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Abstract—The growth of the recombinant Bacillus subtilis strain AJ73 carrying the Bacillus intermedius 3-19
glutamyl endopeptidase gene on a multicopy plasmid and the effect of some nutrients on the efficiency of extra-
cellular glutamyl endopeptidase production in the stationary growth phase were studied. In this phase, the con-
centration of glutamyl endopeptidase in the culture liquid peaked at the 48th and 78th hours of cultivation and
depended on the composition of the cultivation medium. Unlike the synthesis of glutamyl endopeptidase in the
trophophase (i.e., during vegetative growth), which was suppressed by glucose, the synthesis of this enzyme
during sporulation was resistant to glucose present in the cultivation medium. A multifactorial experimental
design allowed optimal proportions between the concentrations of major nutrients (peptone and inorganic phos-
phate) to be determined. Inorganic phosphate and ammonium ions augmented the production of glutamyl
endopeptidase by 30-150%, and complex organic substrates, such as casein and gelatin, enhanced the produc-
tion of glutamyl endopeptidase by 50-100%. During sporulation, the production of glutamyl endopeptidase
was stimulated by some bivalent cations (Ca*, Mg2+, and Co%*) and inhibited by others (Zn?**, Fe?*, and Cu?").
The inference is drawn that the regulatory mechanisms of glutamyl endopeptidase synthesis during vegetative
growth and sporulation are different.
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Glutamyl endopeptidases (EC 3.4.21.19) form a
subfamily of serine proteinases in the chymotrypsin
family. These proteinases have a narrow substrate spec-
ificity and cleave only peptide bonds between the
o-carboxylic groups of glutamic and aspartic acids [1].
In previous works, we described the properties of the
glutamyl endopeptidase that is secreted by Bacillus
intermedius 3-19 during the phase of vegetative growth
[2], the regulatory mechanisms that control glutamyl
endopeptidase synthesis in B. intermedius, the cloning
of the complete enzyme gene in Bacillus subtilis, and
the conditions that promote the accumulation of extra-
cellular glutamyl endopeptidase in the culture liquid of
the recombinant strain in the growth retardation phase
[3-5]. The synthesis of the glutamyl endopeptidase that
appears in the culture liquid of B. subtilis in the growth
retardation phase was shown to be completely sup-
pressed by glucose and activated by inorganic phos-
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phate, casein, and gelatin. It was also found that the
bacterium B. intermedius secretes glutamyl endopepti-
dase in the late stationary growth phase, during sporu-
lation stages V and VI [6]. Both the active accumulation
of glutamyl endopeptidase in the culture liquid of
B. intermedius 3-19 and the initiation of sporulation of
this bacterium are subject to catabolite repression by
glucose [6], which is in agreement with the supposition
that sporulation and alkaline proteinase synthesis are
regulated coordinately [7].

This work was aimed at studying the synthesis of the
B. intermedius 3-19 glutamyl endopeptidase in the
recombinant B. subtilis strain AJ73 in the late growth
stages.

MATERIALS AND METHODS

Bacillus subtilis strain AJ73 with the chromosome
from which the genes of its own extracellular protein-
ases were deleted was kindly provided by Yu. Jomantas
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Fig. 1. Dynamics of (/) culture growth and (2) glutamyl
endopeptidase activity in the culture liquid of the recombi-
nant B. subtilis strain AJ73(pV).

from the State Research Institute of Genetics and Selec-
tion of Industrial Microorganisms (Moscow, Russia).

Competent B. subtilis cells were transformed with
plasmid DNA as described by Glover [8]. The multi-
copy plasmid pV was constructed on the basis of vector
pCB22 carrying the complete gene of B. intermedius
glutamyl endopeptidase [3].

B. subtilis was cultivated at 30°C on a shaker
(200 rpm) in 100-ml flasks containing 20 ml of a nutri-
ent medium. The basal medium for the cultivation of
B. subtilis contained (%) peptone, 1.7; yeast extract,
0.5; gelatin, 1; CaCl,-2H,0, 0.01; MgSO,- 7H,0,
0.05; NaCl, 0.3; MnSO,, 0.01; NH,CI, 0.01; and
Na,HPO,, 0.036 (pH 8.5). The medium was supple-
mented with 20 pg/ml erythromycin since plasmid pV
bears the erythromycin resistance gene. The medium
was sterilized at 1 atm. Solutions of inorganic phos-
phate (Na,HPO,), NH,CI, C;HO,(NH,),, and salts of
bivalent metals were sterilized separately at 1 atm and
added to the medium immediately before inoculation.
Casein and gelatin solutions were sterilized at 0.5 atm.
Yeast extract, gelatin, and Hammarsten casein were
purchased from Difco Laboratories, Sigma, and Serva,
respectively. Peptone was obtained from a meat-pro-
cessing plant in Thilisi.

