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ABSTRACT 

Extracytoplasmic function (ECF) sigma factors are known to play an important role in 

the bacterial response to various environmental stresses. Porphyromonas gingivalis, a 

prominent etiological agent in human periodontitis, possesses six putative ECF sigma 

factors. So far, information is limited on an ECF sigma factor, PGN_0319. It has been 

recently reported that the expression of genes encoding some of the ECF sigma factors 

including PGN_0319 was affected by hemin availability. The aim of this study was to 

evaluate the role of PGN_0319 in hemin utilization by P. gingivalis. A PGN_0319 

mutant, constructed by inserting erythromycin resistance gene cassette in PGN_0319 

gene of P. gingivalis ATCC 33277, was used. The bacterial growth under 

hemin-limiting condition and the ability for hemin binding were evaluated. Gene 

expression profile of the PGN_0319 mutant was analyzed by DNA microarray. 

Real-time reverse transcription PCR analysis was performed to assess genes with 

altered expression levels. Electrophoretic mobility shift assay was performed to assess 

the interaction of PGN_0319 with the promoter region of genes with different in 

expression levels. The PGN_0319 mutant showed reduced growth in log phase 

compared with wild type under hemin-limiting condition. The mutant exhibited no 

significant difference in hemin binding compared with wild type. The expressions level 

of hmuY and hmuR, which encode an outer-membrane hemin utilization receptor, and 

cdhR, a transcriptional regulator of hmuYR, were significantly decreased in the mutant. 

The transcription of these genes was restored in the complemented strain. The 

recombinant PGN_0319 protein bound to the promoter region of hmuY and cdhR. These 

results demonstrate that PGN_0319 directly regulates hmuY and cdhR and thereby plays 

a role in the mechanisms involved in hemin utilization by P. gingivalis. 
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INTRODUCTION  

Bacteria are exposed to various environmental stresses including temperature and the 

changes in availabilities of some nutrients. The responses of bacteria to these stresses 

are known to be mostly regulated at the level of transcription (Bashyam and Hasnain, 

2004, Lewis et al., 2009, Staron et al., 2009). This regulation of gene expression in 

response to the stresses is necessary for the growth, survival and virulence of bacteria. 

These primary regulations are controlled by extracytoplasmic function (ECF) sigma 

factors, which belong to a subfamily of the sigma 70 class (Helmann, 2002, Staron et al., 

2009).  

An anaerobic Gram-negative bacterium Porphyromonas gingivalis is considered to 

be one of the etiologically important agents in adult chronic periodontitis (Socransky 

and Haffajee, 1992, Holt et al., 2005). This bacterium possesses several virulence 

factors, such as hydrolytic enzymes, fimbriae, hemagglutinin, capsule, 

lipopolysaccharide and various proteases that can affect the periodontium (Lamont and 

Jenkinson, 1998, Holt et al., 1999, Yoshimura et al., 2009). In order to survive in the 

microenvironment of a deep periodontal pocket, it is necessary that periodontal 

pathogens have the capacity to respond to various environmental stresses.  

Iron is an essential element for any living organism since it is a critical co-factor 

for many redox titrating enzymes (Bashyam et al., 2004). In human body, bacterial 

pathogens are often exposed to iron starvation. Iron is also an essential nutrient for 

growth and virulence of P. gingivalis (Grenier et al., 2001). P. gingivalis is capable of 

utilizing heme from various hemoproteins such as hemoglobin, hemoglobin–

haptoglobin and hemin bound to hemopexin or to serum albumin. (Genco and Dixon 

2001, Potempa et al., 2003, Olczak et al., 2005). To utilize iron and heme, P. gingivalis 
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employs hemagglutinins, lipoproteins and the participation of proteases, referred to as 

gingipains (Nelson et al., 2003, Potempa et al., 2003, Olczak et al., 2005, Smalley et al., 

2011). In addition, P. gingivalis possesses outer membrane proteins that function for the 

utilization of hemin (Bramanti and Holt 1993, Genco et al., 1994) and hemoglobin 

(Amano et al., 1995, Fujimura et al., 1996, Simpson et al., 2004). In Gram-negative 

bacteria, TonB-dependent outer membrane receptors are implicated in iron acquisition 

(Stork et al., 2010). Several putative TonB-dependent receptors were identified in P. 

gingivalis, including Tlr (a TonB linked receptor) (Aduse-Opoku et al., 1997, Slakeski et 

al., 2000), IhtA (an iron heme transporter) (Kim et al., 1996, Smalley et al., 1993, 

Dashper et al., 2000), HmuY and HmuR (hemin binding receptors) (Simpson et al., 

2000, Olczak et al., 2008). Furthermore, it is documented that cdhR is a transcriptional 

regulator of hmu genes (Chawla et al., 2010). This ability of P. gingivalis to store hemin 

on the cell surface provides a nutritional advantage, because the bacterium can utilize 

the stored hemin under hemin-limiting condition (Grenier et al., 1991, Smalley and 

Birss 1999). 

The P. gingivalis ATCC 33277 genome encodes six putative ECF sigma factors 

(PGN_0274, PGN_0319, PGN_0450, PGN_0970, PGN_1108 and PGN_1740; 

GenBank: AP009380) (Naito et al., 2008). The roles for some of these have been 

documented in previous studies. For example, PGN_1108 (W83 ORF number: PG1318) 

plays a role in the regulation of mutation frequency in the bacterium (Kikuchi et al., 

2009). PGN_0274 (W83 ORF number: PG0162) and PGN_0450 (W83 ORF number: 

PG1660) may be involved in the post-transcriptional regulation of gingipain (Dou et al., 

2010), and PGN_1740 (W83 ORF number: PG1827) plays a role in regulation and 

adaptation to oxidative stress (Yanamandra et al., 2012). However, little has been 
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reported on the function and transcriptional regulatory mechanism of PGN_0319. ECF 

sigma factors of bacteria play an important role in the acquisition of iron (Bashyam et 

al., 2004). A recent study showed that the expression of genes encoding several 

transcriptional regulators and ECF sigma factors including PG0214 in P. gingivalis W83 

(ATCC 33277 ORF number: PGN_0319) were affected by hemin levels (Bergman et al., 

2014). Therefore we hypothesized that PGN_0319 plays a certain role in hemin 

utilization by P. gingivalis. 

