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ABSTRACT: Porphyromonas gingivalis is an oral pathogen
associated with the inflammatory disease periodontitis. Perio-
dontitis and P. gingivalis have been associated with rheumatoid
arthritis. One of the hallmarks of rheumatoid arthritis is the loss
of tolerance against citrullinated proteins. Citrullination is a post-
translational modification of arginine residues, leading to a
change in structure and function of the respective protein. This
modification, which is catalyzed by peptidylarginine deiminases
(PADs), plays a role in several physiological processes in the
human body. Interestingly, P. gingivalis secretes a citrullinating
enzyme, known as P. gingivalis PAD (PPAD), which targets
bacterial and human proteins. Because the extent of P. gingivalis
protein citrullination by PPAD was not yet known, the present
study was aimed at identifying the extracellular proteome and citrullinome of P. gingivalis. To this end, extracellular proteins of
two reference strains, two PPAD-deficient mutants, and three clinical isolates of P. gingivalis were analyzed by mass spectrometry.
The results uncovered substantial heterogeneity in the extracellular proteome and citrullinome of P. gingivalis, especially in
relation to the extracellular detection of typical cytoplasmic proteins. In contrast, the major virulence factors of P. gingivalis were
identified in all investigated isolates, although their citrullination was shown to vary. This may be related to post-translational
processing of the PPAD enzyme. Altogether, our findings focus attention on the possible roles of 6 to 25 potentially citrullinated
proteins, especially the gingipain RgpA, in periodontitis and rheumatoid arthritis.

KEYWORDS: Porphyromonas gingivalis, protein sorting, exoproteome, citrullination, peptidylarginine deiminase

■ INTRODUCTION

Periodontitis is an inflammatory disease affecting the soft and
hard tissues surrounding the teeth. It is primarily caused by
bacterial deposits organized in a subgingival biofilm. Severe
periodontitis has a prevalence of 10−15% in the general adult
population and is the major cause for tooth loss over the age of
35.1,2 Subgingival carriage of Porphyromonas gingivalis has been
implicated in the development of periodontitis in susceptible
hosts.3−6 Interestingly, P. gingivalis and periodontitis have both
been associated with systemic diseases like rheumatoid arthritis
(RA).2,7−9 RA is a chronic inflammation of synovial joints with
a prevalence of 0.5 to 1.0% in the general population. A specific
feature of RA development is the loss of tolerance to
citrullinated proteins. This correlates with the formation of
anticitrullinated protein antibodies (ACPAs) that seem to
trigger a preclinical state of the disease2,8,10,11 and are associated

with a poorer disease outcome or increased joint damage and
low remission rates.12

Citrullination is a post-translational protein modification
where L-arginine is enzymatically converted to L-citrulline,
which causes changes in the charge and structure of the
respective target proteins.13 In the human body, citrullination
occurs during cell apoptosis, and it is an important factor in
skin keratinization, insulation of neurons, general development
of the central nervous system, and various gene regulatory
mechanisms.13−16 Citrullination is catalyzed by peptidylarginine
deiminases (PADs), of which five isotypes have been identified
in humans. An analogous enzyme is found in P. gingivalis. To
date, P. gingivalis is the only bacterium known to produce a
PAD enzyme.17−19 Studies have shown that the P. gingivalis
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PAD (PPAD) citrullinates not only bacterial but also human
proteins (e.g., α-enolase and vimentin). This mechanism of
human protein citrullination by PPAD may be a connection
between periodontitis and RA.11,13

P. gingivalis is a Gram-negative bacterium. Accordingly, it has
a cell envelope consisting of two distinct membranes, the inner
membrane and the outer membrane, which enclose the
periplasm. Thus at least five subproteomes can be distin-
guished, specifically the cytoplasmic, inner membrane, peri-
plasmic, outer membrane, and exoproteome. The outer
membrane acts as a permeation barrier that serves in the
cellular retention of periplasmic proteins. Many virulence
factors of Gram-negative bacteria are located in/on the outer
membrane or are secreted. Important proteinaceous virulence
factors of P. gingivalis are fimbriae and gingipains. The fimbriae
are appendages that enable this pathogen to attach to other
bacteria or to host cells, which is important in biofilm
formation. Gingipains are cysteine proteinases and account
for 85% of the total proteolytic activity of P. gingivalis.4,20

Notably, the secreted PPAD can be regarded as another
virulence factor that may impact the host’s immune system by
increasing the level of citrullinated proteins. This could lead to
a loss of tolerance against citrullinated proteins and the
subsequent development of RA, which raises the question to
what extent PPAD citrullinates the proteins that P. gingivalis
secretes into its extracellular milieu. Conceivably, such
citrullinated bacterial proteins could contribute to the overall
citrullination burden in the human host. Several previous
studies investigated the overall proteome of P. gingivalis
exposed to different conditions.21−27 However, to date, very
little is known about the exoproteome composition of
especially clinical isolates of P. gingivalis and the extent to
which the respective proteins are citrullinated. Therefore, the
aim of this study was to define the exoproteome of P. gingivalis
and to investigate the possible citrullination of the identified
proteins by mass spectrometry (MS). To this end, different P.
gingivalis reference strains including two PPAD mutants as well
as clinical isolates were investigated. This allowed a definition of
the core and variable exoproteomes. Importantly, a number of
citrullinated exoproteins of P. gingivalis were identified, which
are collectively referred to as the P. gingivalis “citrullinome”.

