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Metabolic pathways involved in the formation of cytotoxic end products by Porphyromonas gingivalis were
studied. The washed cells of P. gingivalis ATCC 33277 utilized peptides but not single amino acids. Since glutamate and aspartate moieties in the peptides were consumed most intensively, a dipeptide of glutamate or aspartate was then tested as a metabolic substrate of P. gingivalis. P. gingivalis cells metabolized glutamylglutamate
to butyrate, propionate, acetate, and ammonia, and they metabolized aspartylaspartate to butyrate, succinate,
acetate, and ammonia. Based on the detection of metabolic enzymes in the cell extracts and stoichiometric
calculations (carbon recovery and oxidation/reduction ratio) during dipeptide degradation, the following metabolic pathways were proposed. Incorporated glutamylglutamate and aspartylaspartate are hydrolyzed to glutamate and aspartate, respectively, by dipeptidase. Glutamate is deaminated and oxidized to succinyl-coenzyme
A (CoA) by glutamate dehydrogenase and 2-oxoglutarate oxidoreductase. Aspartate is deaminated into fumarate by aspartate ammonia-lyase and then reduced to succinyl-CoA by fumarate reductase and acyl-CoA:acetate CoA-transferase or oxidized to acetyl-CoA by a sequential reaction of fumarase, malate dehydrogenase,
oxaloacetate decarboxylase, and pyruvate oxidoreductase. The succinyl-CoA is reduced to butyryl-CoA by a
series of enzymes, including succinate-semialdehyde dehydrogenase, 4-hydroxybutyrate dehydrogenase, and
butyryl-CoA oxidoreductase. A part of succinyl-CoA could be converted to propionyl-CoA through the reactions
initiated by methylmalonyl-CoA mutase. The butyryl- and propionyl-CoAs thus formed could then be converted
into acetyl-CoA by acyl-CoA:acetate CoA-transferase with the formation of corresponding cytotoxic end products, butyrate and propionate. The formed acetyl-CoA could then be metabolized further to acetate.
dation. However, most researchers have concluded that P. gingivalis utilizes mainly peptides instead of single amino acids as
sources of energy and cell materials (35, 46, 48, 55, 60, 62). For
example, a chemically defined medium for P. gingivalis must be
supplemented with a peptide or a protein such as Trypticase
(46, 62) or bovine serum albumin (35). Thus, due to the complicated amino acid composition of peptides or proteins, it had
been difficult to determine the amino acid metabolic pathway
of P. gingivalis. In addition, some enzymes for amino acid
metabolism in oral anaerobes are known to be oxygen labile (2,
8, 9, 56), which makes the detection of P. gingivalis metabolic
enzyme more difficult.
In this study, we first determined which amino acid moieties
in peptides are preferentially utilized by P. gingivalis, and, second, we tested dipeptides of preferentially utilized amino
acids, glutamylglutamate and aspartylaspartate, as metabolic
substrates for P. gingivalis. Third, on the basis of the detection
of metabolic enzymes and the stiochiometric calculations of
carbon recovery and the oxidation/reduction ratio during
dipeptide metabolism, we determined the metabolic pathways
involved in cytotoxic end product formation by P. gingivalis. To
all these experimental procedures, we applied careful and strict
techniques for anaerobic experiments.

Porphyromonas gingivalis (formerly Bacteroides gingivalis), a
black-pigmented gram-negative anaerobe, is frequently detected in the lesions of several types of periodontitis (37–39,
57), and its isolation frequency increases in active sites of periodontitis (50). These observations suggest the strong relation
of this bacterium with periodontal diseases.
P. gingivalis has several periodontal pathogenic factors, including membrane-associated proteases, immunoactive cellular compounds, and cytotoxic metabolic end products (19, 31).
The main cytotoxic end products, butyrate, propionate, and
ammonia, have been found to easily penetrate into periodontal
tissue, due to their low molecular weights (59), and subsequently to disturb host cell activity and host defense systems at
millimolar concentrations (3, 10–12, 24, 40, 42, 49), the concentration levels found in the P. gingivalis culture supernatant
and the gingival crevicular fluid of periodontally diseased subjects (7, 41). Among metabolic end products of P. gingivalis,
butyrate is considered the most cytotoxic (42). However, only
little information is available about the mechanism of cytotoxic
end product formation by P. gingivalis.
Several attempts have been made to elucidate the metabolic
system of P. gingivalis. Shah and Williams (47) demonstrated
that P. gingivalis is capable of degrading aspartate and asparagine to succinate, although P. gingivalis usually produces little
succinate (18). Joe et al. (22) reported that this bacterium has
glutamate dehydrogenase as an enzyme for glutamate degra-