In this study, we investigated the potential role of an ECF sigma factor PGN_0319 

and show that PGN_0319 is part of the mechanisms that are involved in hemin 

utilization by P. gingivalis. 

 

MATERIALS AND METHODS 

Bacterial strains and growth conditions 

Bacterial strains and plasmids used in this study are listed in Table 1. P. gingivalis 

strains were maintained on tryptic soy agar (Difco Laboratories, Dentroit, MI) 

supplemented with 10% defibrinated horse blood, hemin (5 µg/ml) and menadione (0.5 

µg/ml) at 37°C under anaerobic conditions (10% CO2, 10% H2, and 80% N2). For 

selection and maintenance of PGN_0319 mutant and PGN_0319 complemented strains, 

antibiotics were added to the medium at the following concentrations: 10 µg/ml 

erythromycin, and 1 µg/ml tetracycline. For the following assay, P. gingivalis cells were 

grown in brain heart infusion (BHI) broth (Becton Dickinson Sparks, MD) 

supplemented with 0.5% yeast extract, menadione and with or without hemin. The 

bacterial cultures were grown to mid-log phase [range at optical density (OD) at 660 nm 

of 0.6-0.9] at 37°C under anaerobic conditions. Escherichia coli strains were grown 
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aerobically at 37°C in Luria-Bertani (LB) medium (Wako Pure Chemical Industries, 

Osaka, Japan) and when appropriate, ampicillin (50 μg/ml) was used to select for E. coli 

transformations. 

 

PGN_0319 mutant and complemented strains 

PGN_0319 mutant was constructed as described previously (Onozawa et al., 2015). For 

complementation of PGN_0319, the whole PGN_0319 gene region with its upstream 

and downstream flanking regions (0.5 kb) was PCR amplified from the genomic DNA 

using Takara Ex Taq (Takara) with the upper and lower primers (Table 2). The amplified 

DNA fragments were ligated into the multiple cloning site of pGEM T-Easy vector and 

transformed E.coli TOP10. The transformations was selected on LB plate containing 50 

µg/ml of ampicillin. The NheI-BamHI fragment of PGN_0319 was extracted from the 

resulting plasmid and ligated into the NheI-BamHI site of pT-COW vector (Gardner et 

al., 1996). The PGN_0319 insert was confirmed by restriction analysis and PCR. The 

resulting plasmid, pKD830, was introduced into PGN_0319 mutant by electroporation, 

resulting in KDP315C, after 7 days incubation on enriched TS agar containing 10 µg/ml 

erythromycin and 1 μg/ml tetracycline. The presence of pT-COW-derived plasmid was 

verified by PCR and restoration of the mRNA of the mutated gene was established by 

real-time RT-PCR (data not shown) 

 

Growth analysis in hemin-limiting condition   

Growth analysis of P. gingivalis strains under hemin-limiting condition was performed 

as described previously (Liu et al., 2006). Briefly, P. gingivalis wild type and the 

PGN_0319 mutant were grown in BHI broth supplemented with hemin at 37°C under 
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anaerobic conditions. To deplete the hemin of P. gingivalis cells, these cultures were 

then passaged at two times in BHI broth without hemin. After the passage, the cells 

were harvested, washed and resuspended in phosphate buffered saline (PBS, pH 7.4). 

The final OD660 was adjusted to 1.0 in PBS. These suspensions were inoculated in BHI 

broth without hemin or supplemented with 1.5 µM hemin to an OD660 of 0.1. These 

cultures were then incubated at 37°C anaerobic conditions. Growth was monitored by 

measuring OD at 660 nm at different time points.  

 

Binding of hemin to P. gingivalis cells  

Analysis of hemin binding was performed as described previously (Liu et al., 2006). 

Briefly, P. gingivalis wild type and the PGN_0319 mutant were inoculated into BHI 

broth supplemented with hemin and incubated at 37°C under anaerobic conditions.  

Then those strains were cultured under hemin-limiting condition as described above. 

After passage, cultures were harvested, washed and resuspended in PBS. The final 

OD660 was adjusted to 1.0. Then, hemin was added to each suspension (final 

concentration, 10 µM). These samples were incubated at 37°C for 1 h and centrifuged, 

and the supernatant containing hemin was measured at OD380. Sample containing only 

hemin in PBS was incubated under the same conditions and served as controls. Hemin 

binding to P. gingivalis cells was evaluated by comparing the supernatant absorbance of 

the PGN_0319 mutant to that of wild type, which was set as 100%.  

 

RNA preparation  

P. gingivalis strains were grown in BHI broth supplemented with hemin to an OD660 of 

0.6-0.8. Total RNA was subsequently extracted following the protocol described by the 
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manufacturer. P. gingivalis cells were collected by centrifugation 2,000 × g at 4°C for 

15 minutes and then each sample was homogenized using 1 mL TRIzol reagent 

(Invitrogen, Carlsbad, CA). Each solution was transferred to a 1.5 ml tube, added 200 µl 

chloroform and mixed. There was centrifuged at 12,500 × g at 4°C for 15 minutes, after 

which each supernatant was placed in a new tube. Each sample was added 500 µl 100% 

isopropanol and incubated for 10 minutes at room temperature. After centrifuged at 

12,500 × g at 4°C for 10 minutes, the supernatant was discarded and the remaining total 

RNA pellet was washed with 75% cold ethanol. After each RNA pellet was dried for 5 

minutes, there were resuspended in 200 µl RNase-free water. To remove genomic DNA 

contamination, each RNA sample was treated with DNase I (Applied Biosystems, 

Foster City, CA) at 37°C for 30 minutes 2 times. PCR was performed to confirm that no 

genomic DNA was detectable in the RNA samples. The purity of the extracted RNA 

was examined with a NanoDrop 2000 spectrometer (Thermo Fisher Scientific, 

Wilmington, DE). The ratios of A260/ A280 and A260/A230 must be higher than 1.8 

and 1.6, respectively. An aliquot of RNA (1 µg) was reverse transcribed to cDNA using 

a random primer (Toyobo, Osaka, Japan) and ReverTra Ace (Toyobo), according to 

manufactures’ instruction. To remove RNA contamination, the cDNA samples were 

treated with RNase H (New England Biolabs, Tokyo, Japan). 

