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Abstract The superoxide dismutase (SOD) activity of
seven Bifidobacterium spp. strains was examined by an
indirect SOD assay method. Some Bifidobacterium spp.
showed significant levels of SOD activity. However, we
could not observe any significant differences between
anaerobic and aerobic cultures. Furthermore, although
several Bifidobacterium spp. exhibited some degree of
tolerance to paraquat which produces superoxide radicals,
the apparent SOD activity of these strains was not correlated
with their resistance to paraquat. In addition, when we
added increasing amounts of manganese or iron to MRS
medium which had been prepared without either of the
metal ions, the apparent SOD activity of cell free extracts
(CFEs) was increased with increasing concentration of both
metal ions. To our surprise, the heat-denatured CFEs also
showed nearly identical correlative patterns. Based on these
results, the apparent SOD activity was likely due to a
nonenzymatic dismutation. These results strongly suggest
that high concentration of divalent metal ions (Mn™, Fe®)
in MRS medium result in nonenzymatic dismutation which
can lead to false positive SOD activities in Bifidobacerium

Spp
Key words: Superoxide dismutase, nonenzymatic dismutation,
Bifidobacterium spp., MRS medium

Oxygen is beneficially used by many organisms in
respiration and other biochemical reactions. However,
oxygen causes certain toxicities and some mutations due
to its reactive derivatives {S]. Consequently, most aerobic
organisms require defense systems to protect themselves
against reactive oxygen species [12]. Superoxide dismutase
(SOD) is one of the most important factors in oxidative
defense systems. From studies on aerobic organisms,
four types of SODs (Mn-SOD, Fe-SOD, Cu/Zn-SOD,
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Ni-SOD) have been identified [7, 14]. Each of the SODs
requires the indicated metal cofactor. In several aerotolerant
bacteia including Lactobacillus plantarum, however, a
nonenzymatic dismutation system which can accumulate
high intracellular levels of Mn™ [1, 2], and stoichiometrically
remove superoxide radicals, has evolved [6].

Recently, the isolation and characterization of SOD
structural genes from strictly anaerobic prokaryotes
(Porphyromonas gingivalis, Bacteroides fragilis,
Methanobacterium thermoautotrophicum strain AH) have
been reported [8, 12]. Bifidobacterium spp., gram-positive
strict anaerobes, are known to be beneficial to the health
of humans and other animals [15). Bifidobacterium spp.
play an important role in restriction of the growth of
putrefactive bacteria by maintaining the lower pH in
the large intestine. In addition, it has been documented
that Bifidobacterium spp. are effective against aging
processes, cancer, and immune response [10]. Although
Bifidobacterium spp. have been known to be strictly
anaerobic, a number of researchers including our group
have noticed a significant level of oxygen tolerance
exhibited by some strains of Bifidobacterium spp. [16].
Therefore, we were interested in finding whether
Bifidobacterium spp. possess SOD.

In this study, we were unable to confirm the presence
of SOD in examined Bifidobacterium spp. upon extensive
search. Instead, we found a significant level of dismutation
activity. We conclude that this nonenzymatic activity
may be due to the presence of divalent metal ions in the
MRS medium which contains high concentrations of
manganese and iron.

MATERIALS AND METHODS

Bacterial Strains and Growth Conditions

The bacterial strains used in this study were B.
adolescentis ATCC 15706, B. animalis ATCC 25527,
B. bifidum ATCC 29521, B. breve ATCC 15700, and
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B. longum ATCC 15707 which were provided from the
Korea Food Research Institute. B. indicum ATCC 25912
and B. infantis ATCC 25962 were obtained from the
American Type Culture Collection. As positive and
negative control strains for SOD activity, Escherichia
coli HB101 containing plasmid pDTI-5 and E. coli
QC774, a sodA sodB double mutant, were obtained from
D. Touati (University of Paris, France) [9]. Commercially
available SOD isolated from Bacillus subtilis was
purchased from Sigma Chemical Co. (U.S.A.) and used
as a control SOD. Bifidobacterium spp. were grown
anaerobically or aerobically at 37°C in modified MRS
medium (per liter: lactose, 10.0 g; tryptose, 3.0 g; tryptic
soy broth, 10.0 g; yeast extract, 5.0 g; L-cystein HCI,
0.3 g; K,HPO,, 3.0 g; KH,PO,, 3.0 g; ammonium citrate,
2.0 g; tween 80, 1.0 g; FeSO,, 35 mg; MgSQO,, 575 mg;
MnSO,, 120 mg). E. coli was grown in LB broth (per
liter: bacto-tryptone, 10.0 g; yeast extract, 5.0 g; NaCl,
5.0 g; IN NaOH, 1 ml) at 37°C with vigorous agitation.
Ampicillin and paraquat were used at concentrations of
50 pg/ml and 0.1~100 mM, respectively. MRS medium
containing FeSO, and MnSQ, at final concentrations of 0
to 10 mM was used for the metal supplementation
experiments [17].

