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Abstract—A culture of propionic acid bacteria grown in a glucose-containing minima medium, aswell asthe
culture liquid and logarithmic-phase cells obtained from this culture, were found to inhibit the base pair substi-
tution mutations induced by 4-nitrogquinoline N-oxide, N-methyl-N'-nitro-N-nitrosoguanidine, and sodium
azide and the frameshift mutationsinduced by 9-aminoacridine. The antimutagenic activity of the culture liquid
(CL) was presumably due to the presence of an extracellular thermolabile protein with a molecular mass of no
more than 12 kDa, as evidenced by the facts that this activity considerably decreased after the treatment of the
CL with pronase, its heating at 92°C, and its dialysisin a cellulose sack, which retains substances with molec-
ular masses greater than 12 kDa. Theresidual antimutagenic activity of thedialyzed cultureliquid was probably
related to the interaction of the mutagen with thiols, rather than to the presence of organic acids (acetic or pro-
pionic). Thiols may also contribute to the antimutagenic activity of the Propionibacterium shermanii cells.
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Human activity gave rise to many artificial
mutagens in addition to those which have been present
in nature for along time, and to which organisms man-
aged to develop the respective protective mechanisms.

The natural antimutagens of humans and microbes
play adecisiverolein the protection of their DNA from
damage and the preservation of their original genotype.
The bacterium Lactobacillus acidophilus was found to
reduce the activity of B-glucosidase, 3-glucuronidase,
nitrate reductase, and the reductases of azacompounds,
which can transform some promutagens into mutagens
and carcinogens [1]. Antimutagenic activity was
reported for bifidobacteria[2] and propionic acid bac-
teria(PAB) [3]. It should be noted that | actic acid bac-
teria, bifidobacteria, and, potentially, propionic acid
bacteria, are efficient human probiotics. PAB are tol-
erant to bile acids and low pH values and reduce the
activity of the aforementioned bacterial enzymes
involved in the formation of mutagenic compounds
[4]. Propionic acid bacteria, which are able to accli-
matize in the human intestines, aid in curing enteral
dysbacterioses [5].

The aim of the present work wasto study the ability
of propionic acid bacteria to inhibit the action of vari-
ous mutagens and to investigate the possible mecha
nisms of the antimutagenic activity of these bacteria.

MATERIALS AND METHODS

Microorganisms and cultivation conditions. The
bacterium Propionibacterium freudenreichii  subsp.
shermanii VKM B-103 used in this work was main-
tained at the Department of Microbiology of the Fac-
ulty of Biology at Moscow State University. The bacte-
rium was grown at 30°C in a medium containing (%)
glucose, 1.5; (NH,),SO,, 0.3, KH,PO,, 0.1, Na,HPO,,
0.2, CaCl,, 0.002, MgSO,, 0.002; NaCl, 0.002; CoCl,,
0.001; Difco tryptone, 0.1; and Difco yeast extract,
0.05. The medium was prepared using distilled water.
Theinitial pH of the medium was 6.8—-7.0. The organic
acids formed during cultivation were regularly neutral-
ized by adding the necessary amounts of 10% NaOH.

Exponential-phase cells were harvested by centrifu-
gation at 10000g for 20 min, washed twice with 0.05 M
Na—phosphate buffer (pH 7.0), and resuspended in the
same buffer. This cell suspension was used as a genetic
modulator (antimutagen) under the designation “ cells”
The liquid, referred to as culture liquid (CL), that
remained after cell removal was also tested for antimu-
tagenic activity. The whole culture of propionic acid
bacteria was the third modulator type. In some experi-
ments, the dialyzed fraction of the cytoplasmic proteins
of P. shermanii cells, which was prepared as described
earlier [3], was also tested for antimutagenic activity.
Antimutagenic activity was assayed using the Salmo-
nella typhimurium TA100 and TA97 cultures obtained
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Tablel. Antimutagenic activity of the cultureliquid, cells, and dialyzed cell extract of P. shermanii with respect to the NQO-

induced mutagenesis of S. typhimurium TA100

The number of revertants| Antimutagenic

Preparation Incubation time, h per dish (X + SE) activity, %

Control (the number of spontaneous revertants) 24 86+ 20
Mutagen + Buffer 24 1059 + 16.2 0
Sterile growth medium 24 889+5.8 175
Cultureliquid 24 118+ 24 96.7
Cells 24 90+ 4.0 99.0
Dialyzed cell extract:

20 g protein per dish 24 861+ 6.6 20.3

20 ug protein per dish 48 884+ 6.9 17.9

3 g protein per dish 48 896 + 6.1 16.8

0.5 g protein per dish 48 847 +35 21.8

Note: Optical density (ODsgyq) of the S. typhimurium cell suspension was 0.5. In all experiments, the amount of culture liquid was

0.1 ml per dish.

from B.N. Ames (University of California, United
States).

Reverse mutations were studied using Vogel-Bon-
ner glucose agar (VBG agar).

Protein concentration was quantified by the method
of Lowry et al. [6].

M utagens used in this work were 4-nitrogquinoline
N-oxide (NQO), N-methyl-N'-nitro-N-nitrosoguani-
dine (MNNG), sodium azide (NaN,), and the interca-
late 9-aminoacridine (9-AA). All of these compounds
were purchased from Sigma. NQO, MNNG, NaNj;, and
9-AA were used in amounts of 0.125, 1, 3, and 50 ug
per petri dish, respectively. Stock solutions of NQO and
9-AA were prepared by dissolution in dimethyl sulfox-
ide (DMSO) at concentrations of 1 and 500 pg/ml,
respectively. Immediately before experiments, the
stock solutions were diluted to the required concentra-
tions with 0.05 M phosphate buffer (pH 7.4). Solutions
of MNNG and NaN; were prepared by dissolving them
in 0.05 M citrate buffer (pH 6.2) and 0.05 M phosphate
buffer (pH 7.4), respectively.

Antimutagenic activity was assayed by a modified
method of Maron and Ames 7] as described earlier [3].
This method is based on the ability of mutagens to
induce histidine revertants that are capable of growing
on the respective selective medium, whereas antimu-
tagenic modul ators reduce the number of the revertants.
Before introducing a modulator (the culture liquid,
P. shermanii cells, etc.) into the test medium, it was
incubated at 37°C for 20 min with a certain concentra-
tion of the mutagen (the exception was incubation with
NQO, which lasted 24 or 48 h). Then, the mixture of the
mutagen and modul ator was placed with thetest culture
S. typhimurium in a tube with molten soft agar. The
contents of the tube were mixed and poured into petri
dishes containing layers of hardened, bottom agar
medium [7]. After 48 h of incubation, S. typhimurium

began to produce colonies of histidine revertants on the
agar surface, while P. shermanii coloniesfailed to grow
on thismedium, because of the absence of thiamine and
pantothenic acid two vitamins essential to the growth of
propionic acid, bacteria. The positive control medium
contained the same volume of the buffer instead of the
modulator. The antimutagenic effect of the modulator
(i.e., its mutation-inhibiting activity) was calculated by
the following formula:

Inhibition (%) = (3=2)x 100
a-c

where a is the number of the histidine revertants
induced by a mutagen, b is the number of the histidine
revertantsinduced by the mutagen in the presence of an
antimutagenic modulator, and c¢ is the number of the
histidine revertants grown in the presence of the modu-
|ator alone. In calculations, a correction for the number
of spontaneous histidine revertants was made. All the
mutagens studied were used in the concentrations that
exerted no noticeable effect on the survival of the
S. typhimurium test culture.

Data presented in the form X + SE are the average of
triplicate experiments. Standard deviation from the
mean did not exceed 10%.

