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Abstract: Porphyromonas gingivalis produces hydrogen sulfide (H2S) from L-cysteine. However,
the role of H2S produced by P. gingivalis in periodontal inflammation is unclear. In this
study, we identified the enzyme that catalyzes H2S production from L-cysteine, and
analyzed the role of H2S using a mouse abscess model. The identified enzyme was
identical to methionine-gamma-lyase (PG0343), which produces methyl mercaptan
(CH3SH) from L-methionine. Therefore, we analyzed H2S and CH3SH production by
P. gingivalis W83 and a PG0343-deletion mutant (PG0343) with/without L-cysteine
and/or DL-methionine. The results indicated that CH3SH is produced constitutively
irrespective of the presence of L-methionine, while H2S is greatly increased by both P.
gingivalis W83 and PG0343 in the presence of L-cysteine. In contrast, CH3SH
production by PG0343 was absent irrespective of the presence of L-methionine, and
H2S production was eliminated in the absence of L-cysteine. Thus, CH3SH and H2S
production involves different substrates, L-methionine or L-cysteine, respectively.
Based on these characteristics, we analyzed the roles of CH3SH and H2S in abscess
formation in mice by P. gingivalis W83 and PG0343. Abscess formation by P. gingivalis
W83, but not PG0343, differed significantly in the presence and absence of L-cysteine.
In addition, the presence of L-methionine did not affect the size of abscesses
generated by P. gingivalis W83 and PG0343. Therefore, we conclude that H2S
produced by P. gingivalis does not induce inflammation; however, H2S enhances
inflammation caused by CH3SH. Thus, these results suggest the H2S produced by P.
gingivalis plays a supportive role in inflammation caused by methionine-gamma-lyase.
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Abstract 35 

Porphyromonas gingivalis produces hydrogen sulfide (H2S) from L-cysteine. However, the role of 36 

H2S produced by P. gingivalis in periodontal inflammation is unclear. In this study, we identified the 37 

enzyme that catalyzes H2S production from L-cysteine, and analyzed the role of H2S using a mouse 38 

abscess model. The identified enzyme was identical to methionine--lyase (PG0343), which produces 39 

methyl mercaptan (CH3SH) from L-methionine. Therefore, we analyzed H2S and CH3SH production 40 

by P. gingivalis W83 and a PG0343-deletion mutant (PG0343) with/without L-cysteine and/or DL-41 

methionine. The results indicated that CH3SH is produced constitutively irrespective of the presence 42 

of L-methionine, while H2S is greatly increased by both P. gingivalis W83 and PG0343 in the 43 

presence of L-cysteine. In contrast, CH3SH production by PG0343 was absent irrespective of the 44 

presence of L-methionine, and H2S production was eliminated in the absence of L-cysteine. Thus, 45 

CH3SH and H2S production involves different substrates, L-methionine or L-cysteine, respectively. 46 

Based on these characteristics, we analyzed the roles of CH3SH and H2S in abscess formation in mice 47 

by P. gingivalis W83 and PG0343. Abscess formation by P. gingivalis W83, but not PG0343, 48 

differed significantly in the presence and absence of L-cysteine. In addition, the presence of L-49 

methionine did not affect the size of abscesses generated by P. gingivalis W83 and PG0343. 50 

Therefore, we conclude that H2S produced by P. gingivalis does not induce inflammation; however, 51 

H2S enhances inflammation caused by CH3SH. Thus, these results suggest the H2S produced by P. 52 

gingivalis plays a supportive role in inflammation caused by methionine--lyase.  53 
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INTRODUCTION 54 

Hydrogen sulfide (H2S), a noxious gas, is, together with nitric oxide (NO) and carbon monoxide (CO), 55 

a signaling molecule in mammals [1]. H2S has a variety of physiological functions, including 56 

neuromodulation, vasodilation, oxidant regulation, inflammation, and angiogenesis [2, 3]. H2S freely 57 

diffuses through cell membranes to elicit various responses and modulate a variety of cellular events 58 

independently of membrane receptors or second messenger systems [4]. H2S is produced 59 

endogenously via assimilatory sulfate reduction and cysteine degradation in both eukaryotes and 60 

prokaryotes [5]. The small amount of H2S formed via the former mechanism is rapidly assimilated 61 

into organic sulfur compounds, such as sulfur-containing amino acids, and is not released 62 

extracellularly. In contrast, the latter mechanism—which involves cystathionine -synthase (CBS), 63 

cystathionine -lyase (CSE), 3-mercaptpyruvate sulfurtransferase (3MST), and cysteine 64 

aminotransferase (CAT)—is responsible for large-scale H2S generation [5]. In prokaryotes, H2S 65 

confers resistance against antibiotics by stimulating reactive oxygen species (ROS) scavenging 66 

mechanisms [6, 7]. H2S can scavenge ROS, thus preventing oxidative stress; however, it also has toxic 67 

properties [8]. Such diverse activities have led to conflicting data regarding the roles of H2S in different 68 

organisms [9, 10]. 69 

Porphyromonas gingivalis is a Gram-negative obligatory anaerobe that causes chronic 70 

