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Abstract—The investigation of the activity of extracellular hydrolytic enzymes and sporulation in the bacte-
rium Bacillus intermedius 3-19 showed that the activity of ribonuclease is maximal in the glucose-containing
growth medium, in which sporulation is suppressed. At the sporulation stages I1-1V, the synthesis of phos-
phatase was not regulated by the factors that influence this synthesis in the phase of growth retardation.
Caseinolytic activity exhibited two peaks. The first peak was observed when thiol-dependent proteinase began
accumulating in the medium. The second peak corresponded to the late stages of sporulation, i.e., the stages of
spore maturation and the autolysis of sporangium. The regulatory relationship between proteinase synthesis and
sporulation and the possible role of extracellular phosphatases and proteinases in the sporulation are discussed.
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Sporulation in bacilli and some other prokaryotes
provides for their survival under extreme conditions.
The mechanism controlling the transition of a bacillar
culture from the stage of vegetative growth to the stage
of sporulation is a fundamental biological problem.
Bacilli initiate sporul ation over ashort time period after
the onset of replication, modifying their metabolism in
accordance with acquired information on the surround-
ing conditions. Morphological and metabolic changes
are controlled by a special program of differential gene
expression [1, 2]. Some aspects of sporulation are
known, while others, including the role of hydrolytic
enzymes in this process, remain unclear.

The aim of this work was to study the relationship
between sporulation and the accumulation of extracel-
lular hydrolytic enzymes in the bacterium Bacillus
intermedius 3-19.

MATERIALS AND METHODS

The strain Bacillus intermedius 3-19 (Str 500) used
in this study is a streptomycin-resistant mutant of the
wild-type strain B. intermedius 7P from the Culture
Collection of Kazan State University.

The strain was grown in a medium containing (%)
peptone, 2; CaCl, - 2H,0, 0.01; MgSO, - 7H,0, 0.03;
NaCl, 0.3; and MnSO,, 0.01 (pH 8.5). The medium was
sterilized at 1 atm. CaCl,, CoCl,, Na,HPO,, glucose,
gelatin, and lactate solutions were sterilized separately
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at 0.5 atm. and added aseptically immediately before
inoculation to give the following final concentrations:
5mM CaCl,, 2 mM CoCl,, 0.01% Na,HPO,, 1% glu-
cose, 1% gelatin, and 0.3 and 3% lactate. Streptomycin
sulfate was also added to the medium before inocula-
tion in an amount of 500 pg/ml. The strain was culti-
vated in Erlenmeyer flasks one-fifth full of the growth
medium on a temperature-controlled shaker (200 rpm;
30°C) from Braun (Germany). The medium was inocu-
lated with a48-h culture grown in the presence of strep-
tomycin. Theinoculum size was 1 vol %. Streptomycin
was added to the growth medium at a concentration of
0.5 mg/ml. Growth was monitored by measuring cul-
ture turbidity at 590 nm using a KFK-2 photoel ectro-
colorimeter.

To revea endospores, cells were Gram stained as
described by Gusev and Mineeva [3]. Cells with
endospores were enumerated using a Carl Zeiss phase-
contrast microscope (Jena, Germany), at a magnifica-
tion of 1600x. The total number of vegetative and
sporulating cells was determined in no fewer than 5
microscope fields, and the relative number of the latter
cells was expressed as a percentage of the total number
of cells. Sporulation phases were determined as
described by Schlegel [4].

The activity of RNase was estimated by measuring
the amount of the products of RNA hydrolysis soluble
in 4% HCIO,. The products were assayed with 12%
uranyl acetate [5]. One unit (U) of RNase activity was
defined as the amount of enzyme that increases the
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extinction E,q, of the reaction mixture by one optical
density unit per 1 hour.

Casainolytic activity was determined using a 2%
solution of caseinin 0.1 M Tris-HCI buffer (pH 8.5) as
described by Kaverzneva [6]. One unit of caseinolytic
activity was defined as the amount of enzyme that lib-
erates 1 umol tyrosine per 1 min.

Thiol-dependent serine proteinase was assayed with
the chromogenic peptide substrate Z-Ala-Ala-Leu-
PNA [7]. One unit of proteinase activity was defined as
the amount of enzyme that hydrolyzes 1 nmol of the
substrate per 1 min.

Glutamyl endopeptidase was assayed with N-car-
bobenzoxy-L-glutamic acid p-nitroanilide (Z-Glu-
pNA) [7]. One unit of endopeptidase activity was
defined as the amount of enzyme that hydrolyzes
1 nmol of the substrate per 1 min.

Phosphomonoesterase activity was determined with
p-nitrophenylphosphate (p-NPP) using a calibration
curve plotted as the extinction E,,, versus the concen-
tration of p-NPP[5]. Oneunit (U) of phosphatase activ-
ity was defined as the amount of enzyme releasing
1 pmol of p-nitrophenol per 1 min.

The specific activity of the enzymes was expressed
astheratio of the enzymatic activity of 1 ml of the cul-
ture liquid to the cell concentration.