MATERIALS AND METHODS
Microorganism and growth conditions. P. gingivalis ATCC 33277T was used
throughout this study. This bacterium was grown in modified BM medium (56)
containing 1% tryptone (Difco, Detroit, Mich.), 1% Proteose Peptone (Difco),
0.5% yeast extract (Difco), 0.5% NaCl, 5 g of hemin per ml, and 0.5 g of
menadione per ml in 38 mM potassium phosphate buffer (pH 7.0) in an anaerobic chamber (N2, 80%; CO2, 10%; H2, 10%; NHC-type, Hirasawa Works,
Tokyo, Japan) at 37°C. Bacterial purity was regularly confirmed by microscopic
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TABLE 1. Growth response of P. gingivalis ATCC 33277 to
tryptone, Casamino Acids, and Casamino Acids plus tryptophan
Medium

Maximum growth
(optical density
at 660 nm)a

BM ..............................................................................................
1/4-BM ........................................................................................
1/4-BM-T ....................................................................................
1/4-BM-C ....................................................................................
1/4-BM-CT .................................................................................
a

1.74
0.60
1.27
0.59
0.60

Mean obtained from three independent experiments.

30 mM 2-oxoglutarate, 0.1 mM coenzyme A (CoA), 5 mM MgCl2, cell extracts,
and a 1 mM concentration of NAD, NADP, or oxidized methylviologen in 100
mM potassium phosphate buffer (pH 8.0). The activities of succinate-semialdehyde dehydrogenase (EC 1.2.1) and 4-hydroxybutyrate dehydrogenase (EC
1.1.1.61) were assayed by the method of Gharbia and Shah (14). The reaction
mixture for reductive reaction of butyryl-CoA oxidoreductase (EC 1.3.99.2)
contained 0.2 mM crotonoyl-CoA, cell extracts, and 0.1 mM NADH, NADPH, or
reduced methylviologen in 50 mM potassium phosphate buffer (pH 7.0). The
mixture for the oxidative reaction contained 0.2 mM butyryl-CoA, cell extracts,
and 1 mM NAD, NADP, or oxidized methylviologen in 50 mM potassium
phosphate buffer (pH 7.0). The formation of crotonoyl-CoA from 4-hyroxybutyrate was estimated as the reductive activity of butyryl-CoA oxidoreductase in
the reaction mixture containing 10 mM 4-hydroxybutyrate, 1 mM acetyl-CoA,
cell extracts, and 0.1 mM reduced methylviologen in 50 mM potassium phosphate buffer (pH 7.0). 2-Hydroxyglutarate dehydrogenase (EC 1.1.99.2) in the
hydroxyglutarate pathway and 3-methylaspartate ammonia-lyase (EC 4.3.1.2) in