■ MATERIAL AND METHODS

P. gingivalis Isolates Used in This Study

The P. gingivalis reference strains ATCC 33277 and W83 as
well as two respective PPAD-deficient mutants18 were used.
Furthermore, three previously described clinical isolates were
analyzed,17 which had been obtained from a patient with severe
periodontitis without RA (20658), a patient with moderate
periodontitis and RA (MDS16), and a patient with severe
periodontitis and RA (MDS45).
Growth Conditions

Bacteria were grown anaerobically either on Blood Agar Base
No. 2 (BA2) plates or in brain heart infusion (BHI) broth
(Oxoid, Basingstoke, U.K.) that contained 5% (w/v) L-cysteine,
5 mg/L hemin, and 1 mg/L menadione. Prior to inoculation,
the BHI broth was prereduced for 3 days in an anaerobic
chamber.
To start liquid cultures, 5 day old colonies from BA2 plates

were inoculated anaerobically into serum bottles with a rubber
septum in the cap that contained 30 mL of BHI broth. The
colonies were then dispersed in the BHI broth using a syringe

with a 21G needle. Lastly, the bottles were tightly closed and
anaerobically incubated at 37 °C. For proteome analyses,
culture samples were collected in the stationary phase after 24
to 32 h of growth using a syringe with a 21G needle.
Species Verification

P. gingivalis colonies grown on BA2 plates were verified by
matrix-assisted laser desorption/ionization-time-of-flight
(MALDI-TOF) MS using a MALDI Biotyper (Bruker
Corporation, Billerica, MA). In brief, one single colony was
spotted twice on the MALDI target of a mass spectrometer.
Next, 1 μL of buffer (containing formaldehyde) was added to
each spot. After ∼25 min of incubation, 1 μL of matrix material
(α-cyano-4-hydroxycinnamic acid, Sigma-Aldrich, St. Louis,
MO) was added to each spot and MS spectra were recorded. A
minimum score value of 2.0 was used as a criterion for P.
gingivalis identification.28

Preparation of Exoproteome Samples

To analyze the exoproteome of P. gingivalis, cells were grown in
triplicates in liquid culture until early stationary phase
(approximately 24−32 h of growth). Two mL of culture was
centrifuged for 10 min at 8000g and 4 °C. 1.2 mL of the
supernatant was added to 0.3 mL of 50% trichloroacetic acid
(TCA, Sigma-Aldrich), mixed thoroughly, and stored on ice at
4 °C overnight for precipitation of proteins. To collect the
precipitated proteins, the sample was centrifuged for 20 min at
13 200g and 4 °C. After one washing step with 500 μL of ice-
cold pure acetone, the pellet was collected again by
centrifugation for 10 min at 14 000 rpm and 4 °C. The
acetone was removed and the protein pellet was dried at room
temperature or 60 °C and stored at −20 °C until further use.
LDS-PAGE

Lithium dodecyl sulfate (LDS) PAGE was performed using
10% NuPAGE gels (Invitrogen, Carlsbad, CA). Cells were
resuspended in LDS buffer (Life Technologies) and disrupted
by bead-beating with 0.1 μm glass beads (Biospec Products,
Bartlesville, OK) using a Precellys24 (Bertin Technologies,
Montigny-le-Bretonneux, France), and exoproteins were
precipitated from the growth medium with 10% TCA (4 °C,
overnight). Protein samples were incubated for 10 min at 95
°C, separated by LDS-PAGE, and stained with SimplyBlue
SafeStain (Life Technologies, Carlsbad, CA).
Sample Preparation for Mass Spectrometry

Dried exoproteome pellets were first digested following an in-
solution trypsin digestion procedure. The whole-protein pellets
were resuspended in 100 μL of 50 mM ammonium bicarbonate
buffer (Fluka, Buchs, Switzerland). The samples were reduced
by the addition of 2 μL of 500 mM DTT and incubation for 45
min at 60 °C. Subsequently, the samples were alkylated by the
addition of 2 μL of 500 mM iodoacetamide (IAA, Sigma-
Aldrich) and incubated in the dark for 15 min at room
temperature. Trypsin (80 ng; Promega, Madison, WI) was
added, and samples were incubated overnight at 37 °C under
continuous shaking at 250 rpm. The trypsin digestion was
stopped by the addition of 0.1% trifluoroacetic acid (TFA,
Sigma-Aldrich) and incubation at 37 °C for 45 min.
To purify in-solution digested peptides, a ZipTip (Millipore,