The material for inoculation was an 18-h culture in
an amount of 1 vol %. Bacterial biomass was evaluated
nephelometrically at 590 nm.

Proteolytic activity was measured as described pre-
viously [2] with N-carbobenzoxy-L-glutamic acid
p-nitroanilide (BZ-Glu-p-NA). One unit of proteolytic
activity was defined as the amount of enzyme that
hydrolyzes 1 nmol of substrate per minute.
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The efficiency of glutamyl endopeptidase produc-
tion was defined as the ratio of proteolytic activity in
the culture liquid to the biomass and was expressed in
arbitrary units.

Spores were detected by the microscopic examina-
tion of specimens that were stained with Gram or Pesh-
kov stains [10]. Viable cells and spores were enumer-
ated by counting colonies grown on agar plates that
were inoculated with bacterial suspensions.

The data obtained were statistically processed as
described by Plokhinskii [11]. The results of multifactorial
experiments were processed using the STATGRAPHICS
program.

RESULTS AND DISCUSSION

In the first set of experiments, we investigated the
dynamics of culture growth and the accumulation of
B. intermedius 3-19 glutamyl endopeptidase in the culture
liquid of the recombinant B. subtilis AJ73(pV) strain.

As is evident from the results presented in Fig. 1,
glutamyl endopeptidase activity in the culture liquid of
B. subtilis AJ73 showed three peaks, one peak being in
the growth retardation phase (at the 18th hour of culti-
vation) [9] and two peaks being in the late stationary
growth phase (at the 48th and 78th hours of cultiva-
tion). Proteolytic activity in the second and third peaks
exceeded proteolytic activity in the first peak by 2 and
3 times, respectively. The glutamyl endopeptidase that
accumulated in the culture liquid in the growth retarda-
tion phase was arbitrarily named early glutamyl
endopeptidase, whereas the enzyme that accumulated
in the late stationary growth phase was named late
glutamyl endopeptidase.

After 48 and 78 h of cultivation, the amount of
sporulating cells and spores in the B. subtilis AJ73 cul-
ture reached 25 and 50%, respectively. At later cultiva-
tion periods, the percent of spores in the culture
remained at a level of (50 £ 3)%. These data are of
interest from the standpoint of the possible existence of
arelationship between the processes of sporulation and
glutamyl endopeptidase synthesis.

It is known that the transition of B. subtilis cells
from vegetative growth to sporulation is accompanied
by a change in the cell response to glucose. During the
stage of vegetative growth, the presence of glucose in
the medium suppresses (completely or partially) sporu-
lation by the mechanism of catabolite repression. After
the initiation of sporulation, however, glucose does not
influence this process [12].

Bearing this in mind, we investigated the effect of
glucose on the production of late glutamyl endopepti-
dase by the B. subtilis AJ73 culture occurring at differ-
ent developmental stages. Glucose was added, to a final
concentration of 1%, in the trophophase (0, 6, and 10 h
of cultivation) and following the growth retardation
phase (20, 32, 44, 56, and 70 h of cultivation). The addi-
tion of glucose to actively growing B. subtilis cells (i.e.,
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Table 1. Optimization of nutrient medium for the biosynthesis of glutamyl endopeptidase by the recombinant B. subtilis

strain AJ73(pV) at the 48th hour of cultivation

Factor value
Peptone Inorganic phosphate ](g)llg?iftss’ Endo%?ﬁsdase, Productivity

X, g/l X, g/l

20 0.1 20.4 39.7 1.9

30 + 0.3 20.8 29.0 14
- 10 0 0.2 16.3 47.4 29
+ 30 0 0.2 18.7 23.1 1.2
0 20 + 0.3 10.0 15.9 1.6
+ 30 - 0.1 14.3 16.6 1.1
- 10 + 0.3 11.6 17.2 1.5
0 20 0 0.2 19.6 47.4 2.4
- 10 - 0.1 15.5 314 2.0

Table 2. Optimization of nutrient medium for the biosynthesis of glutamyl endopeptidase by the recombinant B. subtilis

strain AJ73(pV) at the 78th hour of cultivation

Factor value
- Biomass, Endopeptidase, ..
Peptone Inorganic phosphate OD units U/ml Productivity

X, g/l X5 g/l

- 10 + 0.3 9.5 244 2.6
+ 30 - 0.1 20.4 44.4 2.2
0 20 0 0.2 15.0 62.9 42
- 10 - 0.1 12.8 28.1 2.2
+ 30 0 0.2 17.2 48.1 2.8
- 10 0 0.2 12.0 42.2 35
0 20 0.1 15.5 44.4 2.9
+ 30 0.3 17.4 40.7 2.3
0 20 0.3 13.6 49.6 3.6

in the trophophase) drastically suppressed the synthesis  late glutamyl endopeptidase. Experiments were

of late glutamyl endopeptidase. However, beginning
from the 20th hour of cultivation (after the initiation of
sporulation), the addition of glucose did not affect the
synthesis of late glutamyl endopeptidase. Conse-
quently, unlike the synthesis of early glutamyl
endopeptidase, the synthesis of late glutamyl endopep-
tidase by B. subtilis AY73(pV) cells is resistant to catab-
olite repression. This suggests that the regulatory
mechanisms that control the expression of the glutamyl
endopeptidase gene during vegetative growth and dur-
ing sporulation are different.

