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Introduction:
Periodontal disease is highly prevalent worldwide and therefore represents a major public
health problem to countries1) and is one of the most frequently occurring infectious diseases in
humans2). It is a chronic inflammatory disease that causes the destruction of periodontal tissues
and alveolar bone, is one of the two major infectious diseases together with dental caries in oral
cavity2,3). Moreover, the disease has been associated with some systemic diseases: for example,
cardiovascular disease, vascular disease, aspiration pneumonia and diabetes4-6). The anaerobic
Gram-negative bacterium Porphyromonas gingivalis (P. gingivalis) is an etiologically important
agent of periodontal disease and considered as to play an evidentiary role in the development of
periodontitis7). P. gingivalis possesses several virulence factors such as lipopolysaccharide, capsule,
fimbriae, cysteine proteases (gingipains), and adhesion domains8). Gingipains, the cysteine
proteases from P. gingivalis, are extracellular and surface proteinases with high hydrolytic
activities, are key players in subverting the various elements of periodontal tissues including
extracellular matrix proteins, cytokines, complement proteins, antibodies, and proteinase
inhibitors9-12). Gingipains have two types, Arg-specific gingipain and Lys-specific gingipain,
which are the products of 3 separate genes: rgpA, rgpB, and kgp13,14). Some previous
demonstrations had revealed the significant reduction of virulence in individual gingipaindeficient strain comparing to that of the parental strain in murine models15-17).
The kgp and rgpA genes encode polyproteins that comprise the signal peptide, propeptide,
proteinase, and adhesion domains and the C-terminal domain (CTD). The rgpB gene encodes a
protein consists of signal peptide, propeptide, proteinase domain and the CTD. P.
gingivalis facilitates secretion of up to 35 cargos bearing the CTD, named as Type IX secretion
system (T9SS) cargo proteins, many of which are implicated in bacterial pathogenicity including
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the gingipains, RgpA, RgpB, and Kgp18). Other than the P. gingivalis, the CTD-containing proteins
are also found in predicted proteins of other bacteria in the Bacteroidetes phylum, including
Prevotella intermedia and Tannerella forsythia19-21). In cytoplasm, the Rgp and Kgp are equipped
and synthesized with two sorting signals: N-terminal signal peptide (SP) directing the protein to
the secretion system SecYEG and conserved CTD recognized by T9SS. After translocation
through the inner membrane (IM), the Kgp and Rgp acquire their proper fold in the periplasm and
then directed by the CTD for further translocation across the outer membrane (OM)18,22). After
then the CTD region is removed by the C-terminal signal peptidase PG0026 (PorU) near the cell
surface and subsequently, they are either secreted into the extracellular milieu as mature
proteinases or are glycosylated with A-LPS and located on the cell surface23).
T9SS is a unique secretion system for the P. gingivalis and facilitate disease through the
delivery of virulence factors. T9SS translocates proteins, especially virulence factors, across the
OM. Proteins destined for secretion bear a conserved CTD that directs the cargo to the OM
translocon. At least 18 proteins are involved in this still enigmatic process including PorK, PorL,
PorM, PorN, PorP, PorQ, PorT, PorU, PorV, PorW, PorZ, and Sov proteins with regulatory proteins
PorX, PorY, and SigP18,22,24-29).
We previously reported that OM protein 17 (Omp17), a 17-kDa immunoreactive protein that
was detected mainly in the outer membrane fraction, is a Skp-like protein (also known as OmpH),
encoded by PGN_0300 gene, is involved in the function of T9SS to transport CTD-proteins, and
the deficiency of PGN_0300 gene shows loss of the protease activity of gingipains in this mutant30).
Moreover, according to a tiling microarray analysis, it is likely that the genes from PGN_0296
gene to PGN_0301 gene form an operon on P. gingivalis genome30). The PGN_0296, PGN_0297,
PGN_0298, and PGN_0299 gene products are annotated as a hypothetical protein, a membrane β3