periodontal inflammation, which leads to alveolar bone resorption [11-15]. Recently, this bacterium is 71 

considered as “keystone-pathoegn” of the oral microbiota [16-18].  This bacterium enters the 72 

bloodstream, interacts with host organs and tissues, and ultimately contributes to the pathogenesis of 73 

cardiovascular disease and various systemic conditions [19-23]. P. gingivalis is known to produce 74 

volatile sulfer compounds (VSCs), such as H2S, methyl mercaptan (methanethiol) and dimethyl sulfide, 75 

in serum [24, 25].  A previous study reported that P. gingivalis methionine--lyase, which produces 76 

methyl mercaptan from L-methionine, is involved in murine abscess formation [26, 27].  In addition, 77 
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methyl mercaptan increases the permeability of subgingival porcine mucosa and induce interleukin-78 

1 (IL-1) secretion from mononuclear cells [28].  Thus, methyl mercaptan is considered as one of 79 

the major virulence factors of this organisms [29].  We reported previously that P. gingivalis produces 80 

H2S by degrading cysteine [31]. H2S derived from P. gingivalis upregulates IL-8 production by 81 

gingival and oral epithelial cells [32]. However, the role of H2S in inflammatory periodontal disease 82 

is unclear. 83 

In this study, we identified the P. gingivalis gene that encodes an enzyme that catalyzes H2S 84 

production using L-cysteine as a substrate. Next, we evaluated the characteristics of the enzyme using 85 

gas chromatography. Finally, we assessed the role of P. gingivalis H2S in inflammation using a P. 86 

gingivalis deletion mutant and performed a histological analysis of mice infected with P. gingivalis. 87 

The aim was to clarify the role of H2S in inflammation caused by P. gingivalis. 88 

METHODS 89 

Bacterial strains and culture conditions 90 

P. gingivalis W83 and its derivative strain were maintained anaerobically (10% CO2, 10% H2, 80% 91 

N2) at 37°C in GAM broth (Nissui Medical Co., Tokyo, Japan) or brain heart infusion (BHI; Becton 92 

Dickinson, Sparks, MD) agar supplemented with hemin (5 g/mL) and menadione (1 g/mL). For 93 

antibiotic selection, cultures were supplemented with 10 g/mL erythromycin.  94 

Fractionation of P. gingivalis proteins 95 

P. gingivalis culture medium was incubated with leupeptin and Nα-tosyl-L-lysinylchloromethane 96 

(TLCK; Sigma-Aldrich, St. Louis, MO), which are cysteine proteinases inhibitors, to prevent 97 

autoproteolysis. P. gingivalis cells from 400 mL of culture were resuspended in 8 mL of buffer A (20 98 

mM Tris-HCl, pH 8.0), and disrupted by sonication at 150 W for 20 min (INSONATOR 201M; 99 

KUBOTA Corporation, Tokyo, Japan). After centrifugation (6,000 g for 15 min), the supernatant was 100 
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collected and dialyzed (Spectra/Por Dialysis Membrane, molecular weight cutoff, 6,000–8,000; 101 

Spectrum Laboratories) three times against 20 mM Tris-HCl, pH 8.0. The dialyzed medium was 102 

fractionated by gel filtration. For gel filtration, Sephacryl S-200 (GE Healthcare, Uppsala, Sweden) 103 

packed in a column (2.6 cm by 90 cm) was used.  The column was eluted at a flow rate of 28 mL/h 104 

with 20 mM Tris-HCl buffer, pH 7.5 containing 150 mM NaCl. 105 

H2S assay 106 

To isolate the enzyme involved in H2S production from L-cysteine, enzymatic assays were performed 107 

as described previously, with minor modifications [31]. The protein fractions (fraction number 38 to 108 

80) were suspended in a solution containing 200 mM triethanolamine-HCl (pH 8.0), 10 µM pyridoxal 109 

5’-phosphate, 0.5 mM bismuth trichloride, 10 mM EDTA, 1% Triton X-100, and 20 mM L-cysteine. 110 

Enzymatic activities were measured at 37°C. The bismuth trichloride in the mixture reacted with 111 

sulfide to form a black precipitate (bismuth sulfide). H2S production was confirmed by visually 112 

assessing precipitation of bismuth sulfide and measured at an optical density of 405 nm (OD405). 113 

PG0343 activity was examined by measuring the rate of pyruvate formation as described previously 114 

[31]. Each 500 µL of reaction mixture contained 40 mM potassium phosphate buffer (pH 7.6), 5 nmol 115 

pyridoxal-5’-phosphate, 7.5 µg of the purified recombinant enzyme, and substrate at various 116 

concentrations. To determine pyruvate production, the reaction was terminated by adding 250µL of 117 

4.5% trichloroacetic acid after incubation for 10 min at 37°C. The reaction mixture was centrifuged, 118 

and 250 µL of the supernatant were added to 750 µL of 0.33 M sodium acetate (pH 5.2) containing 119 

