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Abstract

Filifactor alocis, a Gram-positive anaerobic rod, is now considered one of the marker organisms 

associated with periodontal disease. Although there was heterogeneity in its virulence potential, 

this bacterium was shown to have virulence properties that may enhance its ability to survive and 

persist in the periodontal pocket. To gain further insight into a possible mechanism(s) of 

pathogenesis, the proteome of F. alocis strains was evaluated. Proteins including several 

proteases, neutrophil-activating protein A and calcium-binding acid repeat protein, were identified 

in F. alocis. During the invasion of HeLa cells, there was increased expression of several of the 

genes encoding these proteins in the potentially more virulent F. alocis D-62D compared to F. 

alocis ATCC 35896, the type strain. A comparative protein in silico analysis of the proteome 

revealed more cell wall anchoring proteins in the F. alocis D-62D compared to F. alocis ATCC 

35896. Their expression was enhanced by coinfection with Porphyromonas gingivalis. Taken 

together, the variation in the pathogenic potential of the F. alocis strains may be related to the 

differential expression of several putative virulence factors.
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1 Introduction

Periodontal disease is associated with a complex microbial milieu harboring several 

pathogens that can initiate or directly contribute to host tissue destruction. Bacteria such as 

Porphyromonas gingivalis, Prevotella intermedia, Aggregatibacter (Actinobacillus) 

actinomycetemcomitans, Tannerella forsythia, and Treponema denticola have previously 

been demonstrated to be major pathogens associated with periodontal diseases [1–3]. A 

paradigm shift for infection-induced periodontal diseases based on data emerging from the 

oral microbiome project now suggest the involvement of as-yet-culturable and fastidious 

organisms [4–7]. Collectively, these studies have demonstrated that there are changes in the 

periodontal status associated with shifts in the composition of the bacterial community in the 

periodontal pocket [8, 9].
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Filifactor alocis (F. alocis), a Gram-positive, assacharolytic, obligate anaerobic rod, is one 

of the marker organisms that is now identified to be significant to the pathogenetic structure 

of biofilms associated with periodontal inflammation and is suggested to be an important 

organism for periodontal disease [10–12]. Further, in comparison to the other traditional 

periodontal pathogens, F. alocis is present in the periodontal pocket in higher numbers and 

is least detected in healthy or periodontitis-resistant patients [13–15]. This organism first 

isolated in 1985 from the gingival sulcus in gingivitis and periodontis patients was classified 

as Fusobacterium alocis [16]. However, based on phylogenetic analysis using 16s rRNA 

sequences, it was reclassified in 1999 into the genus Filifactor [17].

In a previous report, we have demonstrated that F. alocis has virulence properties that may 

enhance its ability to survive and persist in the periodontal pocket [18]. F. alocis was 

relatively resistant to oxidative stress and its growth was stimulated under those conditions 

[18]. In addition, as reported elsewhere, there is evidence that the secretion of 

proinflammatory cytokines, including IL-1β, IL-6, and TNF-α from gingival epithelial cells 

and apoptosis of these cells can be induced by F. alocis [19]. A comparative analysis of 

several F. alocis isolates showed heterogeneity in their virulence potential [18]. Further, in 

coculture with P. gingivalis, these F. alocis strains showed variations in their invasive 

capacity of epithelial cells [18]. While synergistic interactions during polymicrobial 

infections have resulted in enhanced pathogenesis of periodontopathogens such as P. 

gingivalis [20], a mechanism(s) for F. alocis is unclear. It is likely that surface and secretory 

proteins from F. alocis may play a role in this process.

Proteome analyses have contributed significantly toward a deeper understanding of the 

molecular mechanisms of invasion, adaptation, survival, and pathogenesis in several oral 

pathogens such as Streptococcus mutants [21] Streptococcus oralis [22], Fusobacterium 

nucleatum [23], and P. gingivalis [24]. In this report, we have evaluated the proteome of F. 

alocis ATCC 35896 and a potentially more virulent strain designated F. alocis D-62D. Our 

comparative analysis revealed variation in several hypothetical proteins and those known to 

be important virulence factors in other bacteria. Several proteases identified in the proteome 

of F. alocis D-62D were missing in F. alocis ATCC 35896. There was differential 

expression of the genes encoding these proteins during the infection of HeLa cells.

2 Materials and methods

2.1 Bioinformatics analysis

The DNA and amino acid sequences were aligned using Bioedit (http://www.mbio.ncsu.edu/

bioedit/bioedit.html). The phylogenetic relationship of these sequences between the oral 

pathogens was analyzed using MEGA version 4.0 [25]. The signal peptide and potential 

cleavage sites were predicted using both Neural network and Hidden Markov Model [26]. 

Metabolic pathway analysis was carried out using the Kyoto Encyclopedia of Genes and 

Genomes (www.genome.jp/kegg/) [27]. Signal peptide prediction and cleavage site 

prediction were performed using Signal P 3.0 [28]. Transmembrane helices were predicted 

using the TMHMM server [29]. The presence of LysM domains, peptidoglycan-binding 

domains, and choline-binding domains were determined by screening against the Pfam 

database [30] (E value cutoff of <1 × 10−5). Lipoprotein predictions were performed as 
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previously described [31]. The sorting motifs and WxL motifs were searched using string 

search and the results were screened manually determining the motif sequences. Sortase 

substrates were identified by manual screening and a Hidden Markov model [32].