the methylaspartate pathway were measured by the method of Gharbia and Shah
(14). 4-Aminobutyrate aminotransferase (EC 2.6.1.19) in the aminobutyrate
pathway was measured in a reaction mixture containing 1 mM 4-aminobutyrate,
1 mM 2-oxoglutarate, 1 mM NAD, 25 mg of Triton-X per ml, 0.1 mM INT, 0.1
U of diaphorase per ml, 0.1 U of glutamate dehydrogenase per ml, and cell
extracts in 32.5 mM triethanolamine–4 mM potassium phosphate buffer (pH
8.6).
(ii) Enzymes involved in aspartate degradation. The reaction mixture for
aspartylaspartate dipeptidase (EC 3.4.13.11) was the same for glutamylglutamate
dipeptidase except that glutamylglutamate was replaced by aspartylaspartate.
The amount of aspartate formed was determined by the method of Möllering
(36). Aspartate ammonia-lyase (EC 4.3.1.1) and fumarate reductase (EC 1.3.1.6
and EC 1.3.99.1), malate dehydrogenase (EC 1.1.1.37 and EC 1.1.1.82), and
oxaloacetate decarboxylase (EC 4.1.1.3) were measured as described previously
(56). Fumarase (EC 4.2.1.2) was measured as described previously (56) except
that MgCl2 was omitted. The reaction mixture for aspartate aminotransferase
(EC 2.6.1.1) was the same for 4-aminobutyrate aminotransferase except that
4-aminobutyrate was replaced by aspartate. The reaction mixture for pyruvate
oxidoreductase (EC 1.2.4.1 and EC 1.2.7.1) was the same for 2-oxoglutarate
oxidoreductase, except that 2-oxoglutarate was replaced by pyruvate.
(iii) Enzymes involved in acyl-CoA metabolism, ATP formation, and oxidation-reduction of NAD, NADP, and methylviologen. The activity of acyl-CoA:
acetate CoA-transferase (EC 2.8.3.1 and EC 2.8.3.8) was estimated by the formation of acetyl-CoA from acyl-CoA and acetate. The reaction mixture contained 200 mM acetate, 1 mM NAD, 10 mM malate, 0.5 U of malate dehydrogenase per ml, 0.2 U of citrate synthase per ml, cell extracts, and 0.1 mM
propionyl-, succinyl- or butyryl-CoA. Phosphotransacetylase activity (EC 2.3.1.8)
and acetate kinase (EC 2.7.2.1) were measured as described previously (43, 56).
Chemicals and enzyme preparations. Amino acids, 4-aminobutyrate, L-threo3-methylaspartate, 2-oxoglutarate, oxaloacetate, malate, fumarate, INT, diaphorase, and methylviologen were purchased from Wako. Glutamylglutamate,
aspartylaspartate, CoA, CoA derivatives, succinate-semialdehyde, and 4-hydroxybutyrate were purchased from Sigma Chemical Co., St. Louis, Mo. All the
other chemicals and enzyme preparations were obtained from Boehringer Mannheim, Mannheim, Germany.