 

DNA Microarray 

Microarray analysis of mutant and wild type strains was performed using the P. 

gingivalis ATCC 33277 8 × 15 K1 color at Hokkaido System Science (Sapporo, Japan). 

Briefly, the generated cDNA was labeled with Cyanine 3 CTP using Low Input 

Quick-Amp WT Labeling Kit (Agilent Technologies, Santa Clara, CA). The labeled 
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cDNA was hybridized to microarray slides. The microarray image acquisition was 

performed using the Agilent Microarray Scanner and Agilent Feature Extraction 10. 7. 3. 

1. (Agilent Technologies). 

 

Real-time reverse transcription PCR (RT-PCR) analysis 

For real-time reverse transcription PCR (RT-PCR) analysis, the cDNA samples were 

diluted 1:10 in RNase free water. For each well, 1 µl of the cDNA sample were added to 

10 µl of Taqman Fast Universal PCR MasterMix (Applied Biosystems), 1 µl 

gene-specific primers (Table 2) and 8 µl RNase free water. PCR was performed using 

StepOne Plus Real-Time PCR System (Applied Biosystems). Experiments were 

performed in triplicate on three biologically independent replicates. Data were 

normalized to 16S ribosome RNA level. All primers used in this study are listed in 

Table2. 

 

Expression and purification of recombinant PGN_0319 protein 

The full-length PGN_0319 gene was amplified by PCR using primers rPGN0319-F and 

rPGN0319-R, which had BamHI and HindШ restriction sites respectively (Table 2). The 

reverse primer was designed to remove the native stop codon. The amplified DNA 

fragments were ligated into the multiple cloning site of pCR-TOPO vector (Invitrogen) 

and transformed E. coli TOP10 strain. The transformants were selected on LB plates 

containing 50 µg/ml ampicillin. The BamHI-HindШ fragment of PGN_0319 was 

extracted from the resulting plasmid and ligated into the BamHI-HindШ site of the 

pET21b expression vector (Novagen, Billerica, MA). The resulting plasmid was 

transformed into E. coli BL21 (DE3) strain. The transformants were selected on LB 
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plates containing 50 µg/ml ampicillin. The PGN_0319 insert was confirmed by 

restriction analysis and PCR.  

We next examined culture conditions of E.coli BL21 (DE3) harboring 

pET21b-PGN_0319 gene to produce the His-tagged PGN_0319 as a soluble form as 

much as possible. We established the following culture conditions. When the cells 

reached to OD600 of 0.2-0.3, isopropyl-β-D-thiogalactopyranoside (IPTG) was added 

(final concentration of 1 mM) and incubation was continued at 25°C for 12 h. The cells 

were harvested and removed supernatant by centrifuged 12,500 × g at 4°C for 5 minutes 

and suspended using 20 mM Tris-HCL (pH8.0) and frozen at -80°C. Samples were 

lysed by sonication and the cell debris was removed by centrifugation 12,500 × g at 4°C 

for 5 minutes. To confirm the expression of target protein as soluble fraction, 

supernatant sample and insoluble precipitate sample were suspended in sodium dodecyl 

sulfate (SDS) sample buffer, boiled at 95°C for 5 minutes and examined by 

SDS-polyacrylamide gel electrophoresis (PAGE) on 15% gels. The protein were stained 

with Coomassie brilliant blue (CBB) R-250. The recombinant PGN_0319 (rPGN_0319) 

protein was purified by batch method using His-Bind Kits (Novagen), according to 

manufactures’ instruction. Briefly, the E. coli BL21 (DE3) cells were grown in above 

examined culture condition and collected from 10 ml volume culture by centrifugation, 

resuspended in 1 ml lysis buffer (0.5 M NaCl, 20 mM Tris-HCl, 5 mM imidazole, pH 

7.9) and disrupted by sonication. The cell extraction sample was transferred to a 1.5 ml 

tube and the pretreated resin was added. The sample was mixed gently by inverting tube 

several times and incubated for 5 minutes, centrifuge for 1 minute at 1,000 × g at 4°C 

and discarded supernatant. Subsequently, the sample was washed 3 times with binding 

buffer (0.5 M NaCl, 20 mM Tris-HCl, 5 mM imidazole, pH 7.9), washed twice with 
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wash buffer (0.5 M NaCl, 20 mM Tris-HCl, 60 mM imidazole, pH 7.9) and eluted 

bound protein twice with elute buffer (0.5 M NaCl, 20 mM Tris-HCl, 1 M imidazole, 

pH 7.9). The rPGN_0319 protein was examined by SDS-PAGE on 15% gels and stained 

with CBB. 

 

Electrophoretic mobility shift assay 

Electrophoretic mobility shift assay (EMSA) was performed using the DIG Gel Shift 

Kit, 2nd Generation (Roche Diagnostics, Mannheimm, Germany) as described 

previously (Wilson et al.,2000, 2006). Briefly, each DNA probe was generated by 

promoter sequence as described previously (Wu et al., 2009, Chawla et al., 2010) (Table 

2). The rPGN_0319 protein was incubated with core RNAP (New England Biolabs) on 

ice for 10 minutes. Mixtures were then added to reaction tubes containing the each DNA 

probe (100 fmol), binding buffer (10 mM Tris-HCl, pH 8.0, 0.1 mM EDTA, 3 mM DTT 

and 10% glycerol), distilled water and the presence (20 pmol) or absence of unlabeled 

promoter fragment to give a final volume of 20 µl. Following incubation at 37°C for 30 

minutes and subsequently room temperature for 5 minutes, each sample was loaded 

onto a 5% native polyacrylamide gel and electrophoresed in TBE buffer. DNA probes 

were transferred from the gel to a nylon membrane (Roche Diagnostics) and detected 

using anti-DIG antibodies following the manufacturer’s protocol (Roche Diagnostics).  