It is known that recombinant strains usually require
elevated concentrations of nitrogen and phosphorus
sources in the cultivation medium. For this reason, we
investigated the effect of different concentrations of
major nutrients (peptone and inorganic phosphate) in
the cultivation medium on the production efficiency of
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designed according to a bifactorial scheme. The con-
centrations of peptone and inorganic phosphate were
varied at three different levels (Tables 1, 2). The tabu-
lated values of biomass (estimated as culture turbidity),
glutamyl endopeptidase activity, and productivity of
enzyme synthesis are the means of triplicate experi-
ments.

The results of these bifactorial experiments are
graphically presented in Fig. 2 as isolines of glutamyl
endopeptidase activity, which form zones of peptone
and inorganic phosphate concentrations that are opti-
mal for glutamyl endopeptidase activity in the culture
liquid. Similarly, Fig. 3 illustrates zones of peptone and
inorganic phosphate concentrations that are optimal for
the efficiency of glutamyl endopeptidase production.

The analysis of these figures showed that the pro-
duction of glutamyl endopeptidase at the 48th hour of
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Fig. 2. Isolines of glutamyl endopeptidase activity constructed from the results of bifactorial experiments with the recombinant
B. subtilis strain AJ73(pV): (a) at the 48th hour of cultivation; (b) at the 78th hour of cultivation.
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Fig. 3. Isolines of glutamyl endopeptidase production constructed from the results of bifactorial experiments with the recombinant
B. subtilis strain AJ73(pV): (a) at the 48th hour of cultivation; (b) at the 78th hour of cultivation.

cultivation must be the most efficient in the medium
containing 16 g/l peptone and 0.18 g/l inorganic phos-
phate, whereas the production of glutamyl endopepti-
dase at the 78th hour of cultivation must be the most
efficient in the medium containing 22 g/l peptone and
0.2 g/l inorganic phosphate. This concentration of inor-
ganic phosphate is two times higher than that necessary
for the efficient production of glutamyl endopeptidase
in the growth retardation phase. This fact can be
explained by the transition of a certain fraction of sta-
tionary-phase cells to a resting state.

It is known that the presence of an enzymatic sub-
strate or its derivative in a cultivation medium can stim-
ulate the synthesis of the corresponding enzyme [12].
Our previous experiments showed that the addition of
casein or gelatin (proteinase substrates) to the cultiva-
tion medium of B. subtilis AJ73(pV) favorably influ-
ences the synthesis of glutamyl endopeptidase in the

stage of vegetative growth [9]. Similar experiments in
this work showed that the addition of 0.5% casein to the
cultivation medium of B. subtilis AJ73(pV) enhanced
proteinase synthesis by 40% at the 48th hour of cultiva-
tion and by 100% at the 78th hour of cultivation (Fig. 4).
At still higher casein concentrations, the efficiency of
glutamyl endopeptidase production decreased. The addi-
tion of 1% gelatin to the medium augmented proteinase
synthesis by 50% at the 48th hour of cultivation and by
110% at the 78th hour of cultivation.

Thus, the biosynthesis of both early and late
glutamyl endopeptidases by the recombinant B. subtilis
strain is activated in the presence of complex organic
substrates.

Taking into account our earlier observations that the
production of glutamyl endopeptidase by B. interme-
dius 3-19 [4] and B. subtilis AJ73(pV) [9] cells in the
growth retardation phase is higher when the cultivation
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Fig. 4. The effect of (/) casein and (2) gelatin on the productivity of glutamyl endopeptidase synthesis by the recombinant B. subtilis
strain AJ73(pV): (a) at the 48th hour of cultivation; (b) at the 78th hour of cultivation. The productivity of enzyme synthesis in the
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Fig. 5. The effects of (/) ammonium citrate and (2) ammonium chloride on the productivity of glutamyl endopeptidase synthesis
by the recombinant B. subtilis strain AJ73(pV): (a) at the 48th hour of cultivation; (b) at the 78th hour of cultivation. The productivity

of enzyme synthesis in the medium without ammonium ions was taken to be 100%.

medium contains both organic (peptone) and inorganic
(ammonium ions) nitrogen sources [4], we investigated
the effect of ammonium ions on the production of late
glutamyl endopeptidase. As can be seen from Fig. 5, the
addition of ammonium chloride to the medium at a con-
centration of 4 mM stimulated glutamyl endopeptidase
production by 30% at the 48th hour of cultivation and
by 15% at the 78th hour of cultivation. Ammonium cit-
rate was found to be a better source of inorganic nitro-
gen than was ammonium chloride (Fig. 5, curves 7). The
optimal concentration of ammonium citrate for the pro-
duction of glutamyl endopeptidase was found to be 5 mM.