2.2 Bacterial strains and growth conditions

F. alocis ATCC 35896 was purchased form the American Type Culture Collection 

(Rockville, MD, USA). F. alocis D-62D was a gift from Dr. Floyd Dewhirst, the custodian 

of the Moores' anaerobic microbial collection (The Forsyth Institute, Boston, MA, USA). 

The identity of the F. alocis D-62D was confirmed by 16s rRNA gene sequencing (D-62D, 

accession # GU968904). F. alocis strains were grown initially in Robertson's bullock heart 

medium followed by adaptation to Brain heart infusion broth supplemented with hemin (5 

μg/mL), vitamin K (0.5 μg/mL), cysteine (1 μg/mL), and arginine (17.42 μg/mL). 

Porphyromonas gingivalis strains were grown in Brain heart infusion (BHI) broth (Difco) 

supplemented with hemin (5 μg/mL), vitamin K (0.5 μg/mL), and cysteine (0.1%). Blood 

agar medium was prepared by the addition of sheep blood (5%) and agar (2%). The bacterial 

cultures were incubated at 37°C in an anaerobic chamber (Coy Manufacturing) in 10% 

H2,10% CO2, and 80%N2. Growth rates were determined spectrophotometrically (optical 

density at 600 nm [OD600]).

2.3 Epithelial cell culture

HeLa cells were grown and maintained at 37°C under 5% CO2 in Dulbecco's modified 

Eagle's medium supplemented with 10% fetal bovine serum, penicillin (100 IU/mL), 

streptomycin (100 IU/mL), and amphotericin B (2.5 mg/mL) (Invitrogen, Carlsbad, CA, 

USA). Confluent stock cultures were trypsinized, adjusted to approximately 5 × 103 

cells/mL, seeded (1 mL per well) into 12-well plates (Nunc, Rochester, NY, USA), and 

further incubated for 48 h to reach semiconfluency (105 cells per well).

2.4 Adherence and standard antibiotic protection assay

Invasion of epithelial cells was quantified using the standard antibiotic protection assay [33]. 

Briefly, an isolated bacterial colony harvested from solid agar plate was grown to 

exponential phase in BHI broth. The bacterial cells were then centrifuged, washed three 

times in PBS, and adjusted to 107 CFU/mL of bacteria in DMEM. The epithelial cell 

monolayer was washed three times with PBS, infected with bacteria at an multiplicity of 

infection (MOI) of 1:100 (105 epithelial cells) and then incubated at 37°C for 30 and 45 min 

under 5% CO2. Nonadherent bacteria were removed by washing with PBS while cell surface 

bound bacteria were killed with metronidazole (200 μg/mL, 60 min). F. alocis was sensitive 

to 100 μg/mL of metronidazole. After removal of the antibiotic, the internalized bacteria 

were released by osmotic lysis of the epithelial cells in sterile distilled water. Lysates were 

serially diluted, plated (in duplicate) on BHI agar, and incubated for 6–10 days. The number 

of bacterial cells recovered was expressed as a percentage of the original inoculum. The 

number of adherent bacteria was obtained by subtracting the number of intracellular bacteria 

from the total bacteria obtained in the absence of metronidazole [34]. Coinfection was 

performed as described previously [2]. F. alocis and P. gingivalis inocula were prepared by 

mixing equal volumes (1 × 107 cells/well) of bacterial suspension, which was then incubated 
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for 5 min in the anaerobic chamber prior to infection. The serially diluted lysate was plated 

on BHI blood agar and incubated for 6–10 days. The bacterial colonies were phenotypically 

identified.

2.5 Real-time PCR analysis

Total RNA (1 μg) was reverse transcribed to cDNA using SV total RNA isolation system 

(Promega, CA) in the presence of random primers (50 ng) according to the manufacturer's 

recommendations. Real-time PCR was carried out using the Smart cycler II, Cephid. The 

primers for the real-time analysis (Supporting Information Table 1) were designed using 

Primer3 software (http://primer3.sourceforge.net/). The amplification efficiency of each 

primer set was determined empirically by using cDNA template dilutions over four orders of 

magnitude. The amplification efficiency for each primer set varied between 95.1 and 

102.5%, showing that the amplicons were generated with comparable efficiency. The 

realtime PCR reaction contained 12.5 μL of QuantiTect SYBR Green qPCR master mix 

(Qiagen), 0.2 μM of each gene-specific primer, and 1 μL of cDNA template. The cycling 

conditions were 50°C for 2 min, 95°C for 2 min, then 40 cycles of 94°C for 15 s, 58°C for 

30 s, and 72°C for 30 s. Distilled water was included as a negative control in each run. All 

reactions were carried out in triplicate and melting curve analysis indicated that in each 

reaction a single product was amplified. For all reactions, 16s ribosomal RNA gene 

(HMPREF 0389_03102) was selected as normalizer. The critical threshold cycle (Ct) for 

each gene and the relative expression ratio of the selected genes were calculated and 

analyzed using the relative expression software tool (REST) http://www.gene-

quantification.info [35].