 

Statistical analysis 

Each experiment was performed independently at least three times. The results are 

expressed as means with standard deviations. The Student t test or Kruskal–Wallis test 

followed by the Dunn’s post test was used to determine the differences between groups. 
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A P-value of < 0.05 was considered statistically significant. Calculations were 

performed using a software package (Prism version 6.04, GraphPad Software, La Jolla, 

CA). 

 

RESULTS 

PGN_0319 mutant showed a reduced growth potential in log phase under 

hemin-limiting condition 

To examine the ability of the PGN_0319 mutant to grow under hemin-limiting condition, 

growth analysis was performed using BHI broth without hemin. The PGN_0319 mutant 

exhibited a significantly reduced growth potential in log phase compared with wild type, 

when cells were grown in BHI without hemin (Fig. 1A). When a low concentration of 

hemin was added to the hemin-depleted P. gingivalis cells, wild type and the PGN_0319 

mutant demonstrated equal level growth curve (Fig. 1B).  

 

Inactivation of PGN_0319 does not affect the ability of hemin binding   

We next evaluated the effect on hemin binding of the PGN_0319 mutant cells by 

spectrophotometric analysis. P. gingivalis cells depleted of stored heme were used for 

assay. The mutant exhibited no significant differences in hemin binding from wild type 

(Fig. 2). 

  

Gene expression profiles of PGN_0319 mutant by microarray analysis 

To identify the genes with altered expression levels in the PGN_0319 mutant, the DNA 

microarray was performed. This result showed that 112 genes exhibited downregulation 

(< 0.6-fold) in expression in the mutant compared with wild type. In contrast, 56 genes 
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exhibited upregulation (2.0-fold higher) in expression in the PGN_0319 mutant 

compared with wild type. Those downregulated and upregulated genes are listed in 

Supplemental file: Tables S1 and S2. In DNA microarray, the genes involved in hemin 

utilization were downregulated in the PGN_0319 mutant. Among them, we focused the 

genes encoding the major outer membrane hemin binding proteins: hmuY, hmuR and 

transcriptional factor of hmuYR: cdhR (Table 3). 

 

Complementation of the PGN_0319 mutant   

A PGN_0319 complemented strain was constructed by introduction of the pT-COW 

containing wild type PGN_0319 into mutant. The presence of pT-COW-derived plasmid 

was confirmed by PCR. Restoration of the mRNA of the mutated gene was established 

by real-time RT-PCR (data not shown). 

 

PGN_0319 regulate the transcription of hmuY, hmuR and cdhR  

To validate the DNA microarray data, hmuY, hmuR and cdhR were further analyzed by 

real-time RT- PCR. These results showed the transcription levels of hmuY, hmuR and 

cdhR mRNA were significantly decreased in the PGN_0319 mutant compared with that 

of wild type. The transcription levels of hmuY and hmuR were restored in the 

complemented strain to a comparable level as wild type (Fig. 3A, B). The transcription 

level of cdhR was increased in the complemented strain compared with that of wild type 

(Fig. 3C). 

 

Preparation of recombinant PGN_0319 protein (rPGN_0319 protein) 

After trying various culture conditions, a considerable amount of PGN_0319 protein 
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was found to be produced in a soluble fraction, under the condition established. After 

purification, approximately 0.3 µg/µl of the protein was obtained from the soluble 

fraction.  

 

The rPGN_0319 protein binds to the promoter region of hmu and cdhR 

The hmuY and hmuR belong to hmu locus that is composed of six cotranscribed genes, 

hmuYRSTUV. (Lewis et al., 2006, Wu et al., 2009). The transcription start site and 

promoter region of hmuYR are located in the upstream of the hmuY. Moreover, it is 

documented that cdhR is a transcriptional regulator of hmu genes (Wu et al., 2009). 

Based on these reports, to determine if the PGN_0319 directly interacts with the 

promoter region of hmuY and/or cdhR, we performed an EMSA. The rPGN_0319 

protein bound to the promoter region of humY (Fig. 4A) and cdhR (Fig. 4B) resulting in 

a band shift.  
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DISCUSSION 

In the present study, we demonstrated that the expression level of hmuY and hmuR 

(hemin-binding receptor genes) and cdhR (transcriptional regulator of hmu) was 

significantly downregulated in the PGN_0319 mutant. The transcription of these genes 

was restored in the complemented strain. Further, we showed that the recombinant 

PGN_0319 protein bound to the promoter region of hmuY and cdhR. Within our 

knowledge, this study is the first to demonstrate that PGN_0319 directly regulates the 

hmuY and cdhR and thereby participates in the mechanisms involved in hemin 

utilization by P. gingivalis. These findings have important implications for 

understanding the strategies that periodontal pathogens use to survive in and adapt to 

various environmental conditions. 

In order to compensate for iron-starving conditions, bacteria have evolved several 

mechanisms including the ability to acquire iron in its ferric form by synthesis of an 

ultra-high-affinity molecules called siderophores (Ratledge and Dover, 2000). ECF 

sigma factors have been shown to be involved in the siderophore synthesis (Cunliffe et 

al., 1995, Sexton et al., 1995). Although P. gingivalis also requires iron in the form of 

hemin for growth, it does not produce siderophores (Bramanti et al., 1991). Instead, P. 

gingivalis employs specific outer membrane proteins such as HmuY, HmuR (Simpson et 

al., 2000, Olczak 2008), Iht (Smalley et al., 1993, Kim et al., 1996), Tla (Aduse-Opoku 

et al., 1997) and proteases (particularly gingipains) (Simpson et al., 2004) to acquire 

iron/heme. In this study, under hemin-limiting condition, a significant decrease in 

growth was observed in the PGN_0319 mutant in log phase. This implicates the role of 

PGN_0319 in the uptake of hemin by P. gingivalis in a hemin-limited host environment. 

