cells stimulated
with F. nucleatum alone and with P. gingivalis parental and
mutant strains was measured. As shown in Fig. 5, wild-type P.
gingivalis, but not the SerB mutant strain, antagonized IL-8
secretion induced by F. nucleatum. The complemented SerB
mutant strain displayed a phenotype indistinguishable from the
parental strain. Thus, the transcriptional response to SerB can
converge on IL-8 and inhibit production of this chemokine.

DISCUSSION

Bacteria that initiate infections at mucosal membranes are
often capable of seizing control of host epithelial cell signal
transduction pathways and directing their uptake into the host
cell. P. gingivalis is an intensely invasive gram-negative organ-
ism that invades gingival epithelial cells rapidly and in high
numbers and accumulates in the perinuclear area (3). More-
over, P. gingivalis can suppress host cell apoptosis, modulate
MAPK activity, and block maturation of autophagosomes (16,
31, 49). While all of these activities are consistent with type III
secretion system functionality (9), the genome of P. gingivalis
does not contain obvious homologs of the structural compo-
nents of the type III secretion system organelle (35). Hence,
the nature of the molecules that mediate P. gingivalis cross talk
with host cells and the means of their presentation to the host
cell have become subjects of interest.

One of the major invasion effectors of P. gingivalis is the long
(or major) fimbrial structure comprised of the FimA protein
(50). FimA binds to integrins on the surface of gingival epi-
thelial cells to initiate the entry process (55). However, FimA
mutants possess residual invasive ability and also rearrange
actin microfilaments (56), indicating the involvement of addi-
tional, nonfimbrial invasins. The serine phosphatase SerB was
first identified by a proteomic screen of molecules secreted by
P. gingivalis when in contact with epithelial cell components

FIG. 4. Extracellular SerB regulates F actin in gingival epithelial
cells. HIGK cells were reacted with rSerB or rPG1170. The control
(Ctrl) was prepared in the absence of phosphatase. (A) Actin was
visualized with rhodamine-phalloidin (red), and bacterial phospha-
tases were visualized with SerB antibody and fluorescein-labeled sec-
ondary antibody (green). Confocal x-y projections of a z-stack (�40)
are shown, along with x-z and y-z projections for the merged images
(�60) with enzyme-reacted cells. (B) F/G actin ratio in HIGKs reacted
with SerB. Error bars represent standard deviations. Values are sta-
tistically different at P � 0.01 (t test).

FIG. 5. Enzyme-linked immunosorbent assay of IL-8 accumulation
in HIGK supernatants following stimulation with F. nucleatum (Fn)
alone and with P. gingivalis 33277 (WT), SerB mutant (SerB-), or the
complemented SerB mutant (cSerB) for the times indicated. Error
bars represent standard deviations (n 
 3).
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(7), and a SerB mutant is deficient in both entry and survival
within gingival epithelial cells (46). Although bacteria more
frequently utilize phosphorylation/dephosphorylation of histi-
dine for signal transduction, serine/threonine kinases and
phosphatases have been described in Yersinia spp., Pseudomo-
nas aeruginosa, Listeria monocytogenes, Streptococcus agalac-
tiae, and Streptococcus mutans, where they contribute to viru-
lence (13, 23, 38). However, while serine/threonine kinases and
inositol phosphatase have been shown to play a role in the
molecular dialog between bacteria and host cells (20), SerB is
the first serine phosphatase with a documented role in bacte-
rial internalization.

