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Pyruvate Dehydrogenase Activity in Streptococcus mutans
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Streptococcus mutans NCTC 10449 and Escherichia coli K-12 strain 37 were grown under aerobic and
anaerobic conditions. In cell extracts of both strains, pyruvate dehydrogenase activity dependent on thiamine
pyrophosphate, coenzyme A, and NAD was shown. The enzyme was induced by pyruvate in the growth
medium, and there was higher activity in aerobically grown cells than in anaerobically grown cells. Acetyl
phosphate was a potent inhibitor of the activity. This inhibition was partly overcome by inorganic phosphate.

Oral streptococci require sugars as carbon and energy
sources (9). In the oral cavity, this requirement may be
satisfied by the glucose of the salivary secretions (12),
although the glucose level of these secretions is only 5 to 40
,umol/liter (19). Streptococcus mutans has a high-affinity
transport system for glucose that works with a half-
maximum rate already at 5 ,uM glucose (14, 16), and in an
anaerobic environment glycolysis of S. mutans is terminated
by an ATP-yielding conversion of pyruvate into the fermen-
tation products formate, acetate, and ethanol (10, 28, 30, 31).
Although the organism has a constitutive lactate dehydroge-
nase, almost no lactate is formed. The reason is that this
enzyme is absolutely dependent on fructose 1,6-bisphos-
phate for activity, and at low extracellular levels of glucose
the intracellular pool of fructose 1,6-bisphosphate is too low
to activate the enzyme (30). However, on exposure to high
concentrations of glucose, the intracellular level of this
intermediate increases and lactate will be the main fermen-
tation product. In an aerobic environment, pyruvate form-
ate-lyase is inactivated by oxygen (1), and the fructose
bisphosphate-dependent lactate dehydroganse pathway is
the only pathway of pyruvate conversion described thus far
under these conditions.

In a study on the effect of an aerobic environment on the
energy metabolism of oral streptococci, it was found that
Streptococcus sanguis and S. mutans consumed oxygen in
the presence of pyruvate. The oxygen uptake by S. sanguis
could be explained by a pyruvate oxidase, which
decarboxylated pyruvate in the presence of oxygen with the
formation of acetyl phosphate and hydrogen peroxide (13).
This enzyme could not be shown in S. mutans, but low
activity of a pyruvate dehydrogenase was found in
permeabilized cells.

In aerobic and facultatively anaerobic bacteria, pyruvate
dehydrogenase is a multienzyme complex composed of
multiple copies of three enzymes (23) which catalyze the
overall reaction: pyruvate + NAD+ + coenzyme A (CoA) ->
acetyl-CoA + NADH + H+ + CO2. With this enzyme, S.
mutans has an alternative pathway to the fructose
bisphosphate-dependent lactate dehydrogenase in convert-
ing pyruvate into fermentation products under aerobic con-
ditions. The present paper describes the conditions for
induction of pyruvate dehydrogenase in S. mutans and in
Escherichia coli and some characteristics of this enzyme
activity in cell extracts.

* Corresponding author.

MATERIALS AND METHODS

Microorganisms and growth conditions. S. mutans NCTC
10449 and E. coli K-12 strain 37, an Strr mutant of W3102 (2),
were studied. They were kept on blood agar plates (18) both
aerobically and anaerobically. The anaerobic atmosphere
was 10% hydrogen in nitrogen in a glove box. The strains were
grown in a broth containing the following (per liter): 17 g of
Trypticase (BBL Microbiology Systems, Cockeysville, Md.),
3 g of Phytone (BBL), 2.5 g of NaCl, 10 g of glucose, 5 g of
yeast extract (Difco Laboratories, Detroit, Mich.), 0.1 mol of
potassium phosphate (pH 7.0), 0.01 mol of ammonium
bicarbonate, and various amounts of sodium pyruvate.
Ammonium bicarbonate and sodium pyruvate solutions were
sterilized by filtration. The other ingredients of the medium
were autoclaved. Phosphate and glucose solutions were
autoclaved separately. The medium used in anaerobic
experiments was prepared aerobically and then stored for a

week in the anaerobic glove box. Anaerobic cultures (500 ml)
were incubated at 37°C in the anaerobic box. Aerobic cultures
(500 ml) were incubated at 37°C in the air in 1-liter Erlenmeyer
flasks on a shaker having a circular orbital motion (100 rpm).
The turbidity of the cultures was followed at 600 nm. The cells
were harvested in the exponential phase of growth and
washed four times by centrifugation in a solution containing
40 mM potassium phosphate buffer (pH 7.0), 66 mM NaCl, 5
mM KCl, 2 mM CaC12, and 0.5 mM MgCl2. The cells were

then frozen at - 80°C in this solution supplemented with 1 mM
EDTA and 3 mM dithiothreitol.