It has been shown that HmuY of P. gingivalis efficiently sequesters heme from host 
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hemoproteins and delivers it to HmuR for transport across the outer membrane (Smalley 

et al., 2011, Byrne et al., 2013). In the present study, a significant downregulation of 

hmuY, hmuR and cdhR expression was observed in the PGN_0319 mutant, and the  

expression level of hmuY and hmuR was restored in the complemented strain. 

Interestingly, a significant upregulation of cdhR was observed in complemented strain 

compared with that of wild type. One explanation for this is that the expression level of 

PGN_0319 mRNA was higher in complemented strain than in wild type. Another 

explanation might be related to the fact that CdhR is a transcription factor that directly 

regulates expression of other factors including mfa and luxS (Chawla et al., 2010).  

The hmuY and hmuR belong to the hmuYRSTUV locus (Lewis et al., 2006), and the 

expression of hmu genes in P. gingivalis is regulated by cdhR (Chawla et al., 2010). 

Olczak et al., (2015) reported that inactivation of the hmuY gene reduced P. gingivalis 

growth in the presence of serum as a heme sole source. Liu et al. (2006) demonstrated 

that the hmuR site-directed mutants had a normal growth phenotype under similar 

conditions, although the hmuR isogenic mutant (WS1) reduced the growth of P. 

gingivalis by about 20%. The WS1 exhibited reduced hemin binding, whereas none of 

the hmuR site-directed mutants showed significant hemin binding deficiency (Liu et al., 

2006). In the present study, no significant difference in hemin binding was observed 

between PGN_0319 mutant and wild type. These findings collectively suggest that 

intricate mechanisms are involved in hemin utilization by P. gingivalis.  

To further explain the reduced expression of hmuY and cdhR in the PGN_0319 we 

observed, the interaction of rPGN_0319 with the promoter region of hmuY and cdhR 

was analyzed by using EMSA. We showed that rPGN_0319 binds to the promoter 

region of hmuY and cdhR. This finding indicated that PGN_0319 is a direct regulator of 
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hmuY and cdhR. Interestingly, promoter regions of hmuY and cdhR share similar 

sequence segments (Fig. 5). A previous study has shown that, in some bacteria, the 

sequence of -35 and -10 regions and the spacing between them in ECF sigma factor 

dependent promoters are well conserved (Erickson and Gross., 1989). Missiakas and 

Raina (1998) suggested that ECF sigma factors have rather similar promoter specificity 

(Missiakas and Raina., 1998). Based on these results, we speculate that the actual -10 

sequence of cdhR promoter region (Fig. 5), is similar to the -10 sequence of hmuY, 

which is different from that reported previously (Chawla et al., 2010).  

The promoter recognition specificity of E. coli RNA polymerase is modulated by 

the replacement of the sigma subunit in the first step and by the interaction with 

transcription factors in the second step (Ishihama, 2000). Our results suggested that the 

transcriptional mechanism of hmuYR expression is regulated by similar mechanism. Our 

proposed model of hmuYR transcriptional mechanism by PGN_0319 and CdhR in P. 

gingivalis is shown Fig.6. PGN_0319 binds to RNA polymerase core enzyme to form 

the RNA polymerase holoenzyme, and then PGN_0319 binds to cdhR promoter region, 

and in turn CdhR is expressed. CdhR binds to upstream of hmuY promoter. 

Subsequently, RNA polymerase holoenzyme interacts with hmuY promoter region, then 

hmuYR initiates transcription. 

Because ECF sigma factor is required for the stress survival, virulence and viability 

of several Gram-negative pathogens, it might be a useful target for drug development. It 

has recently been shown that ECF sigma factors in E. coli can be inhibited by small 

molecules such as cyclic peptides (El-Mowafi et al., 2015). The inhibitors of sigma 

factors offer a different approach to antibiotic development, as they interfere with a 

pathogen’s ability to cause disease (Palmer et al., 2011, El-Mowafi et al., 2015). ECF 
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sigma factors in P. gingivalis may represent a key target for the design of novel 

pharmaceutical agents that may be exploited to suppress the pathogen residing in the 

periodontal milieu. Further studies investigating the physiological significance and 

regulatory networks involving ECF sigma factors in P. gingivalis are necessary to 

pursue realistic treatment strategies based on the interference of metabolism and 

virulence activation. 

In summary, our study demonstrates that the ECF sigma factor PGN_0319 plays a 

role as a direct regulator of hmuY and cdhR and in turn, is involved, at least partly, in 

hemin utilization by P. gingivalis.  
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Figure legends 

Fig. 1. Growth curves of P. gingivalis wild type and the PGN_0319 mutant in 

hemin-limiting condition.  

P. gingivalis wild type (ATCC 33277, closed circle) and PGN_0319 mutant (open 

square) were depleted of stored hemin inoculated in BHI without hemin (A) or BHI 

supplemented with 1.5 µM hemin as control (B). Bacterial growth was monitored by 

measuring optical density of the cultures at 660 nm. Means and standard deviations (n = 

12) from at least three independent experiments are shown. The asterisks (* and ***) 

indicate significant differences between the growth rates of wild type and those of the 

PGN_0319 mutant (Student t test *P ˂ 0.05 and ***P ˂ 0.001, respectively). 
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Fig. 2. Binding of hemin to P. gingivalis wild type and PGN_0319 mutant. 