0.017% 3-methyl-2-benzothiazolinone hydrazine. The reaction mixture was then incubated at 50°C 120 

for 30 min. The amount of pyruvate was determined by measuring the OD at 335 nm (OD335) [33]. 121 

Identification of the enzyme-encoding gene 122 

Protein fraction-formed bismuth sulfide precipitations were separated by native polyacrylamide gel 123 

electrophoresis (PAGE) and H2S production was visualized according to Yoshimura et al. [34]. After 124 
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electrophoresis, the gel was incubated at 37°C in a solution containing 200 mM triethanolamine-HCl 125 

(pH 8.0), 10 µM pyridoxal 5’-phosphate, 0.5 mM bismuth trichloride, 10 mM EDTA, 1% Triton X-126 

100, and 20 mM L-cysteine for H2S production. The black precipitate formed in the presence of H2S 127 

was excised from the gel, resolved by sodium dodecyl sulfate (SDS)-PAGE, and electrotransferred to 128 

a polyvinylidene difluoride (PVDF) membrane. The membrane was stained with 0.1% Coomassie 129 

Brilliant Blue (CBB) R-250 for 1 h, destained with 7.5% acetic acid containing 40% methanol, and 130 

washed with distilled water for 24 h. NH2-terminal amino acid sequencing was performed by the 131 

Edman degradation method. 132 

PAGE and immunoblotting 133 

Bacterial proteins were resuspended in 5× Laemmli sample buffer or 5× Laemmli sample buffer 134 

without SDS, resolved by SDS-PAGE or native-PAGE, and electrotransferred to a PVDF membrane. 135 

The membrane was blocked with TBS containing 1% nonfat milk, incubated with a rabbit anti-P. 136 

gingivalis methionine-γ-lyase (PG0343) antibody, and subsequently incubated with a goat anti-rabbit 137 

IgG conjugated to alkaline phosphatase. Total protein was assayed to enable measurement of specific 138 

protein levels. 139 

Generation of the P. gingivalis PG0343-deletion mutant 140 

P. gingivalis PG0343 was identified in the Human Oral Microbiome Database (HOMD; The Forsyth 141 

Institute, http://www.homd.org/index.php). To delete P. gingivalis PG0343, the following plasmid was 142 

prepared. Two fragments, up- and down-stream of PG0343, were generated by PCR using the primers 143 

PG0343 UF-Apa/ PG0343 UR-Sph and PG0343 DF-Spe/PG0343 DR-Sac, respectively (Table 2). The 144 

products were digested using ApaI/SphI and SpeI/SacI, respectively, and ligated into pBluescript SKII+, 145 

resulting in pPG0343UD (Table 1). To generate erythromycin resistance, an ermF-ermAM cassette 146 

obtained by pVA2198 was generated by PCR using the primer pair ermF left and ermAM right [35]. 147 

The erythromycin cassette was incorporated into the pGEM-T Easy vector, resulting in pGEM-T Easy-148 

http://www.homd.org/index.php
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ermF-ermAM. The pGEM-T Easy-ermF-ermAM plasmid was digested with SphI and SpeI and the 149 

ermF-ermAM cassette was inserted into pPG0343UD, resulting in pPG0343UDErm (Table 1). 150 

Transformation of P. gingivalis 151 

P. gingivalis PG0343 was constructed by allelic exchange via insertion of an erythromycin resistance 152 

determinant into PG0343. The plasmid pPG0343UDErm (Table 1) was prepared for disruption of 153 

PG0343. PG0343-deleted P. gingivalis strains containing pPG0343UDErm were obtained by 154 

electrotransformation (Table 1) according to Okamoto et al. [36].  155 

H2S and CH3SH detection 156 

Bacterial strains were cultured at 37°C to an OD at 600 nm (OD600) of 0.6. Cultures were centrifuged, 157 

washed with phosphate-buffered saline (PBS) and resuspended in PBS to an OD600 of 0.3. The reaction 158 

mixture, which comprised 100 L of cell suspension and 870 L of PBS, was transferred to a 15-mL 159 

polypropylene tube with a silicon plug. The reaction was initiated by adding 30 L of 33 mM L-160 

cysteine or 33 mM L-methionine. The reaction mixtures were incubated at 37°C for 90 min, and the 161 

reaction was stopped by adding 500 L of 3 M phosphoric acid. Ten minutes later, 1 mL of the vapor 162 

above the reaction mixture was analyzed by gas chromatography (Model GC-14B; Shimadzu Works, 163 

Tokyo, Japan) using a glass column packed with 25% b,b’-oxydipropionitrile on a 60–80 mesh 164 

Chromatosorb W AW-DMCS-ST (Shimadzu Works, Tokyo, Japan) fitted with a flame photometric 165 

detector at 70°C. Volatile sulfur compound (VSC) concentration was determined using standard H2S, 166 

methyl mercaptan, or dimethyl sulfide gas prepared using a Permeater PD-1B (GL Science, Tokyo, 167 

Japan).   168 

Preparation of recombinant enzyme and antisera 169 

To produce recombinant P. gingivalis PG0343, PCR products generated using the PG0343SF-Nde or 170 