2.6 Cell fractionation and SDS-PAGE analysis

Bacterial cells were fractionated as described previously [36]. Briefly, an overnight liquid 

culture of F. alocis was harvested by centrifugation (5000 × g, 10 min, 4°C). The 

supernatant and the pellet were collected separately. To further remove cell debris, the 

supernatant was again centrifuged at 4000 × g for 15 min (4°C), and then concentrated using 

the Amicon ultrafiltration system (EMD Millipore). The concentrated supernatant was 

further subjected to ultracentrifugation at 100 000 × g for 1 h at 4°C to produce the 

extracellular fraction. The pellet containing the cells was resuspended in ice-cold PBS. Cells 

were lysed in a French press (American Instrument company, MD, USA) at 20 000 lb/inch2. 

The lysate was cleared of unlysed cells by centrifugation (5000 × g, 10 min, 4°C). To 

separate the membrane fractions from the cytosolic fractions, the lysate was further 

ultracentrifuged (100 000 × g, 1 h, 4°C). The supernatant containing cytosolic fractions was 

decanted from the pellet that contained the membrane fraction.

SDS-PAGE was used at 4–12% Bis-Tris separating gel in MOPS-SDS running buffer 

according to the manufacturer's instructions (NuPAGE Novex gels; Invitrogen). Samples 

were prepared (65% sample, 25% 4× NuPAGE LDS sample buffer, 10% NuPAGE reducing 

agent), heated at 72°C for 10 min, and then electrophoresed at 200 V for 65 min in the XCell 

SureLock Mini-Cell System (Invitrogen). The protein bands were visualized with Simply 

Blue Safe Stain (Invitrogen).

Aruni et al. Page 4

Proteomics. Author manuscript; available in PMC 2015 July 24.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

http://primer3.sourceforge.net/
http://www.gene-quantification.info
http://www.gene-quantification.info


2.7 2D-PAGE analysis

2DE was carried out using the 2D gel strips (7 cm) of pI 3–10 in a Protean IEF cell (Bio-

Rad, USA) following the method of Poznanovic [37]. Briefly, the protein concentration of 

the sample was measured using the Bio-Rad spectrophotometer. The protein samples were 

diluted to a final concentration of 30–50 μg protein and 20 μL of the sample was added to 

solubilization buffer (7 M urea, 2 M thiourea, 2% w/v CHAPS, 65 mM DTT, bromophenol 

blue 0.002%, Zwittergent (3–10) 1% w/v). The first-dimension IPG strip was run by adding 

125 μL of the diluted sample in the rehydration buffer (730 mg DTT, 70 mg Iodoacetemide) 

for 8 h at voltage gradients of 3 h at 300 V, 5 h at linear gradients of 300–3500 V, 18 h at 

3500 V. After equilibration, the IPG strips were loaded on the gel and electrophoresed at 

200 V, 0.3 A for 4–5 h, and then stained with Coomassie Simply Blue strain. 2D gel analysis 

was performed twice using biological replicates.

2.8 MS and data analysis

An LCQ Deca XP Plus system (www.thermo.com) was used to analyze the extracted 

peptides from each gel piece [38]. The four part protocol used for the MS and MS/MS 

analyses, included one full MS analysis (from 450 to 1750 m/z) followed by three MS/MS 

events using data-dependent acquisition, where the most intense ion from a given full MS 

scan was subjected to collision-induced dissociation, followed by the second and third most 

intense ions. The nanoflow buffer gradient was extended over 45 min in conjunction with 

the cycle repeating itself every 2 s, using a 0–60% ACN gradient from buffer B (95% ACN 

with 0.1% formic acid) developed against buffer A (2% ACN with 0.1% formic acid) at a 

flow rate of 250–300 nL/min, with a final 5-min 80% bump of buffer B before equilibration. 

In order to move the 20 μL sample from the autosampler to the nanospray unit, flow stream 

splitting (1:1000) and an automated valve together with a nanotrap column was used. The 

spray voltage and current were set at 2.2 kV and 5.0 μA, with a capillary voltage of 25 V in 

positive ion mode. For peptides, 160°C was used as the spray temperature. Data collection 

was achieved using the Xcalibur software (Thermo Electron), then screened with Bioworks 

3.1. The MASCOT software (www.matrixscience.com) was used for each analysis to 

produce unfiltered data and out files. Statistical validation of peptide and protein findings 

was achieved using X TANDEM (www.thegmp.org) and SCAFFOLD meta analysis 

software (www.proteomesoftware.com). The presence of two different peptides at a 

probability of at least 95% was required for consideration as being positively identified. 

General protein database search was conducted using UniprotKb–Protein knowledgebase 

database (http://www.uniprot.org/uniprot/Filifactoralocis). F. alocis ORF database is based 

on the latest release of the F. alocis genome at the NCBI genome project (http://

www.ncbi.nlm.nih.gov/nuccore/CP002390.1).

3. Results and discussion

3.1 Several putative virulence factors are modulated in F. alocis during invasion of HeLa 
cells

In a previous report, F. alocis D-62D showed an increased invasive capacity of HeLa cells 

compared to the type strain (F. alocis ATCC 35896) [18]. Several putative virulence factors 

including neutrophil-activating protein A (NAPA) (HMPREF0389_01654) and calcium-
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binding acid repeat protein (CBARP) (HMPREF0389_01532) were identified from the 

proteome of F. alocis ATCC 35896 [18]. In addition, an interrogation of the genome of F. 

alocis ATCC 35896 revealed several proteases such as metal-dependent proteases, CaaX 

proteases, sialoglycoproteases, and calcium-dependent proteases (http://

www.ncbi.nlm.nih.gov/genomeprj/46625). Proteases are important virulence factors in oral 

pathogens including P. gingivalis [39, 40]. To determine if the variation in the invasive 

capacity of epithelial cells by F. alocis strains may be correlated with the expression of 

several of these putative virulence factors, we evaluated their expression during infection of 