Cell extract. The cell extract was prepared under
anaerobic conditions as previously described (11). The aer-

obically grown washed intact cells were brought into the
anaerobic box and washed twice in 40 mM potassium
phosphate buffer (pH 7.0) containing 1 mM EDTA and 3 mM
dithiothreitol. The cells were disintegrated by a homogenizer
(type MSK; B. Braun, Melsungen, Federal Republic of
Germany) as previously described (11). A cell extract was

obtained after unbroken cells and cell debris had been
removed by centrifugation at 40,000 x g for 20 min in a

refrigerated centrifuge. The cell extract (5 ml) was dialyzed
under aerobic conditions overnight at 4°C in membrane
tubing (Spectrapor 1, 10 mm; Spectrum Medical Industries,
Inc., Los Angeles, Calif.) against 2 liters of 10 mM potas-
sium phosphate buffer (pH 7.0) containing 1 mM EDTA, 3
mM MgCl2, and 5 mM 2-mercaptoethanol. The activity of
the pyruvate dehydrogenase complex did not decrease by
this treatment. The extract was stored at -80°C with no loss
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FIG. 1. Overall activity of the pyruvate dehydrogenase complex in cell extract of aerobically grown S. mutans measured by the
ferricyanide method under aerobic conditions. The concentration of individual components was varied in a reaction mixture containing 100
mM Tricine-KOH (pH 7.0), 0.18 mM TPP, 0.175 mM CoA, 1 mM NAD, 6 mM MgCl2, 12 mM sodium pyruvate, and 1 mM potassium
ferricyanide. Closed and open symbols indicate reaction mixtures supplemented with 100 mM potassium phosphate (pH 7.0) and 5 mM
potassium phosphate, respectively. In experiments 1 and 2, TPP was varied; in experiments 3 and 4, CoA was varied; in experiments 5 and
6, NAD was varied; and in experiments 7 and 8, pyruvate was varied.

of activity for at least 3 months. The protein concentration of
the cell extract was measured by the biuret method (20).
Enzyme activity in cell extract. The overall activity of the

pyruvate dehydrogenase complex was measured at 25°C in a
standard reaction mixture containing 100 mM potassium
phosphate (pH 7.0), 100 mM Tricine-KOH (pH 7.0), 12 mM
sodium pyruvate, 6 mM MgCl2, 0.18 mM thiamine pyrophos-
phate (TPP), 0.175 mM CoA, 2 mM NAD, 1 mM potassium
ferricyanide, and the cell extract. The reaction was initiated
by the addition of pyruvate, and the initial rate was moni-
tored spectrophotometrically by following the reduction of
ferricyanide into ferrocyanide at 430 nm (e = 1,030 M-1
cm-1; 6). The overall activity was also measured by follow-
ing the reduction of NAD into NADH2 at 340 nm under
anaerobic conditions. The standard reaction mixture without
ferricyanide was then prepared in the anaerobic box in a
quartz cuvette fitted with a Thunberg-type side bulb contain-
ing pyruvate. The reaction was initiated by the addition of
pyruvate, and the change in extinction at 340 nm was
followed. The actual concentration of CoA in reagents was
determined by the phosphotransacetylase method (3), the
concentration of acetyl-CoA was determined by the citrate
synthase method (3), and the concentration of acetyl phos-
phate was determined by the phosphotransacetylase method
(4).
The activity of NADH-ferricyanide oxidoreductase was

measured in a reaction mixture containing 100 mM potas-
sium phosphate (pH 7.0), 100 mM Tricine-KOH (pH 7.0), 0.5
mM NADH2, 1 mM potassium ferricyanide, and the cell
extract. The reaction was initiated by the addition of the cell
extract, and the initial rate was monitored by following the
reduction of ferricyanide.