RESULTS

Inhibitory effect of P. shermanii preparations on
NQO-induced mutagenesis. As can be seen from the
datapresented in Table 1, both the cultureliquid and the
cells of P. shermanii almost completely inhibited
mutagenesis induced by NQO. The dialyzed cytoplas-
mic proteins of P. shermanii cells taken at concentra-
tions from 0.5 to 20 ug per petri dish and incubated
with NQO for 24 or 48 h did not exert any noticeable
mutation-inhibiting effect. Nor did the sterile growth
medium of P. shermanii.
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It should be noted that the antimutagenic effects of
the culture liquids prepared from 24- and 48-h P. sher-
manii cultures virtually did not differ, but the antimu-
tagenic activity of the CL prepared from the older (72 h
of growth) culture drastically decreased (data not
shown). These data can be interpreted as indicating the
utilization of antimutagen(s) in the late stages of bacte-
rial growth.

The data presented in Table 2 give us an idea of
some properties of the antimutagen. It may represent a
thermol abile protein with amolecular mass of less than
12 kDa, as evidenced by the fact that the antimutagenic
activity of the culture liquid, initially comprising
95.3%, decreased after its treatment with pronase, after
heating at 92°C for 10 min, and after dialysisin a cel-
lulose sack, which retains substances with molecular
masses greater than 12 kDa, to 15.5, 25.2, and 4.5%,
respectively.

Inhibitory effect of P. shermanii preparations on
MNNG-induced mutagenesis. The culture liquid and
cells of 24- and 48-h P. shermanii cultures diminished
the mutagenicity of MNNG by about 55% (Table 3);
i.e., the antimutagenic effect in this case was less pro-
nounced than in the case of NQO. These results may
indicate that the mechanisms of the interaction of the
antimutagen with the NQO- and MNNG-induced test
cells are different. The heating and dialysis of the cul-
ture liquid greatly diminished its antimutagenic activ-
ity, and treatment with pronase decreased it by about
42% (Table 4).

Inhibitory effect of P. shermanii preparations on
NaN;-induced mutagenesis. As can be seen from the
data presented in Table 5, the culture liquid, culture,
and cells of P. shermanii considerably decreased the
number of the spontaneous and NaN-induced rever-
tantsof S typhimuriumTA100. The cultureliquid alone
(without the mutagen) virtually did not affect the num-
ber of the spontaneous revertants. Therefore, the cul-
ture liquid of P. shermanii does not exert any effect on
the growth of thetest S. typhimurium culture.

Treatment with pronase decreased the antimu-
tagenic activity of the cultureliquid from 92.8 t0 10.1%
(Table 6), providing further evidence for the protein
nature of the P. shermanii antimutagen(s). On the other
hand, heating at 92°C and diaysis decreased the anti-
mutagenic activity of the cultureliquid by about 50 and
75%, respectively. This suggests that, in addition to a
dialyzable protein, the culture liquid of P. shermanii
contains one additional compound of protein or non-
protein nature with antimutagenic activity. Thissugges-
tion is confirmed by the results of experiments with
NQO, which indicate that this protease is unable to
completely inactivate the antimutagenic activity of the
culture liquid (Table 2).

Inhibitory effect of P. shermanii preparations on
9-AA-induced mutagenesis. Unlike the mutagens
considered above, 9-AA induces frameshift mutations.
As can be seen from Table 7, the culture liquid of
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Table2. Effect of heating (92°C, 10 min), dialysis, and pro-
teolysis on the antimutagenic activity of the culture liquid of
P. shermanii with respect to the NQO-induced mutagenesis
of S. typhimurium TA100

The number of re-| Antimu-
Preparation vertants per dish |tagenic ac-
XxSE) tivity, %
Control (the number of spon- 146+ 4.9
taneous revertants)
Mutagen + Buffer 1447 + 35.0 0
Cultureliquid:
Untreated 208 + 6.1 95.3
After heating 1141+ 74.6 25.2
After didysis 1416+ 22.3 45
After treatment with 1271+ 4.8 155
pronase

Note: Propionic acid bacteria were grown for 48 h. The time of
incubation with NQO was 24 h.

Table 3. Antimutagenic activity of the culture liquid and
cellsof P. shermanii with respect to the MNNG-induced mu-
tagenesis of S. typhimurium TA100

The number of | Antimu-
Preparation revertants per |tagenic ac-
dish(X+ SE) | tivity, %

Control (the number of spon-| 104+ 2.4
taneous revertants)
Mutagen + Buffer 1885 + 23.6 0
24-h culture liquid 898+ 20.0 55.4
24-h cells 869 + 16.8 57.0
48-h culture liquid 897+ 31.6 554
48-h cells 554 +13.8 74.7

Note: The time of incubation with MNNG was 20 min.