PG0343LF-Nde and PG0343R-Xho primers were inserted into pET16b (Novagen, Madison, WI) with 171 
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NdeI and XhoI sites to produce pET-16b-pg0343S (for PG0343 7–399) or pET-16b-pg0343L (for 172 

PG0343 1–399), respectively (Fig. S1, Tables 1 and 2). The resulting plasmid was introduced into 173 

Escherichia coli BL21 (TaKaRa, Tokyo, Japan). The transformant was cultured in 2 TY broth with 174 

ampicillin (50 mg/mL) at 37°C to an OD600 of 0.8. Isopropyl-β-thiogalactopyranoside (IPTG) was 175 

added to the culture to a final concentration of 1 mM, and the culture was incubated at 37°C for a 176 

further 3 h. Cells were harvested by centrifugation and lysed by ultrasonication. Cell extract was 177 

obtained by centrifugation of cell lysate. Recombinant proteins tagged with a histidine hexamer at the 178 

N-terminus were purified using Ni2+-nitrilotriacetic acid (NTA)-affinity chromatography as described 179 

previously [37]. Anti-methionine-γ-lyase (PG0343) antibodies were prepared from a rabbit 180 

immunized with P. gingivalis PG0343. 181 

Ethical statement 182 

All procedures for animal care were approved by the Animal Management Committee of Matsumoto 183 

Dental University (Approval number: 275).  All animal experiments were performed in compliance 184 

with the Guidelines for Proper Conduct of Animal Experiments, established by Science Council of 185 

Japan.  Mice were housed in groups of four with 24 h access to food and water.  The mice were 186 

anesthetized with isoflurane and subjected to subcutaneous injections of 0.1 mL of bacterial 187 

suspension at day 0.  The lesion size and mortality were monitored eight hours interval each day.  188 

The mice euthanasia were performed under isoflurane followed by cervical dislocation. If, the mice 189 

were unable to move, they were immediately and humanely sacrificed by intraperitoneal injection of 190 

sodium pentobarbital, then followed by cervical dislocation, and all efforts were made to minimize 191 

suffering. 192 

Virulence assays 193 

P. gingivalis virulence was assayed as described previously [23, 24]. P. gingivalis W83 was cultured 194 

in GAM broth supplemented with hemin and menadione to an OD600 of 1.0. The cells were harvested 195 
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and resuspended to 2.4  1010 or 2.4  1011 CFU/mL in PBS. To eliminate the effect of P. gingivalis 196 

LPS, Toll-like receptor (TLR)2 defective mice were used [38, 39]. BALB/c mice defective in TLR2 197 

were purchased from Oriental Bio Science, Kyoto, Japan. BALB/c mice (female, 8 to 10 weeks old) 198 

and BALB/c TLR2-/- (female, 8 to 10 weeks old) were subjected to subcutaneous injections of 0.1 mL 199 

of bacterial suspension at two sites on the dorsal surface. After bacterial challenge, the extents of 200 

lesions were analyzed using ImageJ 1.38e software (National Institute of Health, Bethesda, MD; 201 

https://imagej.nih.gov/ij/).   202 

Histological analysis 203 

Two mice in each group were euthanized on day 5, when abscesses were evident. Tissues incorporating 204 

the whole abscess were dissected and fixed by perfusion with 4% paraformaldehyde in 0.05 M PBS. 205 

After dehydration, specimens were embedded in paraffin and sectioned serially. After 206 

deparaffinization, the sections were stained with hematoxylin and eosin, and visualized under a light 207 

microscope.  208 

Statistical analysis 209 

The Mann–Whitney U-test and one-way analysis of variance (ANOVA) were used to evaluate 210 

differences in lesion size between groups. The log-rank test was used to evaluate differences in 211 

survival rate. A value of P < 0.05 was considered to indicate statistical significance. 212 

RESULTS 213 

Identification of the H2S-producing enzyme 214 

To identify the P. gingivalis enzyme responsible for H2S production from L-cysteine, we fractionated 215 

P. gingivalis proteins by gel filtration and performed activity staining (Fig. 1a and Fig. S1). The 216 

fractions exhibiting H2S production (fraction number 46-49) were subjected to native PAGE and H2S-217 

production was visualized in the gel (Fig. 1b). The active band was excised and resolved by SDS-218 

https://imagej.nih.gov/ij/
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PAGE. The gels were either stained with CBB R-250 or transferred to a PVDF membrane and stained 219 

with CBB R-250. The two prominent protein bands were NH2-terminal sequenced directly on the 220 

membrane by Edman degradation (Fig. 1c). The resulting NH2-terminal amino acid sequences 221 

(MKKEDLMR and MRSGFATR) were in agreement with the deduced amino acid sequence of 222 

PG0343, which has been identified as a methionine-lyase (Fig. S2ab). 223 

Purification and characterization of PG0343 224 

Recombinant PG0343 was purified and subjected to enzymatic analysis. SDS-PAGE indicated that the 225 

molecular weight of recombinant PG0343 was in agreement with the predicted value (44 kDa, Fig. 226 