barrel protein, an isoprenyl transferase, and an outer membrane protein assembly factor,
respectively18,31). As the PGN_0296 gene is the first gene on the operon and its characteristics and
functions have not been clarified. Therefore, we constructed the PGN_0296 gene deletion mutant
to analyze its function in P. gingivalis cells in this study.
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Materials and Methods
Bacterial strains and growth condition
Bacterial strains and plasmids used are listed in Tables 1 and 2 respectively. E. coli strains
were grown aerobically in Luria-Bertani (LB) medium (Nacalai Tesque, Kyoto, Japan.) at 37 °C.
P. gingivalis cells were grown anaerobically (10% CO2, 10% H2 , 80% N2 ) using an anaerobic
cabinet (Whitley Workstation FG250, Microbiology International, Frederick, MD, USA.) at 37°C,
in enriched brain heart infusion (BHI) broth (Beckton, Dickinson and company, Sparks, MD,
USA)31), on enriched tryptic soy (TS) agar (Beckton, Dickinson and company)31), and on blood
agar prepared by adding hemolyzed defibrinated sheep blood (Nippon Bio-Test Laboratories Inc,
Saitama, Japan) to enriched TS agar 5%. Antibiotics were used at the following concentrations:
ampicillin (Ap; 100 µg/ml for E. coli), erythromycin (Em; 1.5µg/ml for P. gingivalis), and
tetracycline (Tc: 1.0µg/ml for P. gingivalis).

Strain Construction
To disrupt PGN_0296, two fragments were PCR-amplified from the chromosomal DNA of P.
gingivalis ATCC 33277, using PrimeSTAR® GXL DNA Polymerase (Takara Bio Inc. Shiga, Japan).
The PGN_0296 fragment was amplified using the primers PGN_0296-F and PGN_0296-R,
containing the sequences from the 5′ end of PGN_0296 and 3′ end of PGN_0296 including the
ATG initiation codon along with its upstream and downstream region. Then the fragment was
double digested with BamHI and EcoRI and ligated together into the BamHI/EcoRI site of pUC19.
The open reading frame (ORF) of ermF was amplified from pKD35532) using the primer set ermFF plus ermF-R. Then the fragment was inserted in to the TOPO vector (InvitrogenTM, Zero BluntTM
TopoTM PCR cloning kit by Thermo Fisher Scientific Inc. Waltham, MA, USA) according to the
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manufacturer’s instructions and then were double digested with BglII and ClaI and inserted into
the BglII/ClaI site within PGN_0296 of this plasmid. The resulting plasmid, pUCPGN0296 was
then linearized by BamHI and EcoRI digestion and introduced into P. gingivalis cells by
electroporation33), resulting in ∆PGN_0296. Correct gene replacement, which occurred through
double crossover recombination events, were verified by PCR analysis.
To construct the complementation of PGN_0296, PGN_0296 was inserted into the
PGN_1045 locus of the ∆PGN_0296. As the P. gingivalis does not exploit lactose and the
PGN_1045 locus encodes ß-galactosidase, the effect on cell viability was not expected by the
disruption of PGN_1045. To construct the complimentary strain, two DNA fragments were PCRamplified from the chromosomal DNA of P. gingivalis ATCC 33277. The upstream DNA fragment
amplified using the primers PGN_1045U-F and PGN_1045U-R containing the sequences from the
5′ end of PGN_1045, including the region upstream of the ATG initiation codon. The downstream
DNA fragment was amplified using the primers PGN_1045D-F and PGN_1045D-R containing
the sequences from the 5′ end of PGN_1045, including the region downstream of its stop codon.
The upstream DNA fragment was double digested with XhoI and ClaI and inserted into the
XhoI/ClaI site of pBluescript II SK(-) (pBSSK), resulting in p1045UA. Then the downstream DNA
fragment was double digested with NotI and SacI and inserted into the NotI/SacI site of pBSSK,
resulting into p1045DA. Next, a 2.7-kb BamHI-NotI tetQ DNA fragment from pKD37534) using
the primers tetQ-F and tetQ-R, was inserted into BamHI/NotI site of p1045DA to endure the
plasmid pCPG. The promoter region P. gingivalis fimA was PCR-amplified from P. gingivalis
ATCC 33277 chromosomal DNA using the primers fimA-F and fimA-R, digested with ClaI-EcoRI,
and inserted into the ClaI/EcoRI region of p1045UA, resulting into p1045UAFIM. Next the coding
of PGN_0296 was amplified from the P. gingivalis ATCC 33277 chromosomal DNA using the
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primers PGN_296-F and PGN_296-R, digested with EcoRI-BamHI, and inserted into the
EcoRI/BamHI site of p1045UAFIM which resulted into plasmid p1045UAFIM0296. Thereafter,
the pCPG was digested with the BamHI and SacI and inserted into BamHI-SacI site of the
p1045UAFIM0296 and resulted into the pCPG0296. Then the plasmid pCPG0296, which was
containing the PGN_0296 ORF as the fimA promoter transcript, was linearized by XhoI and
introduced into the ∆PGN_0296 cells by electroporation resulting into CPGN_0296
complimentary strain. Correct gene replacement, which occurred through double crossover
recombination events, were verified by PCR analysis.