Products of the pyruvate dehydrogenase reaction. Acetyl

phosphate was determined by the method of Lipman and
Tuttle (21) in standard reaction mixtures with 3 mM pyruvate
and 20 U of phosphotransacetylase, but no ferricyanide.
Acetate was determined in standard reaction mixtures con-
taining 0.5, 1, 2, or 3 mM pyruvate, 20 U of phospho-
transacetylase, and 4 U of acetate kinase, but no fer-
ricyanide. The reaction mixtures were incubated at 37°C
overnight, the proteins were precipitated with 0.4 M
perchloric acid, and the supernatant fluid was adjusted to pH
7.4 with 5 M potassium carbonate before acetate was deter-
mined with the acetate kinase method (4).

Chemicals. All enzymes and biochemicals were from
Boehringer GmbH, Mannheim, Federal Republic of
Germany.

RESULTS
The overall activity of a pyruvate dehydrogenase complex

in S. mutans could not be shown under aerobic conditions by
following the reduction of NAD, because the cell extract
contained NADH oxidase activity. The use of ferricyanide
reduction as a monitor of the activity was possible, however,
because the cell extract contained an NADH-ferricyanide
oxidoreductase. The extract thus catalyzed the reduction of
ferricyanide into ferrocyanide in the presence of pyruvate,
TPP, CoA, and NAD (Fig. 1; Table 1). When tested under
anaerobic conditions without ferricyanide in the standard
reaction mixture, NAD was reduced to NADH2. When
samples were taken at regular intervals from the standard
reaction mixture containing 3 mM pyruvate and
phosphotransacetylase but no ferricyanide, it was found that
the concentration of acetyl phosphate increased to 1.4 mM
and then decreased. When this reaction mixture was supple-
mented also with acetate kinase and incubated overnight,
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TABLE 1. Overall activity of pyruvate dehydrogenase complex
measured by the ferricyanide method under aerobic conditions in

cell extracts"

Enzyme activity (nmol of pyruvate
Reaction mixture oxidized min-' mg of protein-') in

S. mutlans E. coli

Standard 223 ± 1 604 ± 37
- TPP 29 ± 1 32 ± 8
- NAD 17 ± 1 89 ± 14
- CoA 8 + 1 46 ± 4
- Pyruvate 0 0
- Phosphate' 133 ± 19 325 ± 24
+ 10 mM iodoacetate' 8 ± 4 552 ± 44
+ 1 mM arsenite' 5 ± 1 38 ± 11

"Cell extracts were prepared from S. iniutanis and E. coli grown in the
presence of 80 mM pyruvate under aerobic conditions. Means and standard
deviations (n = 3) are given.

The phosphate concentration was decreased from 100 to 0.2 mM.
Activity was determined 3 min after the initiation of the reaction.

1.03 ± 0.08 (standard deviation) mol of acetate was formed
per mol of pyruvate. The addition of 1 mM arsenite to the
reaction mixture abolished the enzyme activity (Table 1).
These characteristics of the enzyme activity of S. mutans
indicated that the enzyme was a pyruvate dehydrogenase,
and the activity was similar to that of E. coli K-12 (Table 1).
There was one difference between the enzymes of S. mutans
and E. coli. The enzyme of S. mutans, but not that of E. coli,
was inhibited by 10 mM iodoacetate (Table 1). The pH
optimum of the pyruvate dehydrogenase of S. mutans was
around 7.
The overall activity of the pyruvate dehydrogenase com-

plex was higher in aerobically grown cells of S. mutans than
in anaerobically grown cells (Table 2). The addition of
pyruvate to the growth medium increased the activity of
cells grown under both aerobic and anaerobic conditions
(Table 2).
The use of ferricyanide reduction as a monitor of pyruvate

dehydrogenase activity was possible because the NADH-
ferricyanide oxidoreductase activity of the cell extracts was
at least 6 times higher than the pyruvate dehydrogenase
activity in extracts of aerobically grown cells and at least 25
times higher in anaerobically grown cells. The rate of fer-
ricyanide reduction in the pyruvate dehydrogenase assay or
in the presence of NADH2 (0.5 mM) was not influenced by
oxygen. The oxidation of 1 mol of pyruvate in the standard
reaction mixture resulted in the reduction of 1.97 ± 0.03
(standard deviation) mol of ferricyanide under aerobic con-
ditions and 1.84 ± 0.07 (standard deviation) mol of fer-