RESULTS
Bacterial growth response to peptides and amino acids.
P. gingivalis strain ATCC 33277 grew well in modified BM
medium, but its growth decreased to approximately one-third
in 1/4-BM (Table 1). Bacterial growth recovered in 1/4-BM-T
but not in 1/4-BM-C or 1/4-BM-CT, indicating the clear requirement of peptides for the growth of this bacterium.
Metabolic end products from peptides and utilization of
amino acid moieties of peptides. From tryptone, the washed
cells of P. gingivalis produced ammonia (26.5 mM in the reac-
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examination of Gram-stained smears and by culturing on blood agar plates
containing hemin and menadione.
Bacterial growth on peptide- and amino acid-based media. P. gingivalis cells
grown to logarithmic growth phase were transferred into five different media:
modified BM medium, modified BM medium with the tryptone and Proteose
Peptone concentration decreased to 0.25% (1/4-BM medium) and 1/4-BM medium supplemented with 1% tryptone as a mixture of peptides (1/4-BM-T medium), 1% Casamino Acids (Difco) as a mixture of amino acids (1/4-BM-C
medium), or 1% Casamino Acids plus 0.05% tryptophan (1/4-BM-CT medium).
Bacterial growth was monitored photometrically at 660 nm. Growth in all media
reached its maximum within 48 h.
Incubation of washed cells with peptides and amino acids. The bacterial cells
were harvested at the logarithmic growth phase (15 to 18 h after inoculation) by
centrifugation. Unless otherwise indicated, the following experiments were carried out in another anaerobic chamber (N2, 90%; H2, 10%; NH-type, Hirasawa
Works). During centrifugation and transportation between the anaerobic chambers, the cells were protected from oxygen exposure in double-sealed centrifuge
tubes. The bacterial cells were washed twice with 25 mM potassium phosphate
buffer (pH 7.0) containing 50 mM NaCl and 5 mM MgCl2 and suspended in the
same buffer solution (1.5 to 1.7 mg [dry weight] per ml). The cell suspension (3.6
ml) was incubated at 37°C for 10 min and then mixed with 0.4 ml of 10%
tryptone, 10% Casamino Acids, or 10% Casamino Acids plus 0.5% trytophan.
After incubation at 37°C for 0, 120, and 240 min, the cell suspension was sampled
and taken out of the anaerobic chamber. After centrifugation (10,000 ⫻ g, 4°C,
5 min) part of the supernatant (0.5 ml) was mixed with 0.05 ml of 60% perchloric
acid and stored at 4°C for analyses of carboxylic acids and ammonia. Another
part of the supernatant (0.7 ml) was mixed with 0.7 ml of 12 N HCl and stored
at 4°C for analysis of amino acids.
In separate experiments, the cell suspension was mixed with glutamate, aspartate, glutamylglutamate, or aspartylaspartate at a final concentration of 10 mM.
After incubation at 37°C for 0, 60, and 120 min, samples of the cell suspension
were removed from the anaerobic chamber. After centrifugation (10,000 ⫻ g,
4°C, 5 min), part of the supernatant (0.5 ml) was mixed with 0.05 ml of 60%
perchloric acid and stored at 4°C for analyses of carboxylic acids and ammonia.
Assay for metabolic end products. The perchloric acid-acidified supernatant
was diluted with 0.2 N HCl. Carboxylic acids, including formic, acetic, propionic,
pyruvic, lactic, malic, succinic, butyric, isobutyric, valeric, and isovaleric acids,
were analyzed with a carboxylic acid analyzer (model S-3000X; Tokyo Rikakikai,
Tokyo, Japan), as described previously (53, 54). Ammonia was assayed enzymatically using glutamate dehydrogenase by the method of Bergmeyer (4).
Assay for amino acids. The HCl-acidified supernatant (1.0 ml), obtained from
the incubation of washed cells with peptide as described above, was placed in a
glass ampoule. After the glass ampoule was flushed with nitrogen, it was sealed
and then heated at 110°C for 20 h. The amino acids contained in both the
HCl-acidified- and the HCl-hydrolyzed-supernatants were labeled with phenyl
isothiocyanate and then analyzed by high-performance liquid chromatography,
according to the manufacturer’s instructions (Wako Pure Chemical Industries,
Osaka, Japan). In brief, each supernatant or amino acid standard mixture was
dried and mixed with an ethanol-water-triethanolamine (2:2:1) solution. The
resultant mixture was dried, mixed with an ethanol-water-triethanolamine-phenyl isothiocyanate (7:1:1:1) solution, and incubated at room temperature for 20
min. The mixture was dried and stored at ⫺80°C until assayed. The dried sample