P. gingivalis wild type and the PGN_0319 mutant whole cells depleted of stored hemin 

were used for spectrophotometric hemin binding assay. Relative hemin binding was 

obtained by the following formula using the supernatant absorbance: [control 

(PBS+hemin) – PGN_0319 mutant / control – wild type] × 100. Means and standard 

deviations (n = 13) from at least three independent experiments are shown. 

 

Fig. 3. Comparison of hmuY, hmuR and cdhR expression. 

Gene expression of hmuY (A), hmuR (B) and cdhR (C) expression in P. gingivalis wild 

type, PGN_0319 mutant and PGN_0319 complemented strain were determined by 

quantitative real time RT-PCR. Means and standard deviations (n = 10) from at least 

three independent experiments are shown. The asterisks indicate significant differences 

(the Kruskal-Wallis test followed by Dunn’s post test. *P < 0.05, **P < 0.01, ***P < 

0.001) 

 

Fig. 4. Binding of rPGN_0319 protein to the promoter region of hmuY and cdhR.  

Electrophoretic mobility shift assay was performed in the rPGN_0319 protein, core 

RNAP and DIG labeled promoter fragment of hmuY and cdhR. (A) Binding of the 

rPGN_0319 protein to hmuY promoter. (B) Binding of the rPGN_0319 protein to cdhR 

promoter. The positions of DNA-protein complexes are indicated by arrows. 

 

Fig. 5. Promoter sequence of hmuY and cdhR used in this study. 

DNA probes used in this study are indicated by arrows. The previously reported -35 and 

-10 promoter regions are shown in highlight. The transcriptional site A (+1) are bolded. 
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Sequence segments in the -35 and -10 promoter regions that show similarity between 

hmuY and cdhR are shown in rectangles.  

 

Fig. 6. A proposed model of hmuYR transcriptional mechanism in P. gingivalis. 

PGN_0319 binds to RNA polymerase core enzyme to form the RNA polymerase 

holoenzyme. PGN_0319 binds to cdhR promoter region and then, CdhR is expressed. 

CdhR binds to the upstream region of hmuY promoter. Subsequently, RNA polymerase 

holoenzyme interacts with hmuY promoter region, and in turn hmuYR initiates 

transcription. 
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Table 1. Bacterial strains and plasmids used in this study 

a Antibiotic resistance phenotypes: Apr, ampicillin resistance; Emr, erythromycin resistance;  

Tcr, tetracycline resistance 

 

Strain/plasmid Description a Reference 

E. coli strain   

DH5α General-purpose host strain for cloning Invitrogen 

TOP10 
F- mcrA ∆(mrr-hsdRMS-mcrBC) Φ80lacZ∆M15 

∆lacΧ74 recA1 araD139 ∆(ara-leu)7697 galU 

galK rpsL (StrR) endA1 nupG 

Invitrogen 

BL21(DE3) F- ompT hsdSB (rB
-mB

-) gal dcm (DE3)  Invitrogen 

P. gingivalis strain   

33277 wild type ATCC 

KDP315 PGN_0319:: ermF ermAM, Emr (Onozawa et al., 2015) 

KDP315C KDP315/pKD830, Emr Tcr This study 

E. coli plasmid   

pGEM-T Easy Apr, plasmid vector for TA cloning Promega 

pKD355 Apr, contains the ermF ermAM DNA cassette 

between EcoRI and BamHI of pUC18 

(Ueshima et al., 2003) 

pKD818 Apr, contains the 2.0-kb PCR-amplified fragment 

(PGN_0319 region) in pGEM-T Easy 

(Onozawa et al., 2015) 

pKD823 Apr Emr, contains the ermF ermAM DNA cassette 

at BamHI site within PGN_0319 of pKD818 

(Onozawa et al., 2015) 

pCR 2.1-TOPO Apr, plasmid vector for TA cloning Invitrogen 

pET-21b Apr, plasmid vector for protein expression Novagen 

P. gingivalis plasmid   

pT-COW Apr Tcr, E. coli-P. gingivalis shuttle vector (Gardner et al., 1996) 

pKD830 Apr Tcr, pT-COW- PGN_0319+ This study 

pET21b-PGN_0319 pET21b plasmid carrying a PGN_0319 in the 

expression region 

This study 
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Table 2. Primers and probes used in this study 

Primer/probe Nucleotide Sequence (5’-3’)                          