Table4. Effect of heating (92°C, 10 min), dialysis, and pro-
teolysis on the antimutagenic activity of the culture liquid of
P. shermanii with respect to the MNNG-induced mutagene-
sisof S. typhimurium TA100

The number of | Antimu-
Preparation revertants per | tagenic ac-
dish(X+ SE) | tivity, %
Control (the number of spon- 102+ 6.6
taneous revertants)
Mutagen + Buffer 1526 + 14.7 0
Sterile growth medium 1540 + 23.3 0
Cultureliquid:
Untreated 802+ 11.6 50.8
After heating 1516+ 10.4 05
After dialysis 1513+ 175 0.6
After treatment with 1225+ 51.2 215
pronase

Note: The time of incubation with MNNG was 20 min.
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Table 5. Antimutagenic activity of the culture liquid, cells,
and whole culture of P. shermanii with respect to the NaN5-
induced mutagenesis of S. typhimurium TA100

The number of | Antimu-
Preparation revertants per |tagenic ac-
dish (X£ SE) | tivity, %
Control (the number of sponta- 92+15
neous revertants)
Mutagen + Buffer 368+ 13.9 0
Sterile growth medium 408+ 13.1 0
Cultureliquid 87+4.6 96.2
Cdls 56+ 2.9 106.8
Whole culture 51+32 108.6
Buffer + cultureliquid (without 76+29
NaN3)

Note: Propionic acid bacteria were grown for 48 h. The time of
incubation with sodium azide was 30 min.

Table6. Effect of heating (92°C, 10 min), dialysis, and pro-
teolysis on the antimutagenic activity of the culture liquid of
P. shermanii with respect to the NaN5-induced mutagenesis
of S. typhimurium TA100

The number of | Antimu-
Preparation revertants per tagenic
dish (X+ SE) |activity, %
Control (the number of spon- 92+ 10.7
taneous revertants)
Mutagen + Buffer 470+ 8.3 0
Cultureliquid:
Untreated 119+ 35 92.8
After heating 292 +13.2 47.1
After dialysis 400 + 13.6 185
After treatmentwith 426 + 9.0 10.1
pronase

Note: For experimental conditions, see the notesto Table 5.

Table7. Effect of heating (92°C, 10 min), dialysis, and pro-
teolysis on the antimutagenic activity of the culture liquid of
P. shermanii with respect to the 9-aminoacridine-induced
mutagenesis of S. typhimurium TA100

The number of

: Antimutagenic
Preparation :j?v;r&nis SFIJEe)r activity, %
Control (the number of spon-| 65+ 2.4
taneous revertants)
Mutagen + Buffer 491+6.1 0
Cultureliquid + buffer 77+4.3 -
Cultureliquid:
Untreated 205+ 7.8 67.1
After treatment with 436+ 5.3 12.9
pronase
After dialysis 346+ 4.4 34.0
After heating 37174 28.1

Note: An overnight test culture was diluted 20-fold and incubated
for next 4 hto increase its mutability. Thetime of incubation
with 9-AA was 30 min.

P. shermanii diminished 9-AA-induced mutagenesisin
S typhimurium TA97 by 67.1%. Treatment with pro-
nase, dialysis, and heating at 92°C for 10 min decreased
the antimutagenic activity of the cultureliquidto 12.9, 34,
and 28.1%, respectively.

Evaluation of theroleof organic acidsaspossible
antimutagens. Lankaputhra and Shah [8] found that
lactic acid bacteria and bifidobacteria, as well as some
organic acids (butyric, acetic, lactic, and pyruvic) at a
concentration of 1%, suppress the mutagenicity of
some mutagens, including NQO and MNNG. In our
experiments, acetic and propionic acids taken at a con-
centration of 1% inhibited NQO-induced mutagenesis
by 24.9 and 18.6%, respectively, and MNNG-induced
mutagenesis by 23 and 15.5%. The same organic acids
extracted from the culture liquid of propionic acid bac-
teria and taken at the same concentration (1%) did not
exert any noticeable antimutagenic effect (data not
shown).

DISCUSSION

The antimutagenic activity of propionic acid bacte-
rig, localized in the fraction of soluble cytoplasmic pro-
teins, was first revealed in 1991 [3]. In the present
work, we studied the antimutagenic activity of the
whole culture of propionic acid bacteria, as well asthe
culture liquid, cells, and dialyzed cell extract, against
the pair substitution mutations induced by NQO,
MNNG, and sodium azide, and against the frameshift
mutations induced by 9-aminoacridine. It should be
noted that, unlike NaN; and 9-AA, NQO and MNNG
are promutagens, which become active only when met-
abolically activated.

Experiments showed that the antimutagenic activity
of thewhole culture and cultureliquid of propionic acid
bacteria was mainly due to a thermolabile protein with
a molecular mass of no more than 12 kDa. This infer-
ence was based on the following results. Pronase
greatly diminished the antimutagenicity against all of
the mutagens studied. The incubation of the culturelig-
uid in a diaysis sack, which is known to retain sub-
stances with molecular masses greater than 12 kDa, led
to the almost complete loss of its antimutagenic activ-
ity. Heating at 92°C for 10 min almost completely
destroyed the antimutagenic activity of the whole cul-
ture and culture liquid of propionic acid bacteria with
respect to MNNG and, to a considerable degree, with
respect to the other mutagens under study.

The protein with antimutagenic activity was
secreted by the exponential-phase P. shermanii cells
cultivated in aminimal medium with glucose. The anti-
mutagenic activity of the sterile growth medium was
very low.

The mechanism of the antimutagenic action of the
secretory protein of P. shermanii remains unknown. We
can only suggest that it is a sensor protein generating a
primary signal when in contact with electrophilic com-
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pounds (the majority of mutagens are just such com-
pounds) in cells. In the late stages of this process, the
natural antimutagenic system of cellsis activated, thus
increasing their resistance to mutagens.

Another antimutagenic mechanism was described
by Matar et al. [9], who found that the antimutagenic
effect of Lactobacillus helveticus L819 with respect to
NQO was due to the proteolytic activity of this species
and the secretion of peptidesinto milk. The extracellu-
lar peptides of two Streptomyces strains were also
found to suppress the mutagenicity of UV radiation and
NQO [10]. The mechanism of the antimutagenic action
of these peptides was not studied.

The extracellular dialyzable protein is not the only
mutagenic factor of P. shermanii: the culture liquid of
this bacterium subjected to dialysis or proteolysis
retained some antimutagenic activity (at levels from
0.5t0 21%). The residual antimutagenicity of the cul-
ture liquid was probably due to the presence of nondia-
lyzable proteins and nonprotein compounds, such as
organic acids [8] and thiols[11]. It should, however, be
noted that acetic and propionic acids extracted from the
cultureliquid of propionic acid bacteria possessed very
low antimutagenic activity (less than 12%).

As noted above, many mutagens are electrophilic
compounds; therefore, thiols can inhibit mutagens due
to their nucleophilicity. Propionic acid bacteria excrete
thiols in addition to sulfur-containing amino acids [12]
and contain GSH transferase [13]. There is a correla-
tion between the antimutagenic activity of PAB with
respect to NQO and the cellular content of thiols [13],
which possess antioxidant and nucleophilic properties
and can activate various cytosolic enzymes, including
those involved in DNA repair [14]. The presence of
cobalt ions in the medium and in PAB cells can pro-
mote DNA repair [15]. All of these factors may be
responsible for the antimutagenic activity of PAB cells.
The possibility cannot also be excluded that the antimu-
tagenic action of PAB is due to the adsorption of
mutagens on the cell surface.

The study of the physicochemical properties of the
antimutagenic protein of propionic acid bacteria and
the mechanism of its interaction with cells is in
progress in our laboratory.
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