Preparation of Cell-free Extracts and SOD Activity
Assays

Bifidobacterium cells were harvested by centrifugation at
10,000 X g for 5 min at 4°C, washed twice with 50 mM
potassium phosphate buffer containing 0.1 mM EDTA
(pH 7.8; KPi-EDTA buffer), and resuspended in the
same buffer. The cell suspensions were disrupted by 30-s
sonication bursts for a total of 10 min on ice. Cell debris
was removed by centifugation at 20,000 X g for 20 min
at 4°C to obtain the cell free extracts (CFEs). Protein
concentration was determined by the Bradford method
[3]- Quantitative SOD activity was measured by the
cytochrome ¢ method, and the activity was expressed in
McCord/Fridovich units [11]. To visually identify the
SOD activity, proteins in CFEs were separated on 12%
native polyacrylamide gels and stained for SOD activity
with nitroblue tetrazolium (NBT) [4].

RESULTS AND DISCUSSION

Effects of Oxygen and Paraquat

To examine the possible SOD activity of some
Bifidobacterium strains, CFEs were prepared from cultures
grown in anaerobic or aerobic conditions. As shown in
Table 1, apparent SOD activity was observed in six out
of seven Bifidobacterium strains examined. The activities
of B. indicum and B. longum were higher in aerobic than
those in anaerobic conditions, while B. adolescentis, B.

Table 1. Comparison of the apparent SOD activity of seven
Bifidobacterium spp. and E. coli’

Anaerobic culture Aerobic culture’

Strains used (units/mg proteins) (units/mg proteins)

E. coli HB101/pDTI-5 NT® 454
E. coli QC774 NT ND’
B. adolescentis 69.4 478
B. animalis ND ND
B. bifidum 29.6 ND
B. breve 53.0 454
B. indicum 213 55.5
B. infantis 80.0 70.5
B. longum ND 30.3

*CFEs were prepared from cells at early stationary phase [ODjy].

"The culture/flask ratio was 1/5 for aerobically (200 rpm) grown culture.
°NT, Not tested.

‘ND, Not detected.

bifidum, B. breve, and B. infantis exhibited lower or no
activities in aecrobic conditions. These results suggest
that the apparent SOD activity is not related with oxygen
stress in Bifidobacterium spp. unlike in many other
SOD-containing microorganisms [9, 12, 13]. Aerobic
microorganisms are known to be tolerant to paraquat
which produces superoxide radicals, as SOD activity is
induced by it [9]. When we examined paraquat resistance
in Bifidobacterium spp., variable degrees of tolerance
to paraquat were observed among the strains examined
(Fig. 1). However, there was no correlation between
the apparent SOD activity and tolerance to paraquat in
Bifidobacterium spp. (Table 1, Fig. 1). Furthermore, we
have attempted to visualize the apparent SOD activity of
positive CFEs by native polyacrylamide gel electrophoresis.
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Fig. 1. Sensitivity of various Bifidobacterium spp. to paraquat.
Survivability was calculated as % of initial [ODgg).

Symbols; B. indicum (@), B. breve ('), B. adolescentis (@), B.
infantis (), B. animalis (A), B. bifidum (O), B. longum (O).
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We were able to visualize clean SOD activity bands with
controls (E. coli HB101/pDTI5 and E. coli QC774),
while no activity bands were detected with positive
CFEs from Bifidobacterium spp. (data not shown). This
was in contrast to previous reports on the SOD activity
of Bifidobacterium spp. [15, 16].

Denaturation of Cell-free Extracts by Boiling

In order to determine whether the apparent SOD activity
of B. infantis and B. longum is labile to heat denaturation,
we compared the activities of CFEs from the two strains
before and after boiling for 10 min at 100°C. As shown
in Table 2, the SOD activity of E. coli CFEs was
completely abolished upon boiling whereas the apparent
SOD activity of CFEs from Bifidobacterium spp.
remained unaltered. Based on the results from this
boiling experiment, it appears that the apparent SOD
activity is likely to be due to nonenzymatic dismutation.
Otherwise, the Bifidobacterium spp. should have possessed
highly heat-resistant SOD enzyme, which is extremely
difficult to visualize by the conventional NBT gel
staining method.

Nonenzymatic Dismutation Activity by
Metal Ions

Several lactic acid bacteria have evolved to a nonenzymatic
dismutation system which functions by accumulating
high intracellular levels of Mn™ [1, 2]. MRS medium,
which is widely used for culturing Bifidobacterium spp.,
contains a high amount of MnSO, (120 mg/, ca. 0.5 mM).
Therefore, the apparent SOD activity of Bifidobacterium
spp. grown in MRS medium might be resulted from
the nonenzymatic dismutation system based on high
intracellular Mn”* levels. In order to corroborate this
notion, we carried out metal supplementation experiments
as described in the Materials and Methods. Modified
MRS medium which had been prepared without manganese
and iron was supplemented with increasing concentrations
of MnSO, and FeSO,. As shown in Fig. 2A, the apparent
SOD activity of boiled CFEs from B. infantis gradually
increased with increasing concentrations of MnSO,
added to the modified MRS medium. However, the

Divalent

Table 2. Effect of heat denaturation on the apparent SOD
activities of B. infantis, B. longum, and E. coli.’