RT-PCR
Total RNA was isolated from P. gingivalis cells using the TRIzol®Plus RNA Purification Kit
(Thermo Fisher Scientific Inc.) according to manufacturer’s instructions. Then the RNA samples
were incubated with DNase I (Takara Bio Inc.) at 37°C for 1 h. DNA contamination was checked
by PCR. Two µg of total RNA was reverse transcribed into complimentary DNA (cDNA) with a
random hexamer primer using the Superscript III First Strand Synthesis (Thermo Fisher Scientific
Inc.), and the resulting cDNA were then used for PCR amplification.

Protease activity assay
For Kgp and Rgp activity assays, P. gingivalis cells were grown anaerobically on enriched
BHI medium at 37°C for an overnight. Bacterial cells and culture supernatants were separated by
centrifugation at 10,000 × g for 10 min at 4℃. Cells were suspended in the original volume of
PBS. Kgp and Rgp activities were determined using the synthetic substrates benzyloxycarbonyl-
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L-histidyl-Lglutamyl-L-lysine-4-methyl-coumaryl-7-amide

(Z-His-Glu-Lys-MCA)

and

benzyloxycarbonyl-L-phenylalanyl-L-arginine-4-methylcoumary-7-amide (Z-Phe-Arg-MCA) in
20 mM sodium phosphate buffer (pH 7.5) containing 5 mM cysteine in a total volume of 1mL.
After incubation at 40°C for 10 min, the reaction was terminated by adding 1mL of 10 mM
iodoacetamide (pH 5.0), and the released 7-amino-4-methylcoumarin under these conditions. Kgp
and Rgp activities are indicated as units per milliliter of culture supernatant. All cultures had
similar cell densities at OD600 of approximately 1.0. Every experiment was done three times to
check the viability, reliability, reproducibility and also to avoid the technical error.

Statistical analysis
The results of Kgp and Rgp activities were statistically analyzed using one-way ANOVA
followed by Tukey test. Statistical significance was set at P<0.05.
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Results
Construction of a PGN_0296-deleted mutant (∆PGN_0296) and a complement strain
CPGN_0296
To investigate the role of PGN_0296, we constructed a ∆PGN_0296 which PGN_0296 was
replaced with the ermF cassette and a complimentary strain (CPGN_0296), in which the wild type
PGN_0296 was introduced in to PGN_1045 locus of ∆PGN_0296. To confirm the presence of the
flanking region and the absence of the PGN_0296 in the ∆PGN_0296, we performed PCR
employed the genome DNA from ∆PGN_0296 as the template using two sets of primers
PGN_0296 FW plus PGN_0296 RV and PGN_0297 FW plus PGN_0297 RV. As shown in Fig. 1A,
the PGN_0296 gene fragments were also amplified in wild type ATCC 33277 and complimentary
strain CPGN_0296 but not in gene disrupting mutant ∆PGN_0296. The PGN_0297 gene fragments
were amplified in all strains (Fig. 1B). These results suggesting that PGN_0296 gene was
successfully disrupted in ∆ PGN_0296 and complemented in CPGN_0296.
The resulting colonies of all the strains, ATCC33277, ∆PGN_0296, and CPGN_0296, were
showing the black pigmented colonies on the blood agar plates (Fig. 2), suggesting that the loss of
PGN_0296 has no effect on the pigmentation of P. gingivalis.

Expression of PGN_0296 and PGN_0297 genes in ∆PGN_0296
In the previous study, a tiling microarray analysis showed that from PGN_0296 gene to
PGN_0301 gene formed an operon in this order30). Therefore, there was a possibility that
disruption of PGN_0296 gene effected the transcription of PGN_0297 gene to PGN_0301 gene.
To rule out this possibility, we performed RT-PCR using the primers sets PGN_0296 FW plus
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PGN_0296 RV and PGN_0297 FW plus PGN_0297. DNA fragments were amplified using the
primers sets PGN_0296 FW plus PGN_0296 RV in ATCC33277 and CPGN_0296, but not in
∆PGN_0296 (Fig. 3A). On the other hands, DNA fragments were amplified in all three strains
using the primers sets PGN_0297 FW plus PGN_0297 RV (Fig. 3B). These results suggested that
PGN_0296 gene was correctly knocked out and the expression of PGN_0297 gene was unaffected
in ∆PGN_0296.