Billerica, MA) filtration procedure was implemented as
described by Dreisbach et al.29 In brief, after wetting and
equilibrating a ZipTip pipet tip, the peptides were bound to C-
18 material. A subsequent washing step with 0.1% acetic acid
was followed by a final elution with 60% acetonitrile and 0.1%
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acetic acid. The samples were dried at room temperature in a
Concentrator Plus Speed Vac (Eppendorf, Hamburg, Ger-
many) using the V-AQ program, and the resulting peptide
pellets were stored at 4 °C until further use.

Mass Spectrometry Analysis

Purified peptides were analyzed by reversed-phase liquid
chromatography (LC) electrospray ionization (ESI) MS/MS
using an LTQ Orbitrap XL (Thermo Fisher Scientific,
Waltham, MA) as described by Bonn et al.30 In brief, in-
house self-packed nano-LC columns (20 cm) were used to
perform LC with an EASY-nLC II system (Thermo Fisher
Scientific). The peptides were loaded with buffer A (0.1% acetic
acid (v/v)) and subsequently eluted by a binary gradient of
buffer A and B (0.1% acetic acid (v/v), 99.9% acetonitrile) over
a period of 80 min. After injection into the MS, a full scan was
recorded in the Orbitrap with a resolution of 30 000. The five
most abundant precursor ions were consecutively isolated in
the LTQ XL and fragmented via collision-induced dissociation
(CID). Unassigned charge states as well as singly charged ions
were rejected, and the lock mass option was enabled.
Database searching was done with Sorcerer-SEQUEST 4

(Sage-N Research, Milpitas, CA). After extraction from the raw
files, *.dta files were searched with Sequest against a target-
decoy database with a set of common laboratory contaminants.
A nonredundant database for the respective peptide/protein
search was created from the published genome sequences of the
W83, ATCC 33277, and TDC60, strains which were
downloaded from Uniprot (http://www.uniprot.org) on 10/
21/2014 (Supplementary FASTA file). The created database
contained a total number of 12 254 proteins. Protein sequences
that differed in only one amino acid were included in this
database. Of note, some poorly conserved proteins of the
clinical isolates will be missing from the database because their
genome sequences have not been determined. Database search
was based on a strict trypsin digestion with two missed
cleavages permitted. No fixed modifications were considered.
Oxidation of methionine, carbamidomethylation of cysteine,
and citrullination of arginine were considered as variable
modifications. The mass tolerance for precursor ions was set to
10 ppm and the mass tolerance for fragment ions was set to 0.5
Da. Validation of MS/MS-based peptide and protein
identification was performed with Scaffold v.4.4.1.1 (Proteome
Software, Portland, OR). Peptide identifications were accepted
if they exceeded the following specific database search engine
thresholds. SEQUEST identifications required at least deltaCn
scores of greater than 0.1 and XCorr scores of greater than 2.2,
3.3, and 3.75 for doubly, triply, and all higher charged peptides,
respectively. Protein identifications were accepted if at least two
identified peptides were detected with the above-mentioned
filter criteria in two out of three biological replicates. With these
filter parameters, no false-positive hits were obtained, as was
verified by a search against a concatenated target-pseudor-
eversed decoy database. However, it should be noted that these
filter parameters can potentially lead to false-negative hits,
especially in the case of low-abundant proteins. Thus if a
protein is not identified, this does not necessarily mean that it is
not present at all.
Protein data were exported from Scaffold and further curated

in Microsoft Excel 2010 before further analysis. The MS
proteomics data have been deposited to the ProteomeXchange
Consortium via the PRIDE partner repository31 with the data
set identifier PXD003444.

Quantitative values of protein abundances were obtained by
summing up all spectra associated with a specific protein within
a sample, which also includes those spectra that are shared with
other proteins. To allow comparisons, we normalized spectral
counts by applying a scaling factor for each sample to each
protein by adjusting the values to normalized spectral counts.
Of note, some proteins are easier to detect than others, which
may affect the comparison of abundance levels of different
proteins.
Citrullination of proteins was detected by a mass shift of 1

Da in arginine-containing peptides. To exclude false-positive
identifications, peptides containing asparagine or glutamine
were excluded from this analysis because it is not possible to
distinguish between citrullination of arginine and deamidation
of asparagine or glutamine. The spectra and fragmentation
tables of six identified citrullinated proteins are shown in
Supplementary Figure S6.
Statistical Analyses

