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Abstract—The culture filtrate of Bacillus intermedius 3-19 was used for isolation by chromatography on CM-cellulose and
Mono S columns of a proteinase that is secreted during the late stages of growth. The enzyme is irreversibly inhibited by the
inhibitor of serine proteinases diisopropyl fluorophosphate, has two pH optima (7.2 and 9.5) for casein hydrolysis and one at
pH 8.5 for Z-Glu-pNA hydrolysis. The molecular weight of the enzyme is 26.5 kD. The K|, for Z-Glu-pNA hydrolysis is 0.5 mM.
The temperature and pH dependences of the stability of the proteinase were studied. The enzyme was identified as glutamyl
endopeptidase 2. The N-terminal sequence (10 residues) and amino acid composition of the enzyme were determined. The
enzyme hydrolyzes Glu4—GInS, Glul7—Aspl18, and Cysl1—Serl2 bonds in the oxidized A-chain of insulin and

Glul3—Alal4, Glu21—Arg22, Cys7—Gly8, and Cys19—Gly20 bonds in the oxidized B-chain of insulin.
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In the stationary phase of growth bacteria secrete
serine and neutral proteinases that play a role in adaptive
processes, in particular in formation of spores. It is sug-
gested that serine proteinases are involved both in initia-
tion of sporulation and in synthesis of spore coat and ger-
mination of spores. It was demonstrated that proteinase
TesA is secreted in the medium by sporulating cells of
Bacillus subtilis and is involved in the formation of spore
coat [1]. It was found that the product of the c/pP gene is
a proteinase that plays an important role in the phase of
stationary growth of B. subtilis. This protein determinates
cell growth in conditions of heat shock. In addition, syn-
thesis of this proteinase is associated with expression of
operons spollA and spollB [2]. The study of the prote-
olytic enzymes that are secreted by cells during the late
stationary phase of growth is thought to be attractive due
to the suggested interaction between proteinase synthesis
and the process of spore formation.

Two serine proteinases were isolated from the cul-
ture filtrate of Bacillus intermedius 3-19: glutamyl
endopeptidase and subtilisin (thiol-dependent serine
proteinase) that are generated by the bacteria in the
beginning of the stationary growth phase (early proteins).

* To whom correspondence should be addressed.

The enzymes were obtained in homogenous state and
characterized [3-5].

During the late stationary phase of growth of B. inter-
medius 3-19 we detected two serine proteinases in the cul-
ture filtrate, referred to as glutamyl endopeptidase 2 and
subtilisin 2 [6]. These “late” enzymes are designated with
index 2 to distinguish them from the early enzymes that are
synthesized in the beginning of the stationary growth phase.

The objective of this study was isolation and charac-
terization of glutamyl endopeptidase 2 from B. inter-
medius 3-19 secreted in the late stationary growth phase.

MATERIALS AND METHODS

Bacterial strain. The streptomycin-resistant strain B.
intermedius 3-19 from the collection of the Department of
Microbiology of Kazan State University was used in this
study. The bacterium was cultivated in the described ear-
lier medium [4] at 30°C and 200 rpm for 42 h. The ratio
between the flask volume and the volume of medium was
5: 1. The cells were pelleted at 4500g for 50 min.

Reagents. CM-cellulose (Reanal, Hungary), Mono
S HR 5/5 for FPLC, and Sephadex G-25 (Pharmacia,
Sweden) were used for isolation of the enzyme.
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Proteolytic activity was measured using as substrates
2% casein in 0.1 M Tris-HCI buffer (Serva, Germany),
pH 8.5 [7], and synthetic chromogenic substrates Z-Glu-
pNA and Z-Ala-Ala-Leu-pNA [8] that were synthesized
in the laboratory of the Faculty of Chemistry of
Lomonosov Moscow State University by the method of
Houmard [9]. The quantity of the enzyme that hydrolyzes
1 umol of the substrate during 1 min under experimental
conditions was taken for a unit of enzymatic activity.

Protein was measured spectrophotometrically taking
into consideration that concentration of protein 1 mg/ml cor-
responds to absorbance 4,5, = 1 in a 1 cm pathlength cuvette.

To determine Michaelis constant (K,,), we used the
substrate Z-Glu-pNA at concentrations 0.2-3.3 mM. The
value of K, was determined graphically as described else-
where [10]; the catalytic constant (k) was calculated
using the program ENZFITTER (Biosoft, Great
Britain).

Isolation of the enzyme. The enzyme was isolated from
2 liters of culture medium as described earlier [4]. The pro-
teins were rechromatographed on a Mono S column
(FPLC) in 0.015 M sodium acetate buffer, pH 6.3, con-
taining 0.5 mM CaCl,. The proteins were eluted in a gradi-
ent of NaCl concentration (0.0-0.5 M) in the same buffer.
The protein fraction that was active on the substrate Z-
Glu-pNA was desalted on Sephadex G-25 and lyophilized.

Physical and chemical properties. The purity of the
samples and the molecular weight of glutamyl endopepti-
dase was determined by electrophoresis in 12.5% poly-
acrylamide gel with 0.1% SDS. Amino acid composition
of the enzyme was estimated after hydrolysis with 5.7 M
HCI for 48 h at 105°C using a Hitachi 835 amino acid
analyzer (Japan). The residues of semi-cysteine and
methionine were detected after oxidation by performic
acid. The N-terminal amino acid was determined by the
method of Edman in the samples obtained after addition-
al purification by chromatography on an Aquapore
(Applied Biosystems, USA) column (4.6 x 100 mm) in a
concentration gradient of acetonitrile (15-60%) with
0.1% trifluoroacetic acid for 40 min in conditions of
HPLC. Then the protein was immobilized on an
Immobilon P membrane and sequenced using a Knauer-
816 instrument (Applied Biosystems) [4].

The isoelectric point of the enzyme was measured by
isoelectric focusing in 5% polyacrylamide gel in the pres-
ence of 2% Biolyte 3/10 ampholytes in a mini-column IEF
Cell (Bio-Rad, USA). A commercial kit of marker proteins
(Serva) was used for calibration of the column [10].

Substrate specificity. The substrate specificity of the
enzyme was determined as described earlier [8] using the
following synthetic tetrapeptides: Z-Ala-Ala-Met-Glu-
pNA, Z-Ala-Ala-Trp-Glu-pNA, Z-Ala-Ala-Phe-Glu-
pNA, Z-Ala-Ala-Leu-Glu-pNA, Z-Gly-Ala-Ala-Glu-
pNA, Z-Ala-Ala-Trp-Asp-pNA, Z-Ala-Ala-Leu-Asp-
pNA, Z-Ala-Ala-Phe-Asp-pNA, Z-Ala-Ala-Met-Asp-
pNA, Z-Gly-Ala-Ala-Asp-pNA, and Z-Glu-pNA. The
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quantity of the enzyme that hydrolyzes 1 mg of the sub-
strate during 1 min under defined experimental condi-
tions was taken as a unit of enzymatic activity.

The specificity of the enzyme on natural substrates
was assessed on oxidized A- and B-chains of insulin.
Solutions of substrates with concentration 1 mg/ml in
0.025 M Tris-HCI buffer with 5 mM CaCl, were incubat-
ed with enzyme solution with 100 : 1 ratio (by weight) for
4 h at 37°C. Dried hydrolyzates were separated using an
Altex HPLC (Beckman