Gingipain activities in ∆PGN_0296
Several studies have revealed that cell surface activities of proteinases Kgp and Rgp are
associated with the colonial pigmentation on blood agar plates30,34,35). Then we determined the Kgp
and Rgp activities in culture supernatants of ∆PGN_0296. The deletion of PGN_0296 gene
(∆PGN_0296) did not decrease the activity of Rgp in culture supernatant (Fig. 4A). The activity
of Rgp in culture supernatant of ∆PGN_0296 higher than those in both ATCC 33277 and
CPGN_0296 (Fig. 5B). These results showed that deletion of the PGN_0296 gene did not decrease
the proteinase activities of both Kgp and Rgp.
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Discussion
In this study, we established PGN_0296 gene deleted mutant, ΔPGN_0296, and a
complementary strain of PGN_0296 (CPGN_0296). ΔPGN_0296 showed pigmentation on blood
agar plates as well as ATCC3277 and CPGN_0296. We also found that deletion of PGN_0296 gene
did not decrease the Kgp and Rgp activities. The black pigmentation on blood agar plates is caused
by the accumulation of µ-oxo heme dimer on the cell surface and is linked with hemagglutination
and activities of major proteinases. Kgp can degrade hemoglobin protein and a kgp mutant
displayed a non-pigmented phenotype on blood agar plates35,36,37,38).
It has been previously showed that 75 genes and intergenic regions involved in
pigmentation39) and PGN_0296 was not found among them. Our results were consistent with this
result that the ΔPGN_0296 strain showed the pigmentation on blood agar plates.
In P. gingivalis, 18 genes have been identified for T9SS function18). Among them, 5 genes,
PorP, porK, porL, porM, and porN consists a co-transcribed operon40). PGN_0297 (PG0189 in P.
gingivalis strain W83) protein was found as a protein interacts with the PorKN outer membraneassociated complex of T9SS by a cross-linking study41). PorK, PorL, PorM, and PorN are
components of a core membrane complex of T9SS from P. gingivalis22). PorK is a lipoprotein
anchored to the outer membrane that interacts with the periplasmic protein PorN41). PorL and PorM
are inner membrane proteins that interact via their trans-membrane segments. PorM interacts with
both PorK and PorN complex, and therefore spans the entire periplasm by being anchored in the
inner membrane and interacting with the outer membrane complex40). PorP is considered to interact
with the PorKLMN complex labile or to associate with the PorKLMN complex under specific
conditions40). In the previous study, we have demonstrated that the genes from PGN_0296 gene to
PGN_0301 gene form an operon on P. gingivalis genome and PGN_0296 gene existed as the first
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gene of this operon. Therefore, PGN_0296 gene product might functionally interact with gene
products of other genes in this operon. The PGN_0296, PGN_0297, PGN_0298, and PGN_0299
gene products are annotated as a hypothetical protein, a membrane β-barrel protein, an isoprenyl
transferase, and an outer membrane protein assembly factor, respectively18,30,31,42). It should be
pointed out, that the PGN_0297 protein is predicted to be a β-barrel protein localized to the outer
membrane of P. gingivalis cells42), Omp17 protein coded by PGN_0300 gene is also localized to
the outer membrane, and omp17 mutant reduces proteolytic activity of the gingipains30). However,
neither we found any reduced proteolytic activity of the gingipains of the ΔPGN_0296 nor we
determine the localization of the hypothetical protein coded by PGN_0296. Further studies are
needed to clarify this point.

Conclusion
PGN_0296 gene deletion mutant ∆PGN_0296 and its complement strain CPGN_0296 were
constructed. ∆PGN_0296 and CPGN_0296 showed black pigmented colonies and the gingipain
activities in these strains were comparative to those in the parent strain ATCC33277. PGN_0296
gene was not linked with activities of gingipain and has not any involvement in T9SS.
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Figure legends

Figure 1. PCR analysis of ∆PGN_0296. Two sets of gene specific primers, for PGN_0296 and the
PGN_0297 respectively were used for PCR. Showing the absence of PGN_0296 gene in
∆PGN_0296 (panel A) and the presence of PGN_0297 gene in ∆PGN_0296 (panel B).