Statistical analyses of the relative exoprotein abundances were
performed as follows. Replicate values of the normalized total
spectral counts were imported into GraphPad Prism 6
(GraphPad Software, La Jolla, CA). A Two-Way ANOVA
Turkey’s multiple comparison test was performed, where the
mean exoprotein abundance values of every bacterial isolate
were compared with each other within every single exoprotein
row in the respective heatmap. This led to the detection of
simple effects within each exoprotein row. The total number of
significant differences within the 20 most abundant and within
the 50 least abundant exoproteins was used as a measure of
heterogeneity in the respective fractions of the bacterial
exoproteomes.
Bioinformatic Analyses

Protein localization predictions were performed using the
following algorithms: LipoP (version 1.0),32 Lipo (version
1.0),33 TMHMM (version 2.0),34,35 Phobius (version 1.0),36

SignalP (version 4.1),37 Predisi (version 1.0),38 SecretomeP
(version 2.0),39 PsortB (version 3.0),40 and ClubSub (version
2.18.3).41 Furthermore, manual curation based on Bacteroi-
detes/Porphyromonas-specific domain identification54 was done
for proteins with unclear localization predictions.
For visualization of protein functions, the gene ontology

(GO) terms of the present protein data set were imported into
the REVIGO software.42

Biological and Chemical Safety

P. gingivalis is a biosafety level 2 (BSL-2) microbiological agent
and was accordingly handled following appropriate safety
procedures. All experiments involving live P. gingivalis bacteria
and chemical manipulations of P. gingivalis protein extracts were
performed under appropriate containment conditions, and
protective gloves were worn. All chemicals and reagents used in
this study were handled according to the local guidelines for
safe usage and protection of the environment.

■ RESULTS

Exoproteomes of P. gingivalis Reference Strains and
Clinical Isolates

A total of seven P. gingivalis reference strains and clinical
isolates were examined in the present study. Growth experi-
ments in BHI broth revealed some differences in growth rates
and maximal optical density (OD) at 600 nm, especially
between the reference strains and the clinical isolates. As shown
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in Supplementary Figure S1, the reference strains displayed
higher growth rates while reaching lower maximum ODs.
Because only a few proteins were found to be secreted by
exponentially growing cells compared with stationary phase
cells (Supplementary Figure S2), exoproteome analyses were
only performed on early stationary phase samples. Further-
more, as shown by LDS-PAGE (Figure S2), the different
isolates revealed different protein banding patterns, suggesting
isolate-specific variations in their exoproteome composition.
On the basis of these observations, the exoproteome fractions
of the different P. gingivalis isolates were further analyzed by the
gel-free proteomics approach LC−ESI−MS/MS. A total
number of 257 proteins was identified in the combined
exoproteome of the seven different isolates (Supplementary
Table S1). The total numbers of proteins identified per isolate
ranged from 124 to 202 proteins (Supplementary Figure S3A).
Remarkably, 202 extracellular proteins were identified for the
MDS45 isolate, while for all other isolates between 124 and 147
extracellular proteins were identified.
Figure 1 illustrates the overlaps and differences in the

exoproteomes of the investigated isolates. While the two

reference strains W83 and ATCC 33277 had 83 proteins in
common, they also expressed a high number of proteins that
were not shared by these two strains (60 and 41, respectively;
Supplementary Figure S3B). Remarkably, the exoproteomes of
the clinical isolates seemed more conserved with 115 common
proteins. For the isolates 20658 and MDS16, 3 and 13 unique
proteins were identified, respectively, while 60 unique proteins
were identified for MDS45 (Supplementary Figure S3C).
Protein Localization Predictions Reveal Differences
between the Core and Variable Exoproteomes

With the implementation of different bioinformatic tools and a
manual curation based on domain identification, the subcellular
localization of the identified exoproteins was predicted. The
results are presented in Figure 2 and Supplementary Figure S4,
showing a rather homogeneous pattern for the different isolates

with a dominant fraction of predicted outer membrane proteins
and a marginal fraction of predicted inner membrane proteins
among the identified exoproteins. The largest differences were
observed in the relative amounts of predicted periplasmic and
cytoplasmic proteins. Specifically, the predicted cytoplasmic
proteins detected in the growth media of the W83, MDS16,
and 20658 isolates represented ∼15−20% of the whole
exoproteome, while these proteins represented ∼20−30% in
the media of the remaining isolates. Conversely, the predicted
periplasmic proteins detected for the W83, MDS16, and 20658
isolates represented ∼15−20% of the whole exoproteome,
while the proportion of predicted periplasmic proteins was
∼10−15% for the other isolates.
In a next step, the core and variable exoproteomes of P.