1d). Native PAGE and activity staining showed that recombinant PG0343 was associated with H2S 227 

production from L-cysteine (Fig. 1e). In addition, the production of NH3 and pyruvate, which are by-228 

products of elimination of L-cysteine, was confirmed (data not shown). To evaluate the activity 229 

of recombinant PG0343, L-cysteine elimination was determined by monitoring pyruvate production. 230 

The Km, kcat, and Vmax values of PG0343 are shown in Table 3. The Km values of PG0343 for L-cysteine 231 

and L-methionine were lower than those for S-methyl-L-cysteine and S-(2-aminoethyl)-L-cysteine, 232 

suggesting PG0343 to have affinity for L-cysteine and L-methionine as substrates. 233 

Construction of PG0343 null mutant and Western blotting analysis 234 

To evaluate its role in H2S production, PG0343 was inactivated by allelic exchange mutagenesis. The 235 

resulting P. gingivalis PG0343 was subjected to Western blotting, which confirmed the presence of 236 

PG0343 in P. gingivalis W83, but not PG0343 (Fig. 2a). 237 

Contribution of PG0343 to H2S production by P. gingivalis 238 

To confirm H2S production by P. gingivalis  PG0343, we performed native PAGE and in-gel activity 239 

staining (Fig. 2b). H2S production from L-cysteine by P. gingivalis PG0343 was confirmed by 240 

activity staining. Gas chromatography showed that both P. gingivalis W83 and PG0343 produced 241 
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H2S from L-cysteine (Table 4 and Fig. 2b). These results indicate the presence of other enzymes that 242 

catalyze production of H2S from L-cysteine. 243 

Contribution of PG0343 to CH3SH production by P. gingivalis 244 

H2S production by both P. gingivalis W83 and  PG0343 was increased circa 20-fold by adding L-245 

cysteine, while addition of L-cysteine or L-methionine did not affect CH3SH production (Table 4). This 246 

suggests that CH3SH is produced constitutively by P. gingivalis W83, even in the absence of L-cysteine 247 

and L-methionine.  248 

Effect of P. gingivalis on abscess formation 249 

To assess the role of P. gingivalis PG0343 in abdominal abscess formation in mice, the sizes of lesions 250 

were analyzed after injection of P. gingivalis W83 and PG0343 with or without L-cysteine into the 251 

dorsum of mice. After 72 h, 6 of 10 and 4 of 10 mice injected with P. gingivalis with and without L-252 

cysteine, respectively, exhibited abdominal abscesses. P. gingivalis W83 formed larger abscesses than 253 

P. gingivalis PG0343 in the absence of L-cysteine (mean ± SD; 1.10 + 0.30 vs. 0.27 ± 0.24 cm2, Fig. 254 

3a; P < 0.01). 255 

The survival rates of BALB/c mice injected with 4.8  1010 CFU/200 L of P. gingivalis 256 

W83 was 60% and 0% at 2 days and 3 days after injection, respectively, while no mouse died within 257 

5 days of injection of the same number of P. gingivalis PG0343 (Fig. 3b, P < 0.001). To eliminate 258 

the effect of non-protein factors (e.g., lipopolysaccharide [LPS]), we challenged BALB/c mice with 259 

4.8  1010 CFU/200 L of heat-killed or non-heat-killed P. gingivalis W83. After injection of non-260 

heat-killed P. gingivalis W83, 80% and 100% of the mice had died at day 2 and day 3, respectively, 261 

while no mouse challenged with heat-killed P. gingivalis W83 died (Fig. 3c, P < 0.001). These results 262 

suggest that heat-labile components of P. gingivalis W83 are involved in abscess formation. 263 

Additionally, P. gingivalis W83 was injected into BALB/c mice and BALB/c mice defective in TLR2 264 

(TLR2-/- mice). There was no significant difference in lesion size between BALB/c and TLR2-/- mice 265 
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(mean ± SD; 0.838 ± 0.34 vs. 0.770 ± 0.48 cm2; Fig. 3d). Therefore, P. gingivalis W83 LPS is not 266 

involved in abscess formation.   267 

Gas chromatography revealed that CH3SH is constitutively produced by P. gingivalis W83 irrespective 268 

of the presence of L-cysteine and L-methionine. In contrast, H2S production by P. gingivalis W83 was 269 

enhanced by adding L-cysteine (Table 4). Therefore, to analyze the role of H2S produced by PG0343, 270 

abscess formation was analyzed in BALB/c mice challenged with P. gingivalis W83 with/without L-271 

cysteine. At 12 h after injection, abdominal lesions were larger in mice challenged with P. gingivalis 272 

W83 supplemented with L-cysteine compared with P. gingivalis W83 only (mean ± SD; 0.84 ± 0.267 273 

vs. 0.41 ± 0.087 cm2, Fig. 4a; P < 0.01, n = 10 per group, one-way ANOVA). No abscess formation 274 

was observed in mice challenged with P. gingivalis ∆PG0343 supplemented with/without L-cysteine. 275 