TABLE 2. Overall activity of pyruvate dehydrogenase complex
of cell extracts grown under aerobic and anaerobic conditions in

the presence and absence of pyruvate
Enzyme activity (nmol of pyruvate oxidized min-' mg of

Pyruvate protein-')" in
(80 mM) in
growth S. 1?lItallS E. coh

medium Aerobic Anaerobic Aerobic Anaerobic
cells cells cells cells

Absent 131 15 9 2 199 19 162 8
Present 223 ± 5 79 ± 16 604 ± 37 431 ± 114

" Enzyme activity was determined under aerobic conditions in the standard
reaction mixture by the ferricyanide method. Means and standard deviations
(ni = 3) are given.
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FIG. 2. Effect of 1 mM acetyl phosphate or 1 mM acetyl-CoA on
the overall activity of the pyruvate dehydrogenase complex in cell
extract of aerobically grown S. mutans measured by the ferricyanide
method at various concentrations of phosphate in a reaction mixture
containing 5 mM potassium phosphate (pH 7.0), 100 mM Tricine-
KOH (pH 7.0), 0.18 mM TPP, 0.175 mM CoA, 2 mM NAD, 6 mM
MgC92, 12 mM sodium pyruvate, and 1 mM potassium ferricyanide.

ricyanide under anaerobic conditions. The rate of fer-
ricyanide reduction in the presence ofNADH2 (0.5 mM) was
not influenced by acetaldehyde (1 mM), and the rate was
decreased only by about 10% in the presence of 1 mM
acetyl-CoA or 12 mM pyruvate. The activity of NADH-
ferricyanide oxidoreductase was not dependent on phos-
phate, and it was not influenced by 1 mM acetyl phosphate,
10 mM iodoacetate, or 1 mM arsenite.
When the overall activity of the pyruvate dehydrogenase

-

E
C

-
9

E
c5

ui 100
I-

x

<s 50

0-

CONTROL

0 20 40 60
PHOSPHATE (mM)

80 100

FIG. 3. Effect of 1 mM acetyl phosphate or 1 mM acetyl-CoA on

the overall activity of the pyruvate dehydrogenase complex in cell
extract of aerobically grown E. coli measured by the ferricyanide
method at various concentrations of phosphate in the reaction
mixture described in the legend to Fig. 2.
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FIG. 4. Effect of various concentrations of acetyl phosphate or

acetyl-CoA on the overall activity of the pyruvate dehydrogenase
complex in cell extract of aerobically grown S. mnutans measured by
the ferricyanide method under aerobic conditions in the reaction
mixture described in the legend to Fig 2.

complex was monitored by following the reduction of NAD
under anaerobic conditions in reaction mixtures without
ferricyanide, it was found that the activity was almost
completely inhibited within 2 to 3 min. In reaction mixtures
with ferricyanide under aerobic or anaerobic conditions, the
rate of ferricyanide reduction was only slightly decreased
within 10 min.
The activity of the pyruvate dehydrogenase complex was

stimulated by inorganic phosphate in both S. mutans and E.
coli (Fig. 1, 2, and 3; Table 1). Acetyl phosphate decreased
the activity, and this inhibition could partly be overcome by
phosphate (Fig. 2 and 3). Acetyl-CoA was much less efficient
in inhibiting the activity of the pyruvate dehydrogenase
complex than was acetyl phosphate (Fig. 2, 3, and 4).

In the presence of 5 mM inorganic phosphate, the activity
of the pyruvate dehydrogenase complex of S. mutans was
slightly decreased (5 to 15%) by 1 mM glucose 6-phosphate,
fructose 6-phosphate, 2-phosphoglycerate, 3-phosphoglyce-
rate, phosphoenolpyruvate, AMP, or ATP. The activity was
increased about 20% by 1 mM ADP. The effect of fructose
bisphosphate, glyceraldehyde 3-phosphate, and di-
hydroxyacetone phosphate could not be evaluated, because
the extract contained aldolase and NAD-dependent
glyceraldehyde 3-phosphate dehydrogenase.