gingivalis were defined based on the presently collected data.
PPAD-deficient mutants were excluded from this analysis
because they were genetically engineered, whereas the PPAD
gene is present in all clinical P. gingivalis isolates.17 The
identified core exoproteome includes 64 proteins that were
found for the three clinical isolates and the two reference
strains. All remaining 193 proteins belong to the variable
exoproteome, meaning that they were not detectable in all five
of these isolates. A list of the proteins assigned to the core and
variable exoproteomes is presented in Supplementary Table S1.
The predicted localization of the respective proteins suggests
that the core exoproteome includes a very high proportion of
extracellular and outer membrane proteins (23.5 and 48.5%
respectively; Figure 2A). Almost no inner membrane proteins
(1.5%) and relatively low numbers of predicted cytoplasmic
(12.5%) and periplasmic (14%) proteins were found in the core
exoproteome. In contrast, the variable exoproteome was found
to include a significantly higher proportion of predicted
cytoplasmic proteins (33%) and inner membrane proteins
(4%), while the proportions of predicted extracellular and outer
membrane proteins was lower (14 and 33%, respectively)
compared with the core exoproteome. Considering the
complete set of identified extracellular proteins, the largest
proportion of proteins is predicted to be outer membrane
proteins (37%). About 28% of the extracellular proteins are
predicted to be cytoplasmic, 16% extracellular, 15.5%
periplasmic, and 3.5% inner membrane proteins (Figure 2B).

Relative Protein Abundance in P. gingivalis Exoproteomes

Using normalized spectral counts, a comparison of the relative
abundance of identified proteins was performed. The resulting
“protein secretion profiles” are presented in the heat maps in
Figure 3. The data show that the 20 most abundant
extracellular proteins were rather consistently present. Never-
theless, the relative amounts of these 20 exoproteins in the
media of different strains, as reflected in spectral counts, differ
statistically significantly in ∼25% of the cases. Of note, the 20
most abundant exoproteins include the major known virulence
factors of P. gingivalis, specifically the gingipains, fimbriae, and
PPAD (Figure 3A). High differences in relative abundance were
observed for the PF10365 domain protein, the major fimbrial
subunit protein type-1 (FimA), a Por secretion system C-
terminal sorting domain protein, and a starch-binding protein
of the SusD-like family. As expected, the PPAD protein was
absent from the extracellular proteomes of the two PPAD
mutants. Interestingly, the presence of different fimbriae-related
serotypes was reflected in the abundance of the FimA protein.
FimA was not identified in the reference strain W83, the W83
PPAD mutant, and the MDS45 isolate. In contrast, FimA was

Figure 1. Differential detection of proteins in the exoproteomes of the
P. gingivalis isolates. Venn diagram giving an overview of the numbers
of consistently or uniquely identified proteins in the two reference
strains W83 and ATCC 33277 and the three clinical isolates 20658,
MDS16, and MDS45. The diagram was created using the Venn
diagram web tool of the VIB and the University of Gent in Belgium
(http://bioinformatics.psb.ugent.be/webtools/Venn/).
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found in high amounts among the extracellular proteins of the
ATCC 33277 wild type and PPAD mutant and in moderate or
low amounts in the MDS16 and 20658 isolates, respectively.
In contrast with the highly abundant extracellular proteins,

detection of the low-abundant extracellular proteins was highly
variable. This is illustrated by the heat map in Figure 3B, where
the highest level of variation in detected exoproteins is observed
for exoproteins of low abundance (indicated by red bars).
Indeed, a statistical analysis of the differences in the amounts of
the 50 least abundant exoproteins, as reflected by spectral
counts, revealed that only 9% of the differences in the amounts
of these exoproteins were statistically significant. This under-
scores the view that the detection of these low-abundance
exoproteins is highly noisy. Furthermore, a clustered prediction
shows that low-abundant extracellular proteins predominantly
had a predicted cytoplasmic localization, while most of the
highly abundant extracellular proteins were predicted to have
an extracytoplasmic localization (Figure 3C).

Predicted Functions of Core and Variable Extracellular
Proteins

The GO identifiers of all detected proteins were imported into
REVIGO to visualize their functional background (Figure 4).
Eight of the 64 identified proteins of the core exoproteome
represented 7 different biological processes based on GO terms,
whereas the other 56 core proteins had unknown functions
(Figure 4A). The biological processes represented by core
extracellular proteins were pathogenesis, cellular amino acid
metabolism, anaerobic cobalamin biosynthesis, putrescine
biosynthesis, protein folding, carbohydrate metabolism, and

transmembrane transport. The five most abundant proteins
with known functions found in the core exoproteome were the
lysine-gingipain Kgp, the two arginine-gingipains RgpA and
RgpB, the agglutination protein hemagglutinin A, and the
receptor antigen RagA.
Among the 193 proteins of the variable exoproteome, 72

represented 48 different biological processes based on GO
terms, whereas 121 had unknown functions (Figure 4B). The
most unique processes involving high numbers of the identified
extracellular proteins included pathogenesis, cell redox homeo-
stasis, protein folding, cell adhesion, iron ion transport,
response to stress, and biosynthesis. The five most abundant
known variable proteins were the major fimbrial subunit
protein type-1 (FimA), a starch-binding protein, the receptor
antigen RagB, the Mfa1 fimbrilin, and the minor fimbrial
component FimE.