HeLa cells. Infection with a coculture of P. gingivalis and the F. alocis strains at 30 and 45 

min post infection showed an upregulation of several of the putative virulence factors only 

in F. alocis D-62D. Increased expression of the Caax protease (HMPREF0389_00677) at 30 

min and ATP-dependent protease La (HMPREF0389_00279) at 45 min were observed for 

F. alocis ATCC 35896. As shown in Fig. 1A, there was an upregulation of the genes 

encoding the Caax protease (HMPREF0389_00590), Caax protease 

(HMPREF0389_00677), Xaa-pro-dipeptidase (HMPREF0389_01538), Protease 

(HMPREF0389_00122), NAPA (HMPREF0389_01654), and CBARP 

(HMPREF0389_01532) at 30 min post infection of HeLa cells with F. alocis D-62D (Fig. 

1A). Expressions of these genes, except the Xaa-pro-dipeptidase (HMPREF0389_1538) 

protease, were not upregulated in HeLa cells infected with F. alocis ATCC 35896. At 45-

min post infection, the expression level of the Xaa-pro-dipeptidase gene was increased more 

than threefold while the Protease–00122 (HMPREF0389_00122) gene was upregulated 

more than 4.5-fold. The NAPA and CBARP genes were found to be upregulated 5- and 7.8-

folds, respectively (Fig. 1B). Taken together, these results suggest that there is differential 

expression of several putative virulence genes in F. alocis D-62D compared to the type 

strain F. alocis ATCC 35896. The relative significance of these genes in the virulence 

potential of F. alocis is unclear and is under study in the laboratory.

3.2 Proteome variation in F. alocis strains

A comparative SDS-PAGE analysis of cell fractions from F. alocis ATCC 35896 strain and 

the D-62D strain showed variation in their protein profile [18]. A random pick of 22 intense 

protein bands among the various fractions were subjected to MS/MS analysis. As shown in 

Fig. 2, the identity of these proteins includes several proteins that are known virulence 

factors in other bacteria [18, 19, 21, 23, 41–51]. To further evaluate other variations that 

may contribute to the relative pathogenic potential of F. alocis, the proteome of F. alocis 

D-62D was compared to the type strain F. alocis ATCC 35896. Extracellular and membrane 

fractions from both these strains were subjected to 2D PAGE analysis (Figs. 3–6). The 

pattern of spots were reproducible both in technical and biological replicates. The spots were 

manually excised from the respective gels, in-gel digested with trypsin, and subjected to 

MS/MS analysis. A total of approximately 1568 peptides were identified that were above the 

threshold (p < 0.05) and had a Mascot score of ≥ 15 with individual ion score of more than 

20. A total of 986 nonredundant peptides corresponding to 219 proteins were identified with 

at least two peptides above the threshold (p < 0.05) for each protein. A complete proteome 

profiling of various fractions of F. alocis strains are summarized in Tables 1–4.
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In the membrane fraction, there were 50 distinct reproducible spots identified in the F. 

alocis ATCC strain (Fig. 3) as compared to 56 spots in F. alocis D-62D strain (Fig. 4). The 

proteins identified in the membrane fraction are summarized in Tables 1 and 2. Several 

groups of very intense spots in the range of 30 –60 kDa were observed in F. alocis ATCC 

35896. While some of these intense spots were noted at the same range in the D-62D strain, 

there were higher molecular weight protein spots between 260 and 70 kDa that were missing 

in the ATCC strain (Table 1). Intense protein spots corresponding to copper amine oxidase 

(HMPREF0389_00784), leukotoxin ATP-binding translocation protein 

(HMPREF0389_1580) were present in both the strains, however, protein spots 

corresponding to CBARP (HMPREF0389_1532), layer Y-domain protein 

(HMPREF0389_1139), peptidoglycan biosynthesis transpeptidase (HMPREF0389_00555), 

and fibronectin-binding protein (HMPREF0389_00575) were present only in the F. alocis 

D-62D strain (Table 2). All these spots corresponded to high molecular weight proteins 

ranging from 205 to 68 kDa. Several hypothetical proteins, common to both F. alocis strains 

were identified in the membrane fraction. Based on the domain prediction, proteins 

corresponding to protein secretory pathways such as hypothetical protein 

(HMPREF0389_1740)–(Sec pathway) and Type IV pilus assembly protein 

(HMPREF0389_00426)–(Type II secretion system) were noted in the ATCC strain. The 

protein export membrane protein (HMPREF0389_1478) predicted to be involved in the Sec 

pathway was identified in the F. alocis D-62D strain. While the membrane fraction of F. 

alocis ATCC strain showed only the Caax amino protease (HMPREF0389_00590), the more 

virulent F. alocis D-62D strain had nine proteins belonging to the protease/peptidase family: 

peptidoglycan biosynthesis transpeptidase, peptidase M23/M37, oligo endopeptidase F, 

amino acyl histidine dipeptidase, Caax amino protease, Xaa pro-dipeptidase 

(HMPREF0389_1538), signal peptidase, ATP-dependent RIP metalloprotease, O-

sialoglycoprotein endopeptidase. It is noteworthy that the Xaa pro dipeptidase was shown to 

be highly upregulated during coculture of F. alocis with P. gingivalis [18]. Other high 

molecular weight proteins, identified in F. alocis D-62D include acetyl ornithine 

transaminase (HMPREF0389_1570), membrane protein (HMPREF0389_00019), pyridoxine 

biosynthesis protein (HMPREF0389_00858), NG, NG dimethyl arginine, dimethyl amino 

hydrolase (HMPREF0389_1354), toxin antitoxin component ribbon helix–helix fold protein 