After 72 h, lesions were larger in mice challenged with P. gingivalis W83 supplemented with than 276 

without L-cysteine (mean ± SD; 1.48 ± 0.38 vs. 0.41 ± 0.087 cm2, Fig. 4B, P < 0.05; n = 10 per group, 277 

one-way ANOVA). P. gingivalis ∆PG0343 supplemented with/without L-cysteine formed smaller 278 

abscesses than did P. gingivalis W83 (Fig. 4b, P < 0.01, < 0.05, respectively; n = 10 per group, one-279 

way ANOVA). In addition, there was no significant difference in abscess formation between P. 280 

gingivalis PG0343 supplemented with and without L-cysteine (mean ± SD; 0.46 ± 0.28 vs. 0.27 ± 281 

0.24 cm2, Fig. 4b; n = 10 per group, one-way ANOVA). However, there was no significant difference 282 

in lesion size in P. gingivalis W83 and PG0343 according to L-methionine supplementation (Fig. 4c, 283 

d; n = 10 per group, one-way ANOVA). Therefore, H2S produced by PG0343 enhances 284 

CH3SH-mediated abscess formation. However, H2S produced by other enzymes seems to play a 285 

negligible role in abscess formation. Thus, production of both H2S and CH3SH by PG0343 enhances 286 

abscess formation relative to CH3SH alone. 287 

Histological analysis 288 

Compared with mice challenged with P. gingivalis W83 without L-cysteine, a greater number of cells 289 
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infiltrated lesions in mice challenged with P. gingivalis W83 plus L-cysteine (P < 0.05; Fig. 5a, b).  290 

DISCUSSION 291 

Disruption of mgl, which encodes methionine--lyase, in P. gingivalis abolishes abscess formation in 292 

mice [22, 23]. However, the mechanisms underlying abdominal abscess formation in mice by P. 293 

gingivalis had not been reported. Methionine--lyase produces CH3SH via L-methionine [40, 41]; 294 

therefore, we focused on the roles of other VSCs in abscess formation by P. gingivalis. We reported 295 

previously that P. gingivalis produces H2S by degrading L-cysteine and/or DL-homocysteine [27]. H2S 296 

reportedly exerts pro- and anti-inflammatory effects in different organisms. In this study, we identified 297 

an enzyme that catalyzes H2S generation by degrading L-cysteine. The P. gingivalis protein fractions 298 

with H2S-production activity were further analyzed to identify the protein responsible (PG0343), 299 

which was indistinguishable from methionine--lyase.  300 

We produced recombinant PG0343 and analyzed its H2S production. Recombinant PG0343 301 

produced H2S by degrading L-cysteine; this activity has not been reported previously. To evaluate the 302 

role of PG0343 in H2S production, we constructed a PG0343-deletion mutant (P. gingivalis PG0343). 303 

Activity staining of P. gingivalis PG0343 yielded a positive band. Gas chromatography, which is 304 

more sensitive than activity staining, verified production of H2S by P. gingivalis PG0343, which 305 

suggests the existence of other H2S-producing enzymes. 306 

P. gingivalis W83 produced CH3SH constitutively, irrespective of the presence of L-307 

methionine. However, H2S production was enhanced by the addition of L-cysteine (31.74 ± 9.34 308 

ng/mL), while H2S production in the absence of L-cysteine was negligible (1.59 ± 0.28 ng/mL) (Table 309 

4). Thus, CH3SH production by P. gingivalis W83 is not dependent on L-methionine, while H2S 310 

production is dependent on the presence of L-cysteine. Therefore, to assess the virulence of H2S, mice 311 

were infected with P. gingivalis W83 strains supplemented with/without L-cysteine. Abdominal 312 

lesions produced by P. gingivalis W83 supplemented with L-cysteine were significantly larger than 313 
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those by P. gingivalis W83 without L-cysteine at 12 and 72 h after injection. However, there was no 314 

significant difference in lesion size between P. gingivalis PG0343 supplemented with and without L-315 

cysteine (Fig. 4a, b). In addition, the lesions produced by P. gingivalis PG0343 were significantly 316 

smaller than those by P. gingivalis W83, irrespective of the presence of L-cysteine (Fig. 4a, b). 317 

Therefore, CH3SH produced by PG0343 is essential for abscess formation in mice, and H2S enhances 318 

CH3SH-induced abscess formation. These results indicate that abscess formation is induced by CH3SH, 319 

and that H2S plays a supportive role in this process. 320 

Ishihara et al. reported that P. gingivalis ATCC 33277 defective in gingipain (rgpA, rgpB, 321 

and kgp triple mutant) formed few abscesses in BALB/cN mice [42]. In this study, we did not evaluate 322 

the relationship between gingipain expression and PG0343; therefore, the possible role of PG0343 as 323 

a regulator of gingipain genes should be clarified. 324 

Furthermore, the role of P. gingivalis LPS for abscess formation was analyzed.  There is 325 

no significant differences in abscess formation by P. gingivalis W83 between BALB/c and TLR2-/- 326 

mice (Fig. 3d).  These results indicated the P. gingivalis LPS is not a main source of mouse abscess 327 

formation.  Previous study reported that H2S synergistically upregulated P. gingivalis LPS-induced 328 