Extracellular Citrullinome of P. gingivalis

To assess the possible citrullination of P. gingivalis proteins by
PPAD, we performed a search for all arginine-containing
peptides with accordant mass shifts. This resulted in a list of 25
potentially citrullinated proteins, including the gingipains,
PPAD, outer membrane proteins, receptor antigens, heme-
binding, and several uncharacterized proteins (Table 1). Of
note, potential PPAD citrullination was only detectable in the
reference strain W83 and the clinical isolate MDS45.
Furthermore, previous studies suggested that proper processing
of PPAD may be relevant for full enzymatic activity.43,44 We
therefore performed a sequence coverage analysis of the
extracellular PPAD (Supplementary Figure S5). This revealed

Figure 2. Localization prediction of identified proteins. The predicted subcellular or extracellular localization of the 257 identified P. gingivalis
proteins was assessed using different algorithms as well as a manual curation based on domain identification. Percentages of proteins for each
predicted localization are shown (A) for the core and variable exoproteomes and (B) for all 257 identified proteins.
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Figure 3. Exoproteome profiles of the investigated P. gingivalis isolates. A total number of 257 extracellular proteins was identified. Relative amounts
of the identified extracellular proteins are shown based on normalized spectral counts. The y axis represents the proteins, and the x axis shows the
names of the isolates. (A) 20 most abundantly secreted proteins and the respective protein descriptions. (B) Exoproteome profiles including the
whole set of 257 identified extracellular proteins. (C) Clustered prediction of protein localization for the extracellular proteins displayed in panel B.
The bars depict the relative abundance of proteins with predicted extracellular, outer membrane, periplasmic, or inner membrane localization (left
bar) versus the relative abundance of proteins with a predicted cytoplasmic localization (right bar) per cluster of ∼32 proteins.

Journal of Proteome Research Article

DOI: 10.1021/acs.jproteome.6b00634
J. Proteome Res. 2016, 15, 4532−4543

4537

http://dx.doi.org/10.1021/acs.jproteome.6b00634


the presence of two peptides from the C-terminal domain of
PPAD in the W83 reference strain and the MDS45 isolate. This
C-terminal domain is usually cleaved off upon secretion,
suggesting the incomplete processing of PPAD in P. gingivalis
W83 and MDS45. In contrast, no peptides from the C-terminal
domain of PPAD were detectable in the reference strain ATCC
33277 and the other clinical isolates.

Notably, the above assessment of citrullination could lead to
false-positive identification of citrullinated peptides because the
same mass shift can also be caused by deamidation of
asparagine and glutamine residues. To eliminate such
potentially false-positive identifications, peptides containing
asparagine or glutamine residues were excluded for a high-
confidence assessment of protein citrullination. This led to the
identification of six citrullinated proteins in total (Table 1),

Figure 4. Functional characterization of the core and variable P. gingivalis exoproteome. GO terms of the present protein data set were imported into
the REVIGO software to visualize their functional background. (A) Tree map of the core exoproteome. Eight of the 64 identified extracellular core
proteins represented 7 different biological processes based on GO terms, whereas the other 56 core proteins had unknown functions. The colors
indicate the different functional clusters, while the size of the rectangulars is proportional to the number of identified proteins with the respective
function. (B) Scatter plot of the variable exoproteome. Among the 193 variable extracellular proteins, 72 represented 48 different biological processes
based on GO terms, whereas 121 had unknown functions. The y axis and x axis represent the semantic space. Similar or related protein functions
cluster together. The size and color of the dots represent the number of proteins identified with the respective function.
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where the respective citrullinated peptides contained a C-
terminal arginine residue with the exception of some
citrullinated peptides from RgpA, which contained an internal
citrulline (Supplementary Figure S6). Interestingly, the
arginine-specific cysteine proteinase RgpA was only found to
be citrullinated in the reference strains W83 and ATCC 33277
and the two RA-associated P. gingivalis isolates MDS16 and
MDS45. Further citrullinated proteins were the Mfa1 fimbrilin
protein (only in MDS45) as well as four uncharacterized
proteins (mainly in clinical isolates). Importantly, none of these

proteins was identified as being citrullinated in the PPAD-
deficient mutants. Together, these data imply that the
extracellular citrullinome of P. gingivalis consists of 6 to 25
proteins, including major virulence factors.