(HMPREF0389_00243), and hypothetical protein (HMPREF0389_01030). Homologs of 

several proteins involved in cell wall biosynthesis in S. mutans [21] (peptidoglycan 

biosynthesis transpeptidase (HMPREF0389_00555)), antibiotic resistance in F. nucleatum 

[23] (tetracycline-resistant protein (HMPREF0389_01071)), and virulence in P. gingivalis 

[52] (trigger factor (HMPREF0389_1646)), and DNA-binding response regulator protein 

(HMPREF0389_01693 with respective domain) were also observed in the membrane 

fraction of both strains.

In the extracellular fraction, a total of 54 and 57 nonredundant reproducible proteins were 

identified in F. alocis ATCC 35896 and D-62D, respectively (Figs. 5 and 6, Tables 3 and 4). 

Intense protein spots were found between 30 and 75 kDa in the ATCC 35896 strain. Though 

similar proteins were identified in the two strains, proteins such as cell wall serine protease 

(HMPREF0389_01110), conserved hypothetical protein (HMPREF0389_01728), 

hypothetical protein (HMPREF0389_01692), protease (HMPREF0389_00122), ATP-
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dependent protease La (HMPREF0389_00279), and leucotoxin translocation ATP-binding 

protein (HMPREF0389_01580) were identified only in the extracellular fraction of F. alocis 

D-62D, the more virulent strain. Leucotox in is known as a membrane-active toxin that 

specially targets human polymorphonuclear leucocytes and monocytes [53]. While it can 

remain associated with the bacterial cell surface, its secretion is mediated by a Type I 

secretion system in Gram-negative bacteria [54]. It is unknown if there is a defect in the 

secretion system of F. alocis ATCC 35896 or other factors may alter the secretion of the 

leucotoxin. In A. actinomycetemcomitans, lipopolysaccharide can mediate leukotoxin 

secretion [55]. Proteins such as fibronectin-binding protein [56] and S layer protein [57] that 

are secreted by Type-1 secretion system in other bacteria were found in the extracellular 

fraction of both the F. alocis strains likely, suggesting the presence of a Type 1 secretory 

system. A secretion mechanism and the impact of leucotoxin secretion in F. alocis 

pathogenesis are under study in the laboratory. An intense protein spot of molecular weight 

34.9 kDa corresponding to the conserved hypothetical protein (HMPREF0389_01401) was 

noted exclusively in F. alocis D-62D. (Table 4). Even though the lower molecular weight 

proteins between 10 and 25 kDa were noted in F. alocis ATCC 35896, conserved 

hypothetical proteins (HMPREF0389_00741), (HMPREF0389_00321), and 

(HMPREF0389_01744) were found only in F. alcois D-62D. These three conserved 

hypothetical proteins showed no specific conserved domains. It was also interesting to note 

that six hypothetical proteins including HMPREF0389_01693, HMPREF0389_01750, 

HMPREF0389_00607, HMPREF0389_01489, HMPREF0389_01177, and 

HMPREF0389_01239 were unique to the F. alocis ATCC 35896. Among them, three were 

found to be involved with the regulation of cell function.

3.3 Amino acid metabolism

Consistent with its assacharolytic properties, several proteins that play an important role in 

this process were identified in both membrane and extracellular fractions of F. alcois. 

Certain oral bacteria such as F. nucleatum lack essential amino acid synthetic pathways and 

rely on the ability to import and degrade di- and oligopeptides [58]. With the occurrence of a 

wide range of such dipeptidases, metalloproteases and O-sialoglycoproteases (refer Table 5), 

F. alocis, could also lack some inherent amino acid synthesis pathways but could alternate 

through degradation of proteins with the help of such proteases and peptidase. It is important 

to note that protein spots corresponding to ornithine transaminase (HMPREF0389_01570), 

acetyl glutamate kinase (HMPREF0389_01569), glutamate racemase 

(HMPREF0389_00100), and amidotransferase (HMPREF0389_00478) involved in 

ornithine biosynthesis were identified. These proteins were found both in the membrane and 

the extracellular fraction of the D-62D strain. Proteins involved in ornithine catabolism and 

urea breakdown, namely arginine deiminase (HMPREF0389_01584), were also noted. 

Taken together, it is likely that F. alocis could have a well-developed nitrogen assimilatory 

pathway that is needed for alternative mode of amino acid synthesis [59].

Certain proteins such as oxy acyl carrier protein (HMPREF0389_ 01112) involved in fatty 

acid metabolism and not usually identified among the oral biofilm forming pathogens, was 

identified in F. alocis [60]. Strain-specific proteins such as fibronectin-binding protein 
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(HMPREF0389_00575) and dipicolinate reductase (HMPREF0389_01077) involved in 

amino acid metabolism and virulence [61] were noted in the D-62D strain of F. alocis.