For construction of PGN_0319 mutant 

PGN0319-U-F   GCTGCCGCTCCTTCTTCAT 

PGN0319-U-R-BamHI GGATCCCAAAGGCAGATCGTCCGGTA 

PGN0319-D-F-BamHI GGGATCCCCTCCGATCATGCCCCTA 

PGN0319-D-R  TCAGGCTCTTGTACAGATGGA 

For construction of PGN_0319 complemented strain  

PGN0319-COMP-U-F-NheI CTAGCTAGCTAGGGTATTGGAAGAATGGAGATGG 

PGN0319-COMP-D-R-BamHI CGGGATCCCGGGGTAGCAAGTTTCCGAGTG 

For expression and purification of PGN_0319 recombinant protein 

rPGN0319-F  CGGGATCCGATGGAAGTAGAAGCATTCG 

rPGN0319-R  CCCAAGCTTTCGTTTGAGTTGGAGAGCCAG 

For real time RT-PCR 

PGN_0319 probe  56-FAM/ATCTGCCTT/ZEN/TCTCCGATCATGCCC/3IABkFQ 

PGN_0319-F  CTTGGATATGCTCCGCAAAGA 

PGN_0319-R  TCTCGGATTGCTCCAGTACA 

PGN_0557 (hmuR) probe 56-FAM/TTCGTGGAG/ZEN/CTTCCTCTGCTTTGT/3IABkFQ 

PGN_0557 (hmuR)-F  CGGGATCTACCAGTGGAATAGA 

PGN_0557 (hmuR)-R  GGCTGTACGGGTGATGATATTG 

PGN_0558 (hmuY) probe 56-FAM/AAGAACAGG/ZEN/GCTTCAGCGAAGTGA/3IABkFQ 

 PGN_0558 (hmuY)-F  GTAGATGTTCTCGGCCGTATTA 

 PGN_0558 (hmuY)-R  CCAACCACCTGAAGCAAATC 

PGN_1373 (cdhR) probe 56-FAM/TTGTTCTTC/ZEN/TCCGCTCTCTTCAGGC/3IABkFQ 

 PGN_1373 (cdhR)-F  CCACGCCACAGTAGAAGAATTA 

 PGN_1373 (cdhR)-R  GACGATCTCTTTCTCCCGATTG 

For EMSA 

PGN_0558 (hmuY)-EMSA-F GGGATTGCTCGTTTTTTGTGAACATCTCAACTTTGCAG CGGATG 

PGN_0558 (hmuY)-EMSA-R CCCTAACGAGCAAAAAACACTTGTAGAGTTGAAACGTCGGCCTAC 

PGN_1373 (cdhR)-EMSA-F TATGTGGGGATTGTCGATTAGGCGGAATAACTATACTTTTGTTTG 

PGN_1373 (cdhR)-EMSA-R ATACACCCCTAACAGCTAATCCGCCTTATTGATATGAAAACAAAC 
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Table 3. Downregulated genes involved in hemin utilization in PGN_0319 mutant 

Gene code a Annotation Fold b 

PGN_0557 HmuR protein 0.539 

PGN_0558 HmuY protein 0.584 

PGN_1373 transcriptional regulator CdhR 0.560 

a Gene code according to GenBank: AP009380. 

b Ratio of transcript abundance in PGN_0319 mutant/ wild type. 
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Fig. 4 
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Supplemental file  

 

Table S1. Downregulated genes in PGN_0319 mutant 

Gene code Annotation Fold 

PGN_0008 ATP-dependent Clp protease ATP-binding subunit ClpC 0.379 

PGN_0053 hypothetical protein 0.592 

PGN_0103 TonB 0.451 

PGN_0114 Na(+)-translocating NADH-quinone  

reductase subunit A 
0.425 

PGN_0150 ATP-dependent RNA helicase 0.585 

PGN_0152 hypothetical protein 0.588 

PGN_0156 hypothetical protein 0.579 

PGN_0173 glyceraldehyde 3-phosphate dehydrogenase type I 0.591 

PGN_0209 glycyl-tRNA synthetase 0.582 

PGN_0214 hypothetical protein 0.558 

PGN_0259 hypothetical protein 0.537 

PGN_0261 sigma-54-dependent transcriptional regulator 0.584 

PGN_0264 signal recognition particle-docking protein 0.584 

PGN_0265 carboxynorspermidine decarboxylase 0.420 

PGN_0266 aspartyl-tRNA synthetase 0.571 

PGN_0348 universal stress protein UspA 0.565 

PGN_0388 thiol peroxidase 0.592 

PGN_0448 ABC transporter ATP-binding protein 0.577 

PGN_0449 hypothetical protein 0.575 

PGN_0450 RNA polymerase sigma-70 factor ECF subfamily 0.462 

PGN_0451 hypothetical protein 0.574 

PGN_0466 cardiolipin synthetase 0.576 

PGN_0476 hypothetical protein 0.577 

PGN_0486 hypothetical protein 0.418 

PGN_0491 phosphotyrosine protein phosphatase 0.538 

PGN_0492 cation-transporting ATPase 0.464 

PGN_0493 hypothetical protein 0.490 

PGN_0529 aerotolerance-related membrane protein BatA 0.590 

PGN_0531 von Willebrand factor A 0.552 

PGN_0532 magnesium chelatase subunit I 0.505 

PGN_0554 hypothetical protein 0.463 

PGN_0555 hypothetical protein 0.426 

PGN_0556 cobalamin biosynthesis-related protein 0.463 

PGN_0557 TonB-dependent receptor HmuR 0.539 

PGN_0558 TonB-dependent receptor HmuY 0.584 

PGN_0604 ferritin 0.521 

PGN_0606 glucosamine-6-phosphate deaminase-like protein 0.590 

PGN_0620 S-adenosyl-methyltransferase MraW 0.578 

PGN_0635 GMP synthase 0.560 

PGN_0637 heat shock-related protease htrA protein 0.208 

PGN_0648 hypothetical protein 0.557 

PGN_0711 oxidoreductase short chain dehydrogenase/reductase family 0.552 
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PGN_0714 pyrazinamidase/nicotinamidase 0.409 