■ DISCUSSION

Here we present a first comparative exoproteome analysis for
the oral pathogen P. gingivalis, including two frequently used
reference strains and three clinical isolates from periodontitis
patients with or without RA. Several striking observations were

Table 1. Overview of Citrullinated Extracellular Proteinsa

aTotal of 25 proteins in the present dataset were identified as being tentatively citrullinated. Six of these proteins were identified as definitely
citrullinated because the respective peptides lack asparagine and glutamine residues that could potentially be deamidated. The Table shows for each
protein the Uniprot accession number, protein description, molecular weight, predicted subcellular localization, and biological function in GO terms.
An orange square indicates the detection of one or more tentatively citrullinated tryptic peptides from a particular exoprotein of an indicated P.
gingivalis isolate; a green square indicates the detection of one or more high-confidence citrullinated peptides; a white square indicates that no
tentative or high-confidence citrullinated peptides were detected.
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made. In the first place, the two widely used reference strains
show a remarkable exoproteome heterogeneity, which is only
partially reflected in the exoproteomes of the three clinical
isolates. Second, the vast majority of identified extracellular
proteins are predicted outer membrane proteins, followed by
predicted cytoplasmic proteins. The presence and abundance of
proteins belonging to the latter group were found to be highly
variable. Third, the functions of the identified extracellular
proteins are consistent with the pathogenic lifestyle of P.
gingivalis, which has to protect itself against severe redox stress
and restricted availability of iron in the human body. Lastly, we
show that 6 to 25 proteins of P. gingivalis belong to the PPAD-
dependent extracellular citrullinome, including some of the
major virulence factors of this pathogen.
The two reference strains W83 and ATCC 33277 are both

widely studied and representative for the species of P. gingivalis.
Nevertheless, it has been shown that both strains differ
substantially in their pathogenicity in animal models.45,46

Consistent with the later findings, our present study revealed
that both strains express many different proteins in their
exoproteomes. This may have impact on virulence and the
potential to cause disease, as was previously shown by Genco et
al.47 In fact, only about a quarter of the identified exoproteins
were common to all investigated P. gingivalis isolates, including
the two reference strains. These proteins, which make up the
core exoproteome, are mainly proteins predicted to be outer
membrane-associated or secreted. Well-known core exoproteins
are the gingipains, agglutination proteins, and receptor antigens,
which are all involved in virulence and host invasion.48,49 Hence
these conserved exoproteins could be potential drug or vaccine
targets.
Three quarters of the identified exoproteins were shown to

be variable among the seven isolates and included mainly
proteins involved in pathogenesis, stress responses, or cell
adhesion. Fimbriae-related proteins were found to be the most
abundant variable exoproteins. This is consistent with the fact
that fimbriae are not found in all P. gingivalis isolates and that
they show high genotypic variability. W83, for example, is
known as an afimbriated strain because of the very low or
absent expression of major fimbriae,50−52 which was also
evidenced by the failure to detect FimA among the extracellular
proteins of W83 in the present study. As a consequence,
different P. gingivalis isolates vary in their capacity to form
biofilms and to adhere to host cells.20,53 Furthermore, the
observed differences in fimbriae detection could relate to
differences in gene expression or the secretion and assembly of
fimbrial subunits. Of note, most identified exoproteins (∼35%)
are predicted outer membrane proteins. This most likely relates
to the fact that the outer membrane contains loosely anchored
proteins, proteins that are liberated from the membrane by
cleavage, and proteins that are released by the formation of
outer membrane vesicles.20,54

Intriguingly, significant differences in the total numbers of
identified proteins were observed among the studied P.
gingivalis isolates. This could relate to either differences in the
activity of their secretion machinery, to differences in their
susceptibility to cell lysis, or both, as previously described for
other bacteria such as Staphylococcus aureus.55 Most of the
additionally identified proteins in the RA patient-derived P.
gingivalis isolate MDS45 are predicted to be cytoplasmic, which
suggests that this isolate may be more susceptible to cell lysis
than the other studied isolates. Besides MDS45, also the
reference strain ATCC 33277 and the corresponding PPAD

mutant were found to contain a relatively high proportion of
predicted cytoplasmic proteins in their growth medium.
Although it remains to be shown whether the predicted
cytoplasmic proteins that were found extracellularly are actively
secreted or released by cell lysis, these proteins may interact
with the human host. For example, they could impact on the
immune system by exposing new epitopes that, conceivably,
might lead to the production of (auto)antibodies in a person
genetically prone to develop RA. Besides that, surface-exposed
cytoplasmic proteins could have particular functions related to
virulence, including iron metabolism, immune evasion, and the
adherence to host tissues.56−59 Compared with other bacteria,
like S. aureus, Group A streptococci, and Mycobacterium
tuberculosis,60,61 whose exoproteomes can contain >50%
predicted cytoplasmic proteins, P. gingivalis seems to be a less
“leaky” bacterium with a more intact membrane integrity,
although this may relate to the particular growth conditions
applied. It should be noted that extracellular proteases, such as
the gingipains, may also impact the number of cytoplasmic
proteins detected in the growth medium. As recently shown for
Bacillus subtilis, extracellular proteases may degrade cytoplasmic
proteins upon cell lysis; additionally, they may degrade
particular autolysins, which would lead to reduced cell
lysis.62−64 In both scenarios, the result is a lower amount of
detectable cytoplasmic proteins in the growth medium.
Consistent with this view, the P. gingivalis isolate MDS16,
which showed the highest gingipain levels, displayed the lowest
proportion of predicted cytoplasmic proteins in the growth
medium.
The extracellular presence of PPAD is a common trait of all