Figure 2. PCR analysis of CPGN_0296. Two sets of gene specific primers, for PGN_0296 and the
PGN_0297 respectively were used for PCR. Showing the presence of both the PGN_0296 (panel
A) and the PGN_0297 gene (panel B) CPGN_0296.

Figure 3. Colonies of the mutants. Colonial pigmentation of P. gingivalis WT (33277),
∆PGN_0296 and CPGN_0296 cells. The cells were grown anaerobically (10%CO2,10%H2,
80%N2) at 37oC on blood agar plates for 10 days.

Figure 4. Expression of PGN_0296 gene in the P. gingivalis WT (33277), ∆PGN_0296 and
CPGN_0296 by reverse transcription polymerase chain reaction (RT-PCR). RT-PCR were done by
using the gene specific primers for the PGN_0296 gene (panel A) and PGN_0297 gene (panel B).

Figure 5. Measurement of the Rgp and Kgp activities in ∆PGN_0296. P. gingivalis cells were
grown anaerobically in enriched BHI medium at 37oC for 36 h. Rgp (panel A) and Kgp (panel B)
activities of the culture supernatants of ∆PGN_0296 were measured. Groups with a letter (a, b, c)
in common are not statistically different, with no common letter are statistically different (P<0.05,
Tukey test).
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KYT-36: inhibitor for Lys-gingipain.
KYT-1: inhibitor for Arg-gingipain.
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Table 1. Bacterial strains and plasmids used in this study
Name
E. coli strain

Description

Source or reference

DH5a

General purpose host strain for cloning

Nippongene, Toyama,
Japan

P.gingivalis strain
American
Type
Culture Collection
This study

ATCC 33277

Wild type

ΔPGN_0296

ATCC 33277 ΔPGN_0296; Emr
ΔPGN_0296 harboring PGN_0296, Emr
This study
Tcr

CPGN_0296
Plasmid
pBluescript II SK(+)

Apr, cloning vector

Stratagene

pUC19

Apr, cloning vector

Takara Bio

pUCPGN0296
pCPG

This study
Apr Emr, pUC19-PGN_0296::ermF
r
r,
Ap Em pBSSK containing PGN_1045:: This study
tetQ
Apr Tcr pBSSK containing PGN_1045:: This study
p-fimA-PGN_0296-tetQ

pCPG0296

pKD355
pKD375

Apr Emr, contains the ermF ermAM DNA
Ueshima et al. (32)
cassette in pUC19
Apr Tcr, contains the tetQ DNA cassette in
Shi et al. (34)
pUC19
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Table 2. Oligonucleotide primers used in this study
Primers

Oligonucleotide sequences

*

GTGAAGTAAGCGGATCAGCACGTGC

*

GGCCATTACCATCCATGACCAAAGCG

PGN_0296-F
PGN_0296-R

**

PGN_0296 F

GGGAAGCTTATGTGTAAGAAACATTTCATCC

**

PGN_0296 R

CCTTGTCAGCATGCGTTACAACATCG

**

PGN_0297 F

GGTTCATCCGGAGTTGGTTTGGAG

**

PGN_0297 R

GAGGCGGCCGCATTGTTTATTACAAAAAGTCTTACG

ermF-F

GCGAGATCTCATGACAAAAAAGAAATTGCCC

ermF-R

CCATCGATTACGAAGGATGAAATTTTTCAG

PGN_1045U-F

GGG CTCGAG TAGCGCATTGATGGGAGCAG

PGN_1045U-R

GGC ATCGAT ACGGGCATCGGGAGAATAAC

PGN_1045D-F

GAA GCGGCCGC GTCTTGCGCTTCGACTATAT

PGN_1045D-R

GGG GAGCTC CATCAGTCATTCAAGGAAG

tetQ-F

CCCGGGGATCCTCTAGAGTCTC

tetQ-R

GGAAGCGGCCGCCAGTGAATTCGAGCTCGTC

fimA-F

GGA ATCGAT ATATGCCTACAGCGAAAAATGG

fimA-R

GCG GAATTC ATGCTGATGGTGGCATTACCTT

Underlined nucleotides indicate recognition sites of restriction enzymes.
*

The primers used for the amplification of PGN_0296 from ATCC 33277.

**

The primers used to detect the PGN_0296 and PGN_0297 genes respectively.
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