was dissolved in PTC-amino acid mobile phase A (Wako) and then separated in
a reverse-phase column (Wakopak WS-PTC; Wako) at 40°C. Eluent solution was
PTC-amino acid mobile phase A with a linear gradient of PTC-amino acid
mobile phase B (Wako). Separated amino acid derivatives were detected spectrophotometrically at 254 nm.
Glutamine and asparagine contained in the HCl-acidified supernatant were
assayed enzymatically by the methods of Lund (26) and Möllering (36), respectively, within 2 h after mixing with HCl.
Assay for metabolic enzymes. The bacterial cells were harvested and washed as
described above and stored as cell pellets at ⫺20°C in a freezer equipped in the
NH-type anaerobic chamber. After thawing, the cell pellets were suspended in 40
mM potassium phosphate buffer (pH 7.0) containing 5 mM MgCl2 and oscillated
anaerobically by ultrasonication (2 A, 190 W, 4°C, 6 min) as described previously
(56). The cell debris and unbroken cells were removed by centrifugation anaerobically (10,000 ⫻ g, 4°C, 10 min), and the resultant cell extracts were used for
the assay of metabolic enzymes. All the enzyme activities, except dipeptidases,
fumarase, oxaloacetate decarboxylase, and acetate kinase, were assayed by reactions coupled to the reduction or oxidation of NAD(P) (ε ⫽ 6.22 cm⫺1 at 340
nm), methylviologen (ε ⫽ 13.0 cm⫺1 at 600 nm), and p-indonitrotetrazolium
(INT) (ε ⫽ 19 cm⫺1 at 492 nm) at 35°C with a spectrophotometer placed in the
NH-type anaerobic chamber. The detection limit was approximately 1 U per g of
protein.
(i) Enzymes involved in glutamate degradation. The reaction mixture for
glutamylglutamate dipeptidase (EC 3.4.13.11) contained 2 mM glutamylglutamate and cell extract in 100 mM potassium phosphate buffer (pH 7.0). The
amount of formed glutamate was determined by the method of Lund (26). The
reaction mixture for glutamate dehydrogenase (EC 1.4.1.3 and EC 1.4.1.4) contained 15 mM glutamate, cell extracts, and 1 mM NAD, NADP, or oxidized
methylviologen in 50 mM triethanolamine-HCl buffer (pH 8.3). The reaction
mixture for 2-oxoglutarate oxidoreductase (EC 1.2.4.2 and EC 1.2.7.3) contained
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tion mixture), butyrate (6.33 mM), acetate (3.26 mM), and
propionate (1.51 mM) in addition to small amounts of isobutyrate and isovalerate during a 240-min incubation. On the
other hand, only small amounts of end products (⬍1 mM
in reaction mixture) were formed from Casamino Acids or
Casamino Acids supplemented with tryptophan.
During the incubation, several amino acid moieties of peptides contained in tryptone were utilized by the cells, while
single amino acids in tryptone were scarcely consumed (Fig. 1).
Among the amino acid moieties in peptides, glutamine/glutamate and asparagine/aspartate were consumed most intensively. Other amino acids except proline were also consumed in
peptide form, although their consumption rates were lower
than those of glutamine/glutamate and asparagine/aspartate.
Proline was converted from a peptide form into a single form,
but neither form was utilized significantly.
Metabolic end products from glutamylglutamate, aspartylaspartate, glutamate, and aspartate. Since glutamate and aspartate moieties in the peptide were preferentially utilized, a
dipeptide of glutamate or aspartate was then tested as the
metabolic substrate of P. gingivalis. The washed cells of P. gingivalis consumed glutamylglutamate and aspartylaspartate
and produced significant amounts of end products (Table 2).
Butyrate, propionate, and ammonia were mainly produced
from glutamylglutamate, while butyrate, succinate, acetate,
and ammonia were the main products from aspartylaspartate.
Carbon recovery and the oxidation/reduction ratio during dipeptide fermentation were also calculated from the amounts of
end products (Table 2). Only a small amount of end product
was formed (⬍0.1 mM in reaction mixture) from glutamate or
aspartate.
Enzymes involved in glutamylglutamate degradation. P. gingivalis cells had a series of enzymes, including glutamylglutamate dipeptidase, glutamate dehydrogenase, 2-oxoglutarate
oxidoreductase, succinate-semialdehyde dehydrogenase, 4-hydroxybutyrate dehydrogenase, and butyryl-CoA oxidoreductase, for the degradation of glutamylglutamate to butyryl-CoA
(Table 3). Glutamate and 4-hydroxybutyrate dehydrogenases
utilized mainly NAD as an electron carrier, while 2-oxogluta-