investigated wild-type P. gingivalis isolates17 and could be a
possible connection between P. gingivalis and RA.11,13 There-
fore, the extracellular citrullinome of P. gingivalis was analyzed.
To this end, citrullinated or deamidated arginine-containing
peptides were first identified. To eliminate false-positive
identifications, potentially deamidated peptides were excluded
from the analysis in a second step. Twenty-five proteins were
found to match the first criterion, and these were shown to be
mainly extracellular and membrane-associated proteins, such as
proteinases, peptidases, or porins. These proteins are probably
also exposed to the outer surface in an in vivo situation and
might thus increase the total citrullination burden in the human
host. The list of tentatively citrullinated proteins includes the
PPAD of the W83 and MDS45 isolates but not the PPAD of
the other investigated isolates. Intriguingly, the tentative
citrullination of PPAD in the W83 and MDS45 isolates
correlates with the detection of the full-length version of this
enzyme and seems to be lost upon cleavage of the C-terminal
domain. In this context it is noteworthy that Quirke and
colleagues reported that recombinant full-length PPAD
produced in Escherichia coli becomes autocitrullinated, while
Konig and colleagues suggested that this autocitrullination
could be an artifact of the cloning procedure that might not
occur in P. gingivalis due to N-terminal cleavage of the
protein.43,65 Furthermore, by excluding potentially deamidated
peptides, a set of six proteins was identified as definitely
citrullinated. These include the gingipain RgpA produced by
the reference strains and the isolates from RA patients but not
the RgpA from isolate 20658, which was obtained from a
periodontitis patient. This raises the question of whether
citrullination of RgpA could be a factor involved in the
development of RA, especially because this citrullinated protein
is secreted in high amounts. In this respect, it is noteworthy
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that Kharlamova et al. recently showed that antibodies against
another gingipain, RgpB, positively correlated with periodonti-
tis, RA, and ACPA-positivity.66 However, a possible correlation
with antibodies against RgpA has not yet been assessed and
should be subject of future investigations. Besides RgpA, four
unknown proteins and the fimbrial protein Mfa1 were found to
be citrullinated. Citrullination of surface structures, such as the
fimbriae, could also represent a potential trigger of ACPA
formation because these structures are among the first to make
contact with immune cells of the host (e.g., macrophages or
dendritic cells).67 Conceivably, this could trigger an auto-
immune response against these and other citrullinated proteins
in the host.
Investigation of the characteristics of the identified

citrullinated peptides revealed that most of these peptides
contained a C-terminal citrulline, except for some peptides of
RgpA that contained an internal citrulline (Figure S6). A recent
study by Bennike et al. showed that trypsin is unable to cleave
C-terminally of citrulline residues, which can be used to verify
the citrullination of particular peptides through a lack of
trypsin-mediated cleavage of these peptides.68 Furthermore,
Bennike et al. concluded that manual curation of tentative
citrullinated peptides is essential. Another study by Wegner et
al. indicated that PPAD is only able to citrullinate C-terminal
arginine residues, which implies that proteins first need to be
cleaved by the arginine-specific gingipains RgpA or RgpB to
expose a C-terminal arginine that can then serve as substrate for
PPAD.18 Indeed, the peptides presently identified as being
citrullinated mostly contained C-terminal citrulline residues,
and, in fact, many of them represented the C-termini of the
respective proteins (Figure S6). Hence, these peptides were
probably citrullinated by PPAD while being part of the native
protein. Other identified peptides with a C-terminal citrulline,
which are located within the polypeptide chain of particular
proteins, were probably first processed by RgpA or RgpB and
then citrullinated by PPAD, as was proposed by Wegner et al.
The few peptides with tentative internal citrulline residues may
either represent misannotations or could reflect the presumably
infrequent citrullination of internal arginine residues by PPAD.

■ CONCLUSIONS

The present study provides a broad overview on the
heterogeneity of the extracellular proteome and citrullinome
of the important oral pathogen P. gingivalis. Main differences
were found in the extracellular presence of low-abundant
predicted cytoplasmic proteins and in the citrullination status of
particular proteins, while the presence of most of the known
highly abundant virulence factors was demonstrated for all
investigated isolates. With respect to the development of RA,
our observations focus special attention on the 6 to 25 proteins
that were found to be (potentially) citrullinated, especially the
gingipain RgpA. Accordingly, our future studies will include
larger collections of P. gingivalis isolates, and they will focus
attention on possible correlations between particular P.
gingivalis exoproteome or citrullinome profiles and the
inflammatory diseases periodontitis and RA.
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