Bivalent metal cations play an important part in
maintaining a catalytically active conformation of pro-
teinases [13, 14]. In particular, glutamyl endopepti-
dases are Ca’*-dependent enzymes [1, 2]. Previous
experiments showed that Ca®* ions present in the reac-
tion mixture stabilize the B. intermedius glutamyl
endopeptidase and increase its activity [14]. Co®* ions
2004
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also stabilize the enzyme molecule [4]. Ca?*, Mg?*, and
Co** ions favorably influence the biosynthesis of
glutamyl endopeptidase by the parent B. intermedius 3-19
[4] and the recombinant B. subtilis AJ73(pV) strains [9].

Bearing this in mind, we investigated the effect of
some bivalent cations on the synthesis of late glutamyl
endopeptidase by B. subtilis AJ73(pV) (Fig. 6). Exper-
iments showed that Zn?* ions at concentrations of 1-
2 mM did not influence the production of late glutamyl
endopeptidase. Higher Zn?* concentrations diminished
the efficiency of glutamyl endopeptidase production by
40% at the 48th hour of cultivation and by 70% at the
78th hour of cultivation. Fe?* and Cu?* cations at con-
centrations of 1-10 mM inhibited the synthesis of late
glutamyl endopeptidase by B. subtilis AJ73(pV), Fe**
ions being the most inhibitory at the 48th hour of culti-
vation and Cu?* ions being the most inhibitory at the
78th hour of cultivation. Mn?* ions did not influence the
production of late glutamyl endopeptidase. Mg>* ions
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Fig. 6. The effects of (1) Ca®*, (2) Co?*, (3) Zn**, (4) Mg?*, (5) Mn2", (6) Fe**, and (7) Cu?* cations on the productivity of glutamyl
endopeptidase synthesis by the recombinant B. subtilis strain AJ73(pV): (a) at the 48th hour of cultivation; (b) at the 78th hour of
cultivation. The productivity of enzyme synthesis in the medium without bivalent cations was taken to be 100%.

at a concentration of 1 mM stimulated the synthesis of
late glutamyl endopeptidase by 20%, but higher Mg?*
concentrations inhibited the synthesis by 70-80%.

Ca** ions at a concentration of 5 mM stimulated the
synthesis of late glutamyl endopeptidase by 2.2 times at
the 48th hour of cultivation and by 1.3 times at the
78th hour of cultivation. Such a difference in the stim-
ulatory effects of Ca?* ions can be explained by the dif-
ferent conformations of the enzyme synthesized at the
48th and 78th hours of cultivation [15].

Co?* cations at concentrations higher than 1 mM
exerted a beneficial effect on the biosynthesis of late
glutamyl endopeptidase. At a concentration of 2 mM,
Co?* ions stimulated the production of late glutamyl
endopeptidase by 80% at the 48th hour of cultivation
and by 70% at the 78th hour of cultivation. On the other
hand, Co** ions inhibited the growth of bacilli.

The data obtained allow the inference to be drawn
that the presence of easily metabolizable glucose in the
cultivation medium does not influence the biosynthesis
of late glutamyl endopeptidase by the recombinant
B. subtilis strain AJ73(pV), which can be due to differ-
ent regulatory mechanisms that control this biosynthe-
sis in the early and late growth stages. Glucose inhibits
the initiation of sporulation but does not influence the
late stages of this process. It is tempting to suggest that
the synthesis of late glutamyl endopeptidase and
endospore formation are regulated coordinately.

In most aspects, the synthesis of late glutamyl
endopeptidase by the recombinant B. subtilis strain
AJ73(pV) is similar to the synthesis of other extracellu-
lar serine proteinases. The nutrient medium that is used
for the growth and the efficient synthesis of glutamyl
endopeptidase by the recombinant strain must be
enriched in organic and inorganic nitrogen sources and
contain an enzymatic substrate (casein or gelatin). The
bivalent Ca**, Mg?*, and Co?* ions favorably influence

the production of glutamyl endopeptidase by the
recombinant strain. The biosynthesis of glutamyl
endopeptidase in the late growth stage (during sporula-
tion) requires less inorganic phosphate than in the
phase of vegetative growth.
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