rate and butyryl-CoA oxidoreductases utilized only methylviologen. Conversion of 4-hydroxybutyrate into crotonoyl-CoA
required acetyl-CoA, but not ATP and CoA, suggesting that
acyl-CoA:acetate CoA-transferase functions to transfer CoA
from acetyl-CoA to 4-hydroxybutyrate. No activity of 2-hydroxyglutarate dehydrogenase, 3-methylaspartate ammonialyase, or 4-aminobutyrate aminotransferase was detected.
Enzymes involved in aspartylaspartate degradation. P. gingivalis cells had aspartylaspartate dipeptidase and aspartate
ammonia-lyase as the main enzymes to convert aspartylaspartate to fumarate (Table 4). This bacterium also had aspartate
aminotransferase for the deamination of aspartate to oxaloTABLE 2. Metabolic end products produced from
glutamylglutamate and aspartylaspartate by
P. gingivalis ATCC 33277
Parameter measured

Metabolic end product
concn (mM)b
Ammonia
Acetate
Propionate
Malate
Succinate
Butyrate
Carbon recoveryc
Oxidation/reduction ratiod

Mean value ⫾ SD for substratea
Glutamylglutamate

Aspartylaspartate

1.57 ⫾ 0.20
0.02 ⫾ 0.01
0.47 ⫾ 0.09
ND
ND
1.03 ⫾ 0.19
0.96
0.91

3.45 ⫾ 0.38
1.89 ⫾ 0.27
0.06 ⫾ 0.01
0.06 ⫾ 0.03
0.33 ⫾ 0.02
0.82 ⫾ 0.13
0.84
1.03

a
Mean ⫾ standard deviation obtained from three independent experiments.
ND, not detected.
b
Concentration in reaction mixture of end products formed during a 60-min
incubation.
c
The amounts of utilized dipeptides were assumed to be equal to the amounts
of produced ammonia. The amounts of produced carbon dioxide were calculated
from [butyrate ⫻ 1 ⫹ propionate ⫻ 2] for glutamylglutamate degradation and
[propionate ⫻ 1 ⫹ acetate ⫻ 2] for aspartylaspartate degradation according to
the proposed metabolic pathways (Fig. 2).
d
Calculated from the amounts of end products on the assumption that dipeptides are degraded through the proposed metabolic pathways (Fig. 2).
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FIG. 1. Utilization of single-form and peptide-form amino acids contained in tryptone by the washed cells of P. gingivalis ATCC 33277. Glx, glutamate plus
glutamine; Asx, aspartate plus asparagine.
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TABLE 3. Metabolic enzymes involved in glutamylglutamate degradation by P. gingivalis ATCC 33277
Enzyme

Substrate

Glutamylglutamate dipeptidase
Glutamate dehydrogenase

Glutamylglutamate
Glutamate

2-Oxoglutarate oxidoreductase

2-Oxoglutarate and CoA

Succinate-semialdehyde dehydrogenase

Succinyl-CoA
Succinate-semialdehyde

4-Hydroxybutyrate dehydrogenase

Succinate-semialdehyde

4-Hydroxybutyrate to crotonoyl-CoA
⫺Acetyl-CoA
⫺Acetyl-CoA ⫹ ATP ⫹ CoA
Butyryl-CoA oxidoreductase

4-Hydroxybutyrate and acetyl-CoA
Crotonoyl-CoA
Butyryl-CoA

a
b
c

Sp act (U/g of protein)a

NAD
NADP or MVoxb
NAD or NADP
MVox
NADH
NADPH or MVredc
NAD
NADP or MVox
NADH
NADPH
MVred
NAD
NADP
MVox
MVred
MVred
MVred
NADH
NADPH
MVred
NAD, NADP, or MVox

21.4 ⫾ 5.30
1,130 ⫾ 128
ND
ND
11.6 ⫾ 2.96
788 ⫾ 64.3
ND
1,280 ⫾ 130
ND
2,160 ⫾ 226
330 ⫾ 140
ND
325 ⫾ 175
12.3 ⫾ 2.90
ND
148 ⫾ 24.5
11.7 ⫾ 2.09
10.8 ⫾ 1.06
1.64 ⫾ 0.74
ND
2,150 ⫾ 132
ND

Mean ⫾ standard deviation obtained from three independent experiments. ND, not detected.
MVox, oxidized methylviologen.
MVred, reduced methylviologen.