IL-6 and IL-8 expressions in fibroblasts and periodontal ligament cells via NF-B signaling [43].  In 329 

this study, we did not analyze the relationship between P. gingivalis-induced abscess formation and 330 

activation of NF-B signaling.  To elucidate the mechanisms for abscess formation by P. gingivalis, 331 

signaling pathway should be analyzed.  This study should be useful for the development of inhibitor 332 

for periodontal diseases. 333 

Following subcutaneous injection into mice, P. gingivalis-generated H2S did not induce 334 

abscess formation, but accelerated abscess formation caused by CH3SH. In this study, we did not 335 

identify the mechanisms underlying this synergistic effect of CH3SH and H2S on abscess formation. 336 

However, Stephen et al. reported that P. gingivalis W50 mutant, which lacks methionine--lyase, 337 
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significantly alters the community composition of a 10-species biofilm co-culture model compared 338 

with the wild-type [44]. In addition, this mutant biofilm reduced IL-6, IL-8 and IL-1α production by 339 

keratinocytes compared with wild-type biofilm. Therefore, P. gingivalis methionine--lyase affects 340 

microflora composition and proinflammatory cytokine production by keratinocytes and enhances the 341 

inflammatory response. H2S accelerates the inflammatory response induced by methionine--lyase. P. 342 

gingivalis methionine--lyase also affects biofilm composition; therefore, the role of H2S in biofilm 343 

formation induced by methionine--lyase should be determined. 344 

In conclusion, we identified an enzyme that catalyzes the generation of H2S from L-cysteine in 345 

P. gingivalis W83 as a methionine--lyase (PG0343). H2S produced by degradation of L-cysteine 346 

enhanced abscess formation by CH3SH, but H2S itself did not affect abscess formation. The 347 

mechanisms underlying this synergistic effect of methyl mercaptan and H2S on oral inflammation and 348 

microbiota composition should be elucidated. 349 

Figure Legends 350 

Fig. 1. Isolation of a hydrogen sulfide (H2S) –producing enzyme from P. gingivalis W83. (a) Protein 351 

fractions with H2S production are indicated (arrow). (b) Fraction Nos. 1 and 2 were resolved by native 352 

polyacrylamide gel electrophoresis (PAGE) and subjected to activity staining. (c) Positive bands were 353 

resolved by sodium dodecyl sulfate (SDS)-PAGE, transferred to a polyvinylidene difluoride (PVDF) 354 

membrane, and stained with Coomassie Brilliant Blue (CBB) R-250. The two bands indicated by 355 

arrows were subjected to NH2-terminal amino acid sequencing. (d) Purification of recombinant 356 

PG0343. Lane M, size marker; lane 1, E. coli BL21 + pET-16b; lane 2, E. coli BL21 + pET-16b-357 

pg0343L; lane 3, E. coli BL21 + pET-16b-pg0343L + IPTG (+); lane 4, purified protein. (e) Native 358 

PAGE and activity staining of recombinant PG0343L (lane 1) and recombinant PG0343S (lane 2). 359 

Fig. 2. Characterization of the P. gingivalis PG0343-deletion mutant. (a) Immunoblot analysis of 360 
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PG0343 using anti-PG0343 antiserum. Lane 1, P. gingivalis W83, lane 2, P. gingivalis PG0343-361 

deletion mutant. (b) Activity staining of P. gingivalis whole-cell lysate. Lane 1, P. gingivalis W83, 362 

lane 2, P. gingivalis PG0343-deletion mutant. 363 

Fig. 3. Virulence assay of P. gingivalis. (a) Lesion size of BALB/c mice challenged with P. gingivalis 364 

W83 or the P. gingivalis PG0343-deletion mutant (72 h, P < 0.01, Mann–Whitney U-test, n = 10). (b) 365 

Survival rates of mice challenged with P. gingivalis W83 or the P. gingivalis PG0343-deletion mutant 366 

(P < 0.01, log-rank test, n = 5 per group). (c) Survival rates of mice challenged with untreated or heat-367 

killed P. gingivalis W83 (P < 0.01, log-rank test, n = 5 per group). (d) Lesion size of BALB/c and 368 

BALB/c TLR2-/- mice challenged with P. gingivalis W83 (72 h, P < 0.01, Mann–Whitney U-test, n = 4 369 

for BALB/c mice and n = 3 for BALB/c TLR2-/- mice). 370 

Fig. 4. Lesion size of mice challenged with P. gingivalis supplemented with/without L-cysteine or 371 

DL-methionine. (ab) P. gingivalis supplemented with/without L-cysteine (a 12 h and b 72 h after 372 

injection, n = 10 per group). (cd) P. gingivalis supplemented with/without DL-methionine (c 12 h and 373 

d 72 h after injection, n = 10 per group). *, P < 0.05; **, P < 0.05; NS, not significant. 374 