The transcriptome of gingival epithelial cells infected with
parental and SerB mutant strains demonstrated that SerB con-
tributes to a variety of host cell responses to P. gingivalis in-
fection. In the absence of SerB, over 60 genes are differentially
regulated (at a significance level of P � 0.005) in the actin and
focal adhesion pathways alone. The activity of SerB thereby
overwhelms the host cell transcriptome and impacts actin ar-
chitecture through multilevel regulation of actin binding pro-
teins, including �-actinin, vinculin, actin-related protein (Arp2/
3), paxillin, Mena, and mDia. Many of these proteins are
frequent targets of intracellular pathogens. For example, the L.
monocytogenes ActA protein recruits and activates Arp2/3 in
order to nucleate actin and initiate actin-based motility of
intracellular organisms (10). ActA also binds Mena, and the
actin tails that develop on the organism are stabilized with
�-actinin (10, 15). Shigella spp. recruit vinculin in order to
induce actin polymerization, a process that also requires
Arp2/3 (10). Signal transduction through paxillin is stimulated
by Campylobacter jejuni and group A streptococci (33, 48) and
by P. gingivalis (56). The results of the current study show that
an intracellular organism such as P. gingivalis is capable of
modulating these proteins at the mRNA level. Similarly, tran-
scriptional regulation of genes encoding �-actinin and Arp2/3
was also reported in endothelial cells in response to Neisseria
meningitidis (42).

The temporal progression of actin rearrangements induced
by SerB, with a significant difference observed at 6 h, would
tend to exclude a direct role in entry of the organism which is
complete after 20 min (3). The question then arises as to the
functional significance of longer-term actin rearrangements
induced by SerB. Part of the answer may reside in the ability of
actin per se to play a role in signal transduction (29). It has
been proposed that actin remodeling can spatially organize
enzymes such as ERK and their substrates and thus regulate
enzyme kinetics (41). In addition, binding of enzymes to actin
can regulate enzyme activity, and this binding is dependent on
the polymerization state of actin (24). G-actin can shuttle in
and out of the nucleus, where it regulates chromatin structure
and transcription (47). Cytoskeletal tension can also regulate
the activity of the Rho family of small GTPases (5). Interest-
ingly, the Rho family kinases, along with phosphatidyl inositol
3-kinase and p21-activated kinase were transcriptionally regu-
lated by SerB, an effect that could reverberate throughout the
host cell transcriptome.

Secretion of SerB by P. gingivalis upon stimulation with
epithelial cell components would appear to be through an
as-yet-undefined mechanism. In addition to lacking a type III
secretory system, P. gingivalis does not possess functional ho-

mologs of type II secretion machinery. While P. gingivalis is
capable of transferring DNA through type IV secretion (45),
disruption of the genes required for type IV secretion does not
prevent SerB secretion (unpublished observations). However,
SerB does not appear to be delivered into the host cell and can
exert an effect on the cell surface. The interaction of SerB with
the gingival epithelial cell membrane may be a property of the
two potential membrane-spanning domains of the enzyme
(46). Alternatively, SerB may interact with, and potentially
dephosphorylate, an as-yet-unidentified receptor(s) on the ep-
ithelial cell membrane.

Periodontal diseases, with which P. gingivalis is associated, in-
volve inflammatory destruction of the supporting tissues of the
teeth. Neutrophils are a key component of innate immune re-
sponses to periodontal bacteria, and individuals with neutrophil
defects are at elevated risk of periodontal disease (14). The re-
cruitment of neutrophils into the gingival crevice is antagonized
by P. gingivalis through disruption of the IL-8 gradient. The ability
of P. gingivalis to suppress production of IL-8 from epithelial cells
stimulated with other oral bacteria causes local chemokine paral-
ysis and may contribute to periods where the immune response is
incapable of controlling the subgingival bacterial challenge (11).
SerB was found to be required for P. gingivalis to inhibit HIGK
IL-8 accumulation in response to F. nucleatum. As an effector
molecule of local chemokine paralysis, SerB may play an impor-
tant role in the virulence of P. gingivalis through modulation of
local innate immunity.

In summary, SerB is a multifunctional invasin and modulin
of P. gingivalis. In addition to a role in intracellular invasion
through control of microtubule dynamics (46), secreted SerB
acts on epithelial surfaces to impact actin cytoskeletal structure
and cytokine production. These properties are associated with
broadly based regulation of the epithelial cell transcriptome.
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