DISCUSSION
S. mutans has many valuable requisites for a successful

life in the oral cavity, and it is an important organism in the
pathogenesis of dental caries (15). Pyruvate occupies a key
position in the metabolism of this organism, and the path-
ways of pyruvate conversion into fermentation products are
subjected to a strict metabolic control. Thus, the synthesis of
pyruvate formate-lyase is induced when the sugar supply
limits the growth of the organism under anaerobic condi-
tions, and the activity of this enzyme is inhibited by the
triose phosphates, glyceraldehyde 3-phosphate and
dihydroxyacetone phosphate, when the sugar is supplied in
excess (28, 31). Pyruvate formate-lyase is rapidly inactivated
if the organism is exposed to oxygen (1). The lactate dehy-

drogenase of S. mutans is constitutive, but it is absolutely
dependent on fructose 1,6-bisphosphate for activity, and the
enzyme works only when sugar is supplied in excess (30).
The present demonstration of pyruvate dehydrogenase

activity in S. mutans complements the current picture of this
versatile organism. There was more activity in aerobically
grown cells than in anaerobically grown cells, and the
enzyme was induced by pyruvate in the growth medium.
This enzyme could thus be formed in cells in which pyruvate
formate-lyase has been inactivated by oxygen (1), and it will
then be a valuable alternative to lactate dehydrogenase in the
conversion of pyruvate into fermentation products.
The activity of pyruvate dehydrogenase is strictly regu-

lated both in mammalian tissues and in bacteria. The activity
of the mammalian enzyme complex is mainly regulated by
phosphorylation and dephosphorylation. Phosphorylation is
accompanied by a decrease in activity, and dephosphoryla-
tion restores the activity (29). In addition to this covalent
modification of the enzyme, the enzyme activity is subjected
to feedback control. It is inhibited by acetyl-CoA and
NADH2, and this inhibition is reversed by CoA and NAD,
respectively (29). Among streptococci, the pyruvate dehy-
drogenase complex is known to be present in Streptococcus
faecalis (22, 24) and in group N streptococci (8). The
regulation of bacterial enzyme activity has, however, been
studied in detail only in E. coli (23) and Azotobacter
vinelandii (5). The activity is inhibited by acetyl-CoA, and
this inhibition is overcome by pyruvate. NADH2 is a strong
competitive inhibitor with respect to NAD (5, 23). Positive
effectors are phosphate (26), phosphoenolpyruvate (25), and
a low energy charge of the adenylate nucleotides (27).
Although a crude enzyme preparation is not suitable for
evaluating the regulatory properties of an enzyme, the
present study indicated also that the pyruvate dehydroge-
nase activity of S. mutans is inhibited by NADH2. Acetyl
phosphate was a more potent inhibitor than acetyl-CoA both
in S. mutans and in E. coli. This has not previously been
reported for any pyruvate dehydrogenase complex.
Phosphotransacetylase can, however, be closely associated
with the bacterial pyruvate dehydrogenase complex (6), and
a study of the role of acetyl phosphate in the regulation of
pyruvate dehydrogenase has to wait until this enzyme com-
plex of S. mutans has been purified.

Pyruvate dehydrogenase may be useful for S. mutans in
providing the cell with carbon dioxide. This is important,
because S. mutans lacks the oxidative portion of the hexose
monophosphate pathway (7), the usual carbon dioxide gen-
erator of the cell. Pyruvate dehydrogenase of S. mutans may
also be important in energy metabolism, because acetyl-CoA
can be converted into acetyl phosphate and this can be used
to generate ATP. It was recently reported that S. mutans
strains with the capacity to induce high levels of NADH
oxidase and superoxide dismutase on exposure to an aerobic
environment grew faster under aerobic conditions than
strains that lacked NADH oxidase (17). It is probable that
pyruvate dehydrogenase is also important for the growth of
S. mutans in the presence of oxygen.
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