3.4 Proteases

In bacteria, proteolysis plays an important role in many biological processes such as 

posttranslational regulation of gene expression, processing, and maturation of various 

surface-associated proteins in Gram-positive bacteria [62, 63]. Proteases have been one of 

the virulence attributes among many oral pathogens [7,39,64]. Expression of various surface 

proteins depends on proteolysis that could strongly influence both the level of activity of 

proteases and their cellular localization [44]. In our study, strain variations were noted 

among the proteases in both membrane and the extracellular fraction of F. alocis strains. 

Among the membrane-bound proteases of F. alocis, Caax protease (HMPREF0389_00590) 

has been identified in both the strains of F. alocis. The Caax amino proteases could be 

involved in the protein and/or peptide modification and secretion [50]. Caax amino-terminal 

proteases of S. gordonii have been demonstrated to play a role in transport of proteins and 

protect the bacteria against bacteriocins, other than their metalloprotease activity [65]. The 

Xaa-pro-dipeptidase (HMPREF0389_01538), O-sialoendopeptidase 

(HMPREF0389_01445), peptidase M23/37 (HMPREF0389_00239), and oligo 

endopeptidase F (HMPREF0389_00926) were also identified only in the membrane fraction 

of the F. alocis D-62D strain. However, protease (HMPREF0389_00122) was identified 

only in the extracellular fraction of D-62D strain. Based on motif search and domain 

prediction studies, this protease is predicted to possess a collagen peptidase function. The 

role of such protease could be important in F. alocis pathogenesis as it has the potential to 

damage the connective tissue of the gingiva. Several oral pathogens are known to produce or 

induce host-derived collagenases that are implicated in tissue destruction in periodontal 

diseases [66–68]. The role of several of the proteases in F. alocis pathogenesis is under 

further investigation.

3.5 Secretory system

In general, certain oral pathogens such as Fusobacteria are known to secrete few proteins 

and lack the genes encoding the components of the major secretory systems [58]. However, 

in F. alocis a conserved hypothetical protein (HMPREF0389_00315)—a secretory system-II 

pilus domain containing protein was identified in the ATCC strain. Proteins involved in 

type-II secretory pathway, namely, Type IV pilus assembly protein (HMPREF0389_00426) 

and trigger factor (HMPREF0389_01646), were also identified in the membrane fraction of 

the F. alocis ATCC 35896. The membrane fraction of the F. alcois D-62D showed proteins 

involved in the Sec pathway such as, fimbrial assembly protein (HMPREF0389_00415) and 

protein export membrane protein (HMPREF0389_01478) (containing SecD and SecF 

domains). A total of seven proteins predicted to be involved in protein transport were noted 

in the D-62D strain. The relative abundance of these proteins was less in the type strain 

compared to the F. alocis D-62D (Table 6). Hence, it is likely that F. alocis has a well-

developed type-II and Sec-dependent protein transport pathway that could vary based on the 

relative virulence of the pathogen and/or its interaction with other organisms.
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3.6 Virulence

Several proteins known to be involved in virulence in other bacteria were observed in both 

the membrane and extracellular fractions of F. alocis D-62D. CBARP 

(HMPREF0389_01532), leucotoxin translocation ATP-binding protein 

(HMPREF0389_01580), fibronectin-binding protein (HMPREF0389_00575), Type IV pilus 

assembly protein (HMPREF0389_00416), fimbrial assembly protein (HM-

PREF0389_00415), Hemolysin III type calcium-binding protein (HMPREF0389_01477), 

toxin–antitoxin component protein (HMPREF0389_00243), and NAPA (HM-

PREF0389_01654) were observed in the membrane fraction. There was also expression of 

CBARP, leucotoxin translocation ATP-binding protein, fibronectin-binding proteins, and 

NAPA in the extracellular fraction, in addition to the TetR family transcription regulator 

(HMPREF0389_00975) and tetracycline-resistant protein (HMPREF0389_01071). Similar 

to T. denticola, Clostridium botulinum, and P. gingivalis, there was expression of S-layer 

protein (HMPREF0389_01139) that was only observed in the membrane fraction of F. 

alocis D-62D [58]. Several glycolytic enzymes such as phosphoglycerate mutase 

(HMPREF0389_1582) and glyceraldehyde-3-phosphate dehydrogenase 

(HMPREF0389_00567) that are basically involved in energy metabolism were both 

identified in the extracellular fraction of F. alocis. Such proteins could have a moonlighting 

function as plasminogen-binding protein and adhesins for fibronectin and plasminnogens, 

respectively [69]. Protein moonlighting contributes to bacterial virulence in a number of 

important human pathogens [70].

3.7 In silico analysis of the membrane proteins

Surface proteins are important factors in the interaction of pathogenic bacteria with their 

environment and host [71]. A comparative bioinformatic analysis of the membrane proteins 

between the D-62D and the type strains of F. alocis revealed more cell wall anchor domain 

containing proteins (Table 7; Supporting Information Table 2). One subgroup of these 

proteins is the sortase-dependent proteins that have a C terminal LP×TG motif [72]. There 

are various groups of sortase enzymes with specific motifs, namely, a sortase B motif of 

NP(Q/K)(T/S)(N/G/S)(D/A), Sortase D motif of LP×TA, and other atypical sortase anchor 

motifs resembling the LP×TG motifs with minor variations [72]. Our study found more 

proteins with these motifs in the F. alocis D-62D strain in contrast to the type strain. Using 

the annotated genome sequence of F. alocis, we observed that more than 25% of the 

membrane proteins of the D-62D strain showed N-terminal signal sequences. The majority 

of these proteins also carried a signal peptidase I cleavage site that could have secretory/

membrane targeting functions. Approximately 25% of the total membrane proteins were 

found to possess transmembrane helix domain and hence may be involved in protein 

transport [73]. Several proteins with a common motif known to play a role in membrane 

anchorage were observed in both F. alocis strains. More of these proteins were unique to F. 

alocis D-62D. Proteins can also be anchored to the envelope by LysM domains that bind to 

the peptidoglycan in the bacterial cell wall [74]. There are four LysM domain proteins as 

compared to two in the type strain. Kleerebezem and co-workers [75] identified a novel C 

terminal W×L domain that they proposed could be a binding domain for the cell envelope. 