Fig. 5. Histological analysis of subcutaneous abdominal lesions. Subcutaneous lesion challenged 375 

with/without P. gingivalis W83 supplemented with/without 10 mM L-cysteine (72 h).  376 

Supporting Information 377 

Fig. S1. Fractionation of Porphyromonas gingivalis W83 lysates by gel filtration.  The bar indicates 378 

active fractions (fraction number 46 to 49). 379 

Fig. S2. Amino acid sequence and starting position of two ORFs of PG0343. (a) Two ORFs of PG0343. 380 

(b) Amino acid sequence of PG0343. 381 
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Table 1. Strains and plasmids used in this study 518 

Strains or plasmid Description Source or reference  

Strains   

Porphyromonas gingivalis 

W83 

Oral commensal RIKEN*  

Escherichia coli DH5 Cloning host TaKaRa 

Escherichia coli BL21 Protein expression TaKaRa 

Plasmids   

pET-16b Ampr†, expression vector Novagen 

pET-16b-pg0343L Production of His10-PG0343(1-399) This study 

pET-16b-pg0343S Production of His10-PG0343(7-399) This study 

pGEM-T Easy Ampr, TA cloning Promega 

pGEM-T Easy- ermF-

ermAM  

Ermr‡, contains the ermF-ermAM cassette 

in pGEM-T Easy 

This study 

pBluescript SKII+ Ampr, cloning vector Stratagene 

pPG0343UD pBluescript SKII+ harboring the upstream 

and downstream regions of PG0343 

This study 

pPG0343UDErm pBluescript SKII+ harboring the upstream 

and downstream regions of PG0343 and 

ermF cassette between upstream and 

downstream fragments 

This study 

pVA2198 ermF-ermAM cassette [35] 

*RIKEN BioResource Center, Wako, Japan 519 

†Ampr, ampicillin-resistant  520 

‡Ermr, erythromycin-resistant  521 
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Table 2. Primers used in this study 523 

Primer Sequence* (5’→3’) Gene targeted 

PG0343UF-Apa ATGCGAGGGCCCCCACGGATTTCTATTGGGAAG PG0343 

upstream 

PG0343UR-Sph CTACATGCATGCAATCGAAGAATCGACGACCG PG0343 

upstream 

PG0343DF-Spe GTAGCAACTAGTAGGCTGCATAAAGGCCTGAC PG0343 

downstream 

PG0343DR-Sac TCGCTAGAGCTCTCGAATGTGCTACCGTTGGATC PG0343 

downstream 

PG0343SF-Nde GGAATTCCATATGCGTAGTGGCTTTGCCAC PG0343S 

expression 

PG0343LF-Nde GGAATTCCATATGAAAAAAGAAGACCTTATGCG PG0343L 

expression 

PG0343R-Xho TGCCGCTCGAGTTAGATCAGGCTGTCCAGACC PG0343S/L 

expression 

ermF left CCGATAGCTTCCGCTATTGC ermF-ermAM 

cassette 

ermAM right GGTATACTACTGACAGCTTC ermF-ermAM 

cassette 

*Endonuclease restriction sites are underlined. 524 

 525 
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Table 3. Kinetic properties of the PG0343* 527 

Substrate Km (mM) kcat (sec-1) kcat/Km (sec-1mM-1) Vmax 

(mol/min/mg) 

L-cysteine 1.03 ± 0.21 0.24 ± 0.03 0.234 ± 0.018 0.223 ± 0.029 

L-methionine 1.88 ± 0.43 0.25 ± 0.11 0.128 ± 0.042 0.157 ± 0.023 

S-methyl-L-cysteine 3.56 ± 1.22 0.53 ± 0.21 0.146 ± 0.018 0.422 ± 0.209 

S-(2-aminoethyl) -L-cysteine 38.0 ± 10.0 0.10 ± 0.03 0.003 ± 0.001 0.105 ± 0.035 

*mean ± S.D. (n=4) 528 

 529 
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Table 4. Hydrogen sulfide and methyl mercaptan production by P. gingivalis* 531 

 H2S (ng/mL)  CH3SH (ng/mL)  VSCs (ng/mL) 

 W83  PG0343  W83  PG0343  W83  PG0343 

Base 1.59 ± 0.28 0.92 ± 0.20  71.6 ± 8.51 2.42 ± 0.20  73.2 ± 8.78 3.34 ± 0.25 

+ L-cysteine 31.7 ± 9.34 28.2 ± 10.6  70.3 ± 6.81 4.68 ± 1.00  102 ± 13.5 32.9 ± 11.5 

+ L-methionine 1.46 ± 0.22 0.73 ± 0.33  78.3 ± 3.13 2.27 ± 0.57  79.7 ± 3.21 3.00 ± 0.89 

*mean ± S.D. (n=3) 532 

 533 
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S1 Fig. Fractionation of Porphyromonas gingivalis W83 lysates by gel filtration.  The bar 

indicates active fractions (fraction number 46 to 49).
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S2 Fig. Amino acid sequence and starting position of two ORFs of PG0343. A. Two ORFs of PG0343. 

B. Amino acid sequence of PG0343.