PGN_0722 hypothetical protein 0.421 

PGN_0792 polynucleotide phosphorylase 0.582 

PGN_0886 cation efflux protein 0.590 

PGN_0916 molecular chaperone DnaK 0.584 

PGN_0945 TetR family transcriptional regulator 0.359 

PGN_0946 hypothetical protein 0.436 

PGN_0947 hypothetical protein 0.413 

PGN_0948 hypothetical protein 0.467 

PGN_0949 ABC transporter ATP-binding protein 0.465 

PGN_0950 ABC transporter ATP-binding protein 0.455 

PGN_0968 hypothetical protein 0.518 

PGN_0969 hypothetical protein 0.472 

PGN_0970 RNA polymerase sigma-70 factor ECF subfamily 0.543 

PGN_1004 ABC transporter ATP-binding protein 0.579 

PGN_1018 hypothetical protein 0.572 

PGN_1019 response regulator 0.329 

PGN_1020 ATP/GTP-binding transmembrane protein 0.583 

PGN_1095 metallo-beta-lactamase 0.576 

PGN_1096 16S rRNA methyltransferase GidB 0.429 

PGN_1106 hypothetical protein 0.418 

PGN_1107 hypothetical protein 0.421 

PGN_1164 hypothetical protein 0.549 

PGN_1187 hypothetical protein 0.521 

PGN_1208 ClpB protein 0.415 

PGN_1232 thioredoxin reductase 0.518 

PGN_1334 hypothetical protein 0.567 

PGN_1335 hypothetical protein 0.499 

PGN_1336 hypothetical protein 0.189 

PGN_1362 exported transglycosylase protein 0.558 

PGN_1372 hypothetical protein 0.524 

PGN_1373 transcriptional regulator 0.560 

PGN_1415 DNA-binding protein histone-like family 0.521 

PGN_1449 inosine 5-monophosphate dehydrogenase 0.595 

PGN_1451 co-chaperonin GroES 0.399 

PGN_1464 HAD-superfamily subfamily IB hydrolase 0.592 

PGN_1476 hypothetical protein 0.586 

PGN_1482 Holliday junction DNA helicase RuvB 0.587 

PGN_1498 hypothetical protein 0.582 

PGN_1501 mannose-6-phosphate isomerase 0.494 

PGN_1533 carbonic anhydrase 0.562 

PGN_1548 hypothetical protein 0.450 

PGN_1585 excinuclease ABC subunit B 0.486 

PGN_1616 hypothetical protein 0.581 

PGN_1618 methionine gamma-lyase 0.548 

PGN_1639 hypothetical protein 0.598 

PGN_1642 hypothetical protein 0.556 

PGN_1643 hypothetical protein 0.567 

PGN_1715 chaperone protein GrpE 0.458 
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PGN_1716 molecular chaperone DnaJ 0.496 

PGN_1728 lysine-specific cysteine proteinase Kgp 0.578 

PGN_1790 hypothetical protein 0.367 

PGN_1791 flavodoxin FldA 0.172 

PGN_1798 hypothetical protein 0.512 

PGN_1803 hypothetical protein 0.592 

PGN_1832 ribosome recycling factor 0.572 

PGN_1833 uridylate kinase 0.536 

PGN_1878 hypothetical protein 0.550 

PGN_1880 malate dehydrogenase 0.569 

PGN_1899 hypothetical protein 0.571 

PGN_1951 hypothetical protein 0.468 

PGN_2016 hypothetical protein 0.587 

PGN_2019 bifunctional UDP-3-O-[3-hydroxymyristoyl]  

N-acetylglucosamine deacetylase/(3R)- 

hydroxymyristoyl-ACP dehydratase 

0.596 

PGN_2020 UDP-3-O-[3-hydroxymyristoyl] glucosamine  

N-acyltransferase 
0.538 

PGN_2067 TPR domain protein 0.504 

PGN_2068 peptide deformylase 0.509 

PGN_2081 1-deoxy-D-xylulose-5-phosphate synthase 0.444 

PGN_2082 potassium transporter  

peripheral membrane component 
0.424 

PGN_2083 potassium uptake protein TrkH 0.433 

PGN_2086 acetyltransferase 0.575 
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Table S2. Upregulated genes in PGN_0319 mutant 

 

Gene code Annotation Fold 

PGN_0080 
tetracycline resistance element mobilization regulatory 

protein RteC 
2.095 

PGN_0081 Na driven multidrug efflux pump 2.508 

PGN_0155 hypothetical protein 2.775 

PGN_0187 hypothetical protein 2.172 

PGN_0302 rubrerythrin 2.479 

PGN_0310 uroporphyrinogen-III synthase 2.021 

PGN_0320 hypothetical protein 4.504 

PGN_0321 hypothetical protein 2.722 

PGN_0322 hypothetical protein 3.093 

PGN_0323 hypothetical protein 2.727 

PGN_0344 haloacid dehalogenase-like hydrolase 2.282 

PGN_0394 30S ribosomal protein S20 2.979 

PGN_0636 50S ribosomal protein L31 2.523 

PGN_0668 RNA-binding protein 2.273 

PGN_0694 50S ribosomal protein L34 2.131 

PGN_0777 glycosyl transferase 2.611 

PGN_0778 hypothetical protein 2.052 

PGN_0783 DNA-binding protein histone-like family 2.513 

PGN_0784 hypothetical protein 4.115 

PGN_0785 hypothetical protein 2.370 

PGN_0895 ferredoxin 4Fe-4S 2.890 

PGN_0901 6,7-dimethyl-8-ribityllumazine synthase 2.263 

PGN_0903 LuxR family transcriptional regulator 2.291 

PGN_0904 sensor histidine kinase 2.111 

PGN_0919 hypothetical protein 2.023 

PGN_0952 carboxyl-terminal processing protease 2.572 

PGN_0963 translation initiation factor IF-3 2.134 

PGN_1030 hypothetical protein 2.134 

PGN_1040 hypothetical protein 2.413 

PGN_1233 hypothetical protein 2.374 

PGN_1438 hypothetical protein 3.504 

PGN_1580 30S ribosomal protein S21 2.154 

PGN_1753 2-ketoisovalerate ferredoxin reductase 2.073 

PGN_1754 hypothetical protein 2.009 

PGN_1755 2-oxoglutarate oxidoreductase subunit beta 2.029 

PGN_1756 2-oxoglutarate oxidoreductase subunit gamma 2.025 

PGN_1764 v-type ATPase subunit E 2.292 

PGN_1889 hypothetical protein 2.402 

PGN_1890 50S ribosomal protein L33 3.033 

PGN_1891 50S ribosomal protein L28 3.593 

PGN_1902 hypothetical protein 1718.262 

PGN_1903 adenine-specific DNA methyltransferase 919.418 

PGN_1904 hemagglutinin protein HagB 625.472 

PGN_1905 hypothetical protein 1270.470 

PGN_1906 hemagglutinin protein HagC 148.232 
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PGN_1907 hypothetical protein 93.112 

PGN_1908 hypothetical protein 108.334 

PGN_1909 hypothetical protein 90.879 

PGN_1923 hypothetical protein 67.179 

PGN_1924 hypothetical protein 249.911 

PGN_1925 hypothetical protein 130.592 

PGN_1990 hypothetical protein 2.157 

PGN_2015 hypothetical protein 2.269 

PGN_2076 hypothetical protein 3.101 

PGN_2077 hypothetical protein 2.081 

   

 

 

 

 

 

 

 

 

 