In this study, six proteins containing this domain were identified in the D-62D strain of F. 
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alocis. It is noteworthy that of the 56 membrane proteins identified in F. alocis D-62D, 20 

contain the peptidoglycan-binding domain that amounts to 36% of the total membrane 

proteins identified. Upon sequence alignment of the membrane proteins of the D-62D strain, 

it was evident that 25 proteins contain a C-terminal glycine rich domain with a concensus 

GxxGxGxGx motif (Supporting Information Fig. 1). Such C-terminal glycine rich domain 

was not identified in the type strain membrane proteins. Such glycine rich motifs are crucial 

for RNA binding [76]. Hence, from this in silico study of membrane proteins it could be 

inferred that F. aloics might have a well-developed protein secretory and transport system 

that could play a role in its pathogenic potential. The metabolic pathway analysis revealed 

no significant difference between the two strains.

4 Concluding remarks

This study identified several membrane-associated and extracellular proteins from F. alocis. 

Although the number of proteins identified was lower than the expected, bacteria are known 

to modulate specific genes in response to their environment [77]. In practice, many low 

abundance proteins, particularly intrinsic cytoplasmic membrane proteins although 

representing 15–30% of the proteome of a bacterium, are either not detected or represent 

less than 1% of the proteins displayed on the 2D gel [77]. Proteins including several 

proteases, NAPA, and CBARP were identified in F. alocis. The genes encoding these 

proteins were upregulated during infection of epithelial cells. A comparative in silico 

analysis among the D-62D and type strains of F. alocis revealed more cell wall anchoring 

proteins in the D-62D strain, suggesting the role of such proteins in protein secretion and 

virulence. Their expression was enhanced by coinfection with P. gingivalis. The variation in 

the pathogenic potential of the F. alocis strains may be related to the differential expression 

of several putative virulence factors. Future work is needed to understand the regulation of 

these genes in addition to their relative significance in F. alocis. A genome-wide association 

study of F. alocis strains is in progress to evaluate variations at the genome level.
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Figure 1. 
Quantitative PCR analysis of several putative virulence genes in F alocis. (A) 30-min mono- 

and coculture. (B) 45-min mono- and coculture. Hela cells were infected with F. alocis 

ATCC 35896 and D-62D strains [(MOI of 1:100(105 epithelial cells)] in mono or coculture 

with Porphyromonas gingivalis W83 as previously reported [18]. RNA was isolated at 30- 

and 45-min post infection using the SV total RNA isolation system (Promega). cDNA was 

made using the Transcriptor High Fidelity cDNA synthesis kit (Roche). Real-time PCR was 

performed using the Smart cycler (Cepheid) with gene-specific oligonucleotides. Caax-590 

(HMPREF0389_00590); Caax-677 (HMPREF0389_00677); Xaa-1538, Xaa pro dipeptidase 

(HMPREF0389_01538); NAPA (neutrophil-acitivating factor protein A) 

(HMPREF0389_01654); Protease-00122 (HMPREF0389_00122); CBARP (calcium-

binding acid repeat proteins) (HMPREF0389_01532); Protease La (Pr-La) 

(HMPREF0389_00279). Fold change was calculated using the formula. Fold change = 2 – 

ΔΔCt, where ΔΔCt = ΔCt of the sample –ΔCt of reference.

(**p < 0.01; *p < 0.05).
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Figure 2. 
PAGE of the F. alocis protein fractions from the type strain and D-62D. All the lanes show 

protein bands and their corresponding molecular masses (kDa). Each lane was loaded with 

35 μg of protein. The prominent protein bands (shown by arrow) were excised and analyzed 

by MS. Lane 1: F. alocis ATCC 35896—extra cellular fraction. 103 kDa: calcium-binding 

acid repeat protein (HMPREF0389_01448); 97 kDa: conserved hypothetical protein 

(HMPREF0389_01431); 34 kDa: cobalt import ATP-binding protein 

(HMPREF0389_00901). Lane 2: F alocis D-62D-extra cellular fraction. 103 kDa: calcium-

binding acid repeat protein (HMPREF0389_01448); 88.5 kDa: protease 

(HMPREF0389_00122); 67 kDa: S layer Y domain containing protein 

(HMPREF0389_00223). Lane 3: F alocis ATCC 35896—membrane fraction. 147 kDa: S 

layer Y domain containing protein (HMPREF0389_01139); 80 kDa: membrane protein 

(HMPREF0389_000638); 47 kDa: Caax protease (HMPREF0389_00590); 42 kDa: Xaa pro-

dipeptidase (HMPREF0389_01538); 14 kDa: neutrophil-activating protein A 

(HMPREF0389_01654). Lane 4: Falocis D-62D— membrane fraction; 47 kDa: Caax 

protease (HMPREF0389_00590); 42 kDa: Xaa pro-dipeptidase (HMPREF0389_01538); 14 

kDa: neutrophil-activating protein A (HMPREF0389_01654). Lane 5: F alocis ATCC 35896