Nondenaturation Heat denaturation”

Strains used (units/mg proteins) (units/mg proteins)

E. coli HB101/pDTI-5 454 ND*
E. coli QC774 ND ND
B. infantis 70.5 70.1
B. longum 303 30.3

*CFEs were prepared from cells at early stationary phase [OD,q)-
*CFEs were denatured by boiling for 10 min at 100°C.
°ND, Not detected.

boiled CFEs from control E. coli HB101/pDTI-5 showed
no SOD activity regardless of manganese supplementation.
Similar results were obtained from the iron supplementation
experiment (Fig. 2B). B. longum also showed similar
results to B. infantis (data not shown). These results support
our notion that the apparent SOD activity of Bifidobacterium
spp- is due to a nonenzymatic dismutation system
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Fig. 2. Effects of metal ions on dismutation activity.

CFEs were prepared from cells after 12 hr incubation in the modified
MRS medium supplemented with indicated concentrations of MnSQO, or
FeSO.. A, B. infantis with [MnSO,]; B, B. infantis with [FeSO.]; C, E.
coli HB101/pDTI-5 with [MnSO,]. Symbols: nondenatured CFEs (@),
heat-denatured CFEs (W).
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utilizing divalent metal ions such as Mn”* and Fe** which
are present at significant concentrations in MRS medium.
The assay method for SOD activity was based on the
inhibition of cytochrome c reduction by SOD [11]. In
this indirect assay system, there seems to always be a
possibility of false positive SOD activity resulting from a
nonenzymatic dismutation system, in addition to the
actual SOD enzyme.

False Positive SOD Activity in Reaction Mixture
Supplemented with Manganese

In order to substantiate the above results, we devised two
experiments. The first experiment was carried out in the
same way as in the metal supplementation experiment
except for the use commercial SOD isolated from
B. subtilis. As shown in Fig. 3, in the absence of
manganese supplementation, the apparent SOD activity
of commercial SOD was completely abolished by heat
denaturation. The apparent SOD activities of nondenatured
and denatured SODs increased with increasing concentration
of MnSO, added to the reaction mixture. The increase
in the total apparent SOD activity of nondenatured
commercial SOD appears to result from the additive effects
of the actual SOD activity and nonenzymatic dismutation
activity by manganese. These results indicate that false
positive SOD activity could be detected by the cytochrome
¢ method due to the high concentrations of divalent
metal ion such as Mn™".

In the second experiment, nonenzymatic dismutation
activity of a reaction mixture with no SOD added was
measured with increasing concentration of MnSQO,. As
shown in Fig. 3B, the apparent SOD activity increased
gradually with manganese added to the reaction mixture.
The pattern was identical to that of nondenatured
commercial SOD (Fig. 3A). These results indicate that
commeicial SOD was completely inactivated by boiling
and manganese substituted for SOD inhibited cytochrome ¢
reduction in the indirect SOD assay method (Fig. 3).
These results are in line with our conclusion that the
apparent SOD activity of Bifidobacterium spp. was false
positive SOD activity caused by divalent metal ions such
as Mn” and Fe* present at high concentrations in MRS
medium.

According to a recent report by Shin and Park [16],
several strictly anaerobic bacteria including Bifidobacterium
spp. showed significant levels of SOD activity measured
by the cytochrome ¢ method. Surprisingly, B. adolescentis
ATCC 15703 showed higher SOD activity than the F.
coli used as a control. However, we were unable to
obtain similar levels of SOD with the Bifidobacterium
spp. examined. Moreover, the apparent SOD activity we
detected was not abolished by heat denaturation nor induced
by oxidative stress. Taking these results together, we
conclude that the apparent SOD activity of Bifidobacterium

iy
S (=23 ® o
o (=] (=] Q
T T T

Relative activity (%)
N
o

1 1 1 1 1

% 1M 10pM  100uM  1mM  10mM
[MnSO4]

-

[

o
T

B

P (o2} o]
o (o o
T T T

Relative activity (%)
S

— J— § 1 S 1
0 1uM  10uM  100uM 1mM
[MnSO4)

o

-
E-3 [o2] o] [wo]
(=] o (=] o
T T T T

N
(=]
—

Relative activity (%)

0’_411.{ 1 1 1 |

0 1uM 10pM 100pM 1mM  10mM
[MnSO4]
Fig. 3. Effect of manganese on the dismutation activity assay.

Relative activities were determined in the reaction mixture supplemented
with indicated concentrations of MnSO,. A, nondenatured Bacillus
SOD (1 unit/mg protein); B, heat-denatured Bacillus SOD (1 unit/mg
protein); C, buffer with MnSO, (blank reaction without SOD).

spp. examined in this study is due to nonenzymatic
dismutation by intracellular metal ions.
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