acetate, although its activity was lower. A series of enzymes,
including fumarase, malate dehydrogenase, oxaloacetate decarboxylase, and pyruvate oxidoreductase, was found to be responsible for the oxidative decarboxylation of fumarate to
acetyl-CoA. Fumarate reductase was also found to reduce
fumarate to succinate (Table 4). Malate dehydrogenase was
NAD dependent, while pyruvate oxidoreductase and fumarate
reductase utilized methylviologen as an electron carrier.
Enzymes involved in acyl-CoA metabolism, ATP formation,
and oxidation-reduction of NAD(P) and methylviologen. P. gingivalis cells had acyl-CoA:acetate CoA-transferase, which
transfers CoA from propionyl-, butyryl-, and succinyl-CoAs to
acetate, resulting in the formation of acetyl-CoA and the corresponding acids, propionate, butyrate, and succinate (Table
5). This bacterium also had phosphotransacetylase and acetate
kinase for the conversion of acetyl-CoA to acetate with the
formation of ATP from ADP. Methylviologen:NAD(P) oxidoreductase was detected as an enzyme for electron transfer
between NAD(P) and methylviologen (Table 5).

DISCUSSION
P. gingivalis utilized the peptide form rather than the single
form of amino acids, especially glutamine/glutamate and asparagine/aspartate moieties of peptides (Fig. 1), indicating that
this bacterium preferentially takes up glutamine/glutamateand asparagine/aspartate-containing peptides. This bacterium
can further hydrolyze the incorporated peptides to amino acids
and then degrade into cytotoxic end products. Furthermore,
the finding of glutamylglutamate and aspartylaspartate utilization by P. gingivalis enabled us to propose the following
metabolic pathways through the stoichiometric calculation
of consumed dipeptides and end products (Table 2) and the
detection of metabolic enzymes (Tables 3 to 5). All the specific activities of enzymes were measured at levels of units
per gram of protein, similar to the metabolic enzyme activities found in Bacteroides fragilis (28) and two other black-pigmented gram-negative anaerobes, Prevotella intermedia and
Prevotella nigrescens (56).

TABLE 4. Metabolic enzymes involved in aspartylaspartate degradation by P. gingivalis ATCC 33277
Enzyme

Substrate

Aspartylaspartate dipeptidase
Aspartate ammonia-lyase
Aspartate aminotransferase
Fumarase
Malate dehydrogenase

Aspartylaspartate
Aspartate
Aspartate and 2-oxoglutarate
Fumarate
Oxaloacetate

Oxaloacetate decarboxylase
Pyruvate oxidoreductase

Oxaloacetate
Pyruvate and CoA

Fumarate reductase

Fumarate

a
b
c

Mean ⫾ standard deviation obtained from three independent experiments. ND, not detected.
MVred, reduced methylviologen.
MVox, oxidized methylviologen.

Electron carrier

NADH
NADPH or MVredb
NAD or NADP
MVoxc
NADH or NADPH
MVred

Sp act (U/g of protein)a

64.1 ⫾ 10.5
402 ⫾ 242
3.19 ⫾ 5.52
40.5 ⫾ 7.17
390 ⫾ 96.9
ND
986 ⫾ 190
ND
672 ⫾ 435
ND
21.4 ⫾ 5.52
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TABLE 5. Metabolic enzymes involved in acyl-CoA metabolism, ATP formation, and oxidation-reduction of NAD(P) and
methylviologen by P. gingivalis ATCC 33277
Enzyme

Acyl-CoA:acetate CoA-transferase
Phosphotransacetylase
Acetate kinase
Methylviologen:NAD(P) oxidoreductase
a
b

Substrate

Butyryl-CoA and acetate
Propionyl-CoA and acetate
Succinyl-CoA and acetate
Acetyl-CoA and inorganic phosphate
Acetate and ATP