—cytosolic fraction. 68 kDa: fibronectin-binding protein (HMPREF 0389_00575); 42 kDa: 

Xaa pro-dipeptidase (HMPREF0389_01538); 14 kDa: neutrophil-activating protein A 

(HMPREF0389_01654). Lane 6: F. alocis D-62D—cytosolic fraction. 262 kDa: cell wall 

associated serine proteinase (HMPREF0389_01110); 35 kDa: electron transfer flavo-protein 

alpha (HMPREF0389_00742); 14 kDa: neutrophil-activating protein A 

(HMPREF0389_01654).
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Figure 3. 
2D-PAGE of the membrane fraction of F. alocis ATCC 35896 strain. 2D page was 

performed using 7-cm IPG strips of pI 3–10 in Protean IEF cell and 30–50 μg of protein and 

electrophoresed at 200 V, 0.3 A for 4–5 h, and stained with Coomassie simply blue strain. A 

total of 50 distinct spots were identified and processed for MS/MS analysis.
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Figure 4. 
2D-PAGE of the membrane fraction of F alocis D-62D strain. 2D page was performed using 

7-cm IPG strips of pI 3–10 in Protean IEF cell and 30–50 μg of protein and electrophoresed 

at 200 V, 0.3 A for 4–5 h and stained with Coomassie simply blue strain. A total of 54 

distinct spots were identified and processed for MS/MS analysis.

Aruni et al. Page 19

Proteomics. Author manuscript; available in PMC 2015 July 24.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 5. 
2D-PAGE of the extra-cellular fraction of F. alocis–ATCC-35896 strain. 2D page was 

performed using 7 cm IPG strips of pI 3–10 in Protean IEFcell and 30–50 μg of protein and 

electrophoresed at 200 V, 0.3 A for 4–5 h, and stained with Coomassie simply blue strain. A 

total of 55 distinct spots were identified and processed for MS/MS analysis.
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Figure 6. 
2D-PAGE of the extra-cellular fraction of F. alocis D-62D strain. 2D page was performed 

using 7-cm IPG strips of pI 3–10 in Protean IEF cell and 30–50 μg of protein and 

electrophoresed at 200 V, 0.3 A for 4–5 h, and stained with Coomassie simply blue strain. A 

total of 60 distinct spots were identified and processed for MS/MS analysis.
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Table 5
Proteases in the genome of F. alocis

Name Annotation

RIP metalloprotease HMPREF0389_00112

Protease HMPREF0389_00122

ATP-dependent protease La HMPREF0389_00279

Zinc protease HMPREF0389_00298

ATP-dependent zinc metalloprotease FtsH HMPREF0389_01001

Caax amino protease family protein HMPREF0389_00677

Caax amino protease HMPREF0389_00590

Metalloprotease HMPREF0389_00692

Glycoprotease family protein HMPREF0389_01443

Xaa pro dipeptidase HMPREF0389_01538

O-sialoglycoprotein endopeptidase HMPREF0389_01445

Serine protease HtrA HMPREF0389_01460

ATP-dependent Clp protease HMPREF0389_01648

Carboxy-processing protease HMPREF0389_00522

Oligoendopeptidase F HMPREF0389_00926 HMPREF0389_00527
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Table 7
Genome-wide survey of F. alocis cell wall anchored proteins

Features F. alocis ATCC strain (n = 50) F. alocis D-62D strain (n = 56)

Export features

Signal sequence a) 5 14

Signal peptidase I cleavageb) 4 9

Transmembrane helix domain c) 7 15

Cell wall anchored proteins

N or C-terminally anchored proteins d) 8 10

Sortase A. LP×TG anchors e) – 2

Atypical sortase anchors e) 1 3

Sortase B motif e) 1 –

 NP(Q/K)(T/S)(N/G/S)(D/A)

Sortase D motif e) – 1

 LP×TA

Peptidoglycan-binding domains f) 10 20

LysM domains g) 2 4

Lipoprotein anchors h) – 2

GW repeats i) 5 10

WxL domains j) 3 6

Glycin-rich C terminal motif k) – 25

a)
Signal sequence prediction was done with the hidden Markov model in SignalP3.0 [28], with p values of > 0.95 as the cutoff.

b)
Cleavage site prediction was done with the neural network model in SignalP3.0, with Cmax values of > 0.52 and Ymax values of > 0.32 as 

cutoffs.

c)
TMMH prediction was made using SignalP3.0 [28].

d)
The N terminal and C terminal domains were identified using the HMM.

e)
LPXTG anchors, atypical sortase anchors, sortase D motifs were predicted by the hidden Markov model for sortase substrates [32].

f)g)
From the Pfam database, with a cutoff E value of ≤ 10−5.

h)
Lipoprotein prediction was done as described by Sutcliffe and Harrington [31].

i)
Manual screening for the presence of GW residues in repetitive regions was performed.

j)
Prediction based on the presence of the [LI]TW[TS]L motif in the C-terminal sequence.

k)
Sequence alignment and C terminal motif identifications were made using MEGA version 4.0 [25].
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