The results were statistically processed using Stu-
dent’st-test statistics for significance level P 0.05. Cal-
culations were carried out with the aid of the Microsoft
Excel program and were considered to be confident
when the standard deviation o was equal to or less than
15%.

RESULTS AND DISCUSSION

When B. intermedius was grown in the medium
without glucose, sporulation began after 28 h of growth
(Fig. 1b). In the medium with 1% glucose, the activity
of extracellular RNase was 3.5 times higher than in the
glucose-free medium, and sporulation was suppressed
(Fig. 19).

It is known that the regulatory region of the RNase
gene of B. intermedius contains promoter sequences
recognizable by the vegetative o factor and the regu-
latory proteins of the PHO regulon [8], although RNase
synthesis and sporulation are likely to be regulated sep-
arately. According to our data, however, these two pro-
cessesarerelated reciprocally. If RNase performsacat-
abolic function during the post exponential growth
phases, this may be associated with phosphorus metab-
olism.

With this in mind, in the next set of experiments
(Fig. 2a), we studied the effect of 0.1 mM CoCl,,
0.01% NaHPO,, 0.3, and 0.3 and 3% sodium lactate
(these substances are known to influence the activity of
extracellular phosphatase in the phase of growth retar-
dation) on the dynamics of sporulation and phosphatase
activity in the culture liquid of B. intermedius. Micro-
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Fig. 1. Growth, sporulation, and RNase activity in the
B. intermedius culture grown in the medium (a) with 1%
glucose and (b) without glucose: (1) sporulating cells; (2)
RNase; and (3) biomass. Thetotal number of vegetative and
sporulating cells was taken as 100%. For al data points,
0 < 12%.

scopic observations showed that forespores began
forming in the control medium after 24 h of growth,
whereas mature spores appeared between the 35th and
40th h of growth (Fig. 2b). Low concentrations of lac-
tate (0.3%) and inorganic phosphate (0.01%) enhanced
bacterial growth and increased the number of sporulat-
ing cells. Conversely, 0.1 mM Co?**suppressed sporula-
tion. The activity of extracellular phosphatase exhibited
two maxima. Thefirst peak of phosphatase activity was
observed in the 12th h of growth, i.e., in the phase of
growth retardation, before sporulation. At this devel op-
mental stage, extracellular phosphatase may provide
for the vegetative growth of the culture. The second
peak of phosphatase activity, which was 3 times lower
than the first peak, corresponded to the sporulation
stages I1-1V, when various spore structures are synthe-
sized and cells do not reach the state of metabolic dor-
mancy. Of interest isthefact that the regulation of phos-
phatase synthesis was different in the trophic phase and
intheidiophase (Fig. 2b). For instance, inorganic phos-
phate in the medium considerably decreased the first
peak of phosphatase activity but, unlike Co**, did not
influence its second peak. These data allow the sugges-
tion to be made that the phosphatases of B. intermedius
in these two peaks serve different physiological func-
tions.
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Fig. 2. (a) Growth, (b) sporulation, and (c) the activity of
extracellular phosphatase in the B. intermedius culture
grown (5) in the control medium and in the presence of
(1) 0.3% lactate, (2) 3% lactate, (3) 0.1 mM CoCl,, and
(4) 0.01% NayHPO,. The total number of vegetative and
sporulating cells was taken as 100%. 0 — IV —— VI
indicate sporulation stages. For all data points, ¢ < 12%.

According to data available in the literature, there
are two structural genes of the alkaline phosphatase of
B. subtilis, phoA and phoB [9]. These genes are
expressed in the postexponential growth phase, when
cellsare starved of phosphate, and are regulated by pro-
teins of the Pho regulon. During sporulation, the
expression of the phoA gene is suppressed, while the
phoB gene is normally expressed. Investigations
revealed a tandem of two promoters, P, and P,, in the
promoter region of the phoB gene [10]. The nucleotide
sequence of the latter promoter is similar to the conser-
vative sequences recognizable by the spore-specific o®
factor. The expression of the P; promoter depends on
the spo0 and spoll genes [11]. The coregulation of the
genes of the spore regulon and the Pho regulon suggests
that the physiological function of the second-peak
phosphatase is related to the processes of cell differen-
tiation. It should also be noted that phosphatases play
an important part in the metabolism of polyribonucle-

SHARIPOVA et al.

Sporulating cells, %
701
60 (b
501
401
30
20 Tood
10

1 4 8 1216 20 24 28 35 45 55 65 75h

Fig. 3. (@) Growth and (b) sporulation in the B. intermedius
culture grown (5) in the control medium and in the presence
of (1) 1% gelatin, (2) 0.01% Nay,HPOy,, (3) 1% glucose, and
(4) 1% lactate. The total number of vegetative and sporulat-
ing cells was taken as 100%. 0——1V——=VII indicate
sporulation stages. For al data points, o < 15%.

otidesin the stationary growth phase, when the de novo
synthesis of purines and pyrimidines is strongly sup-
pressed [12]. Phosphatases are also involved in the con-
tinuous circulation of RNA by bringing about the
dephosphorylation of mononucleotides, thereby pro-
viding for a constant rate of RNA synthesis.