Electron carrier

Sp act (U/g of protein)a

NADH and MVoxb
NADPH and MVox

100 ⫾ 7.07
154 ⫾ 17.8
80.7 ⫾ 16.2
4.83 ⫾ 2.35
9.42 ⫾ 5.07
510 ⫾ 123
65.8 ⫾ 19.3

Glutamate derived from peptides is thought to be deaminated and decarboxylated to succinyl-CoA by glutamate dehydrogenase and 2-oxoglutarate oxidoreductase with the production of reducing potential (reactions 1 and 2 in Fig. 2).
Subsequently, two-thirds of succinyl-CoA can be converted
into butyryl-CoA along with the consumption of the reducing
potential by a sequential reaction, including succinate-semialdehyde dehydrogenase, 4-hydroxybutyrate dehydrogenase,
and butyryl-CoA oxidoreductase (reactions 3 to 6 in Fig. 2).
The butyryl-CoA can further be converted into acetyl-CoA by
acyl-CoA:acetate CoA-transferase with the formation of butyrate as the most cytotoxic end product, (reaction 7 in Fig. 2).
The formed acetyl-CoA can further be degraded to acetate by
phosphotransacetylase and acetate kinase with the production
of ATP (reactions 14 and 15 in Fig. 2). One-third of succinylCoA could be converted into propionate without the consumption of reducing potential through a sequential reaction, including methylmalonyl-CoA mutase and acyl-CoA:acetate

CoA-transferase (reactions 8 to 7 in Fig. 2), as reported for
some propionate-producing bacteria (15). The formed acetylCoA can also be converted into acetate with ATP production.
Methylmalonyl-CoA mutase has been detected in P. gingivalis
(21), although this enzyme was not measured in this study.
Stoichiometric calculations of carbon recovery and oxidation/
reduction ratio during glutamylglutamate degradation (Table
2) support the appropriateness of these pathways. On the basis
of these pathways, the metabolic equation for glutamate can be
calculated as follows: 3 glutamate 3 2 butyrate ⫹ propionate ⫹ 4 CO2 ⫹ 3 NH3.
It is known that Fusobacterium species, including oral strains,
metabolize glutamate to butyrate, acetate, and ammonia through
the hydroxyglutarate, the methylaspartate, and/or the aminobutyrate pathways (14). Other butyrate-producing bacteria such
as Clostridium and Peptostreptococcus species (1, 15) are also
reported to have some of these pathways. However, P. gingivalis had no activity of 2-hydroxyglutarate dehydrogenase,

FIG. 2. Proposed metabolic pathways for glutamate and aspartate in P. gingivalis. 1, glutamate dehydrogenase; 2, 2-oxoglutarate oxidoreductase; 3, succinatesemialdehyde dehydrogenase; 4, 4-hydroxybutyrate dehydrogenase; 5, enzyme(s) for the conversion of 4-hydroxybutyrate into crotonoyl-CoA; 6, butyryl-CoA oxidoreductase; 7, acyl-CoA:acetate CoA-transferase; 8, methylmalonyl-CoA mutase; 9, aspartate aminotransferase; 10, fumarase; 11, malate dehydrogenase; 12, oxaloacetate
decarboxylase; 13, pyruvate oxidoreductase; 14, phosphotransacetylase; 15, acetate kinase; 16, fumarate reductase. Broken lines, not measured but expected pathway.
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ucts, especially butyrate, propionate, and ammonia, through its
unique metabolic pathways (Fig. 2). In addition, the formation
of the main end products from glutamate and aspartate implies
that the pathways for these amino acids are involved in the
main routes of amino acid catabolism in P. gingivalis.
Although an outline of metabolic pathways for glutamate
and aspartate has been determined in this study, further study
using radioactive tracers and specific enzyme-deficient mutants
would be valuable to improve these pathways and elucidate
metabolic regulation.
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54). Acyl-CoA:acetate CoA-transferase was found to convert
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Stoichiometric calculations of carbon recovery and the oxidation/
reduction ratio during aspartylaspartate degradation support the
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active extracellular proteases (19, 31) and then incorporate
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and aspartate contained in peptides into cytotoxic end prod-
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