It is believed that sporulation in bacilli correlates
with the synthesis of alkaline proteinases [1]. Our ear-
lier studies showed that B. intermedius cells from the
early stationary growth phase secrete extracellular pro-
teinases, 75% of which is subtilisin-like thiol-depen-
dent proteinase and 10% of which isglutamyl endopep-
tidase [13]. Bearing this in mind, we studied the
dynamics of extracellular proteolytic activity using
three substrates, casein (measures the total proteolytic
activity of the culture liquid), Z-Ala-Ala-Leu-pNA (the
substrate of thiol-dependent proteinase), and Z-Glu-pNA
(the substrate of glutamyl endopeptidase). These exper-
iments were carried out using different growth media
(Fig. 4).

In the medium with 1% glucose, the bacterium B.
intermedius did not produce spores (Fig. 3b) and
showed alow level of extracellular proteolytic activity
determined with the three substrates used (Fig. 4). This
implies that both sporulation and proteinase synthesis
are subject to catabolite repression. In the media with
1% gelatin and 0.01% inorganic phosphate, extracellu-
lar proteolytic activity assayed with the three substrates
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was higher than in the control. In this case, gelatin was
found to stimulate spore formation (Fig. 3b). Thiol-
dependent proteinase began accumulating after 24 h of
growth, i.e., at the onset of sporulation (the Oth sporu-
lation stage) (Fig. 4b). The activity of extracellular
thiol-dependent proteinase was at a maximum in the
46th h of growth, i.e., in the late stationary growth
phase, which corresponded to the sporulation stages
V-=VII (the stages of synthesis of spore coats, spore
maturation, and sporangium autolysis, respectively).
The maximal level of the glutamyl endopeptidase activ-
ity was observed in the 18th h of growth, i.e., before the
onset of sporulation. However, the background level of
this activity (10 U/ml) was observed in the idiophase
and at all sporulation stages, including the stage of the
release of mature spores (70 h of growth) (Fig. 4c).

The total proteolytic activity, determined with
casein as the substrate, also exhibited two peaks in the
course of growth. The first peak was observed in the
24th h of growth. The second peak was 4 to 6 times
higher and corresponded to the late stages of sporula-
tion (46-50 h of growth) (Fig. 4a). The particular
enzymes constituting these peaks of proteolytic activity
are unknown. Nevertheless, taking into account the
functional and physiological roles of proteinases at the
late stages of sporulation in B. intermedius, some spec-
ulation as to this point can be advanced.

Theformation of spore coats requires active synthe-
sisof proteins. This synthesis can be provided with oli-
gopeptides and amino acids through the proteolytic
cleavage of extracellular proteins, which are no longer
necessary for vegetative cells in the stationary growth
phase, when sporulation occurs. There is evidence that
proteinasesare also involved in at | east two other sporu-
lation processes. First, serine proteases may perform
the post-trangl ational modification of spore protein pre-
cursors. Second, proteinases may cleave the surface
structures of sporulating cells, thereby promoting the
release of spores into the medium.

It is known that sporulation induces changes in the
o factors of transcription, due to which the hitherto
nontranscribable genes begin to be transcribed [1, 2].
Thekey rolein theinitiation of sporulation is played by
the SpoOA protein, whose transcription involves the
vegetative (P,) and sporulation (Pg) promoters[1]. The
P promoter is subject to catabolite repression and does
not function during the stage of vegetative growth [11].
Consequently, catabolite repression is the main regula-
tory mechanism responsible for the initiation of sporu-
lation and the synthesis of proteolytic enzymes. Our
dataon theinhibitory action of glucose on both protein-
ase synthesis (Figs. 4a—4c) and sporulation (Fig. 3b) are
in agreement with thisinference.

It still remains unknown what signals induce sporu-
lation. The finding that the oligopeptide permease
(Opp) mutants of B. subtilis are deficient in sporulation
[14] suggests that some extracellular peptides are
involved either in the regulation of the phosphate flux
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Fig. 4. Theactivity of extracellular proteinases assayed with
(@) casein, (b) Z-Ala-Ala-Leu-pNA, and (c) Z-Glu-pNA
during the growth of B. intermedius 3-19 in (6) the control
medium and in the presence of (1) 1% gelatin, (2) 0.01%
NayHPOy,, (3) 5mM CaCl, (b) or 2mM CoCl, (c), (4) 1%
glucose, and (5) 1% lactate. 0——IV——=VII indicate
sporulation stages. For al data points, o < 12%.

or in the activation of the spore-specific o factors
responsible for the transcription of late genes. Peptides
may be recognized by the Opp system involved in
sporulation [14].

Thus, the stationary-phase phosphatases and pro-
teinases of B. intermedius may be involved not only in
various catabolic processes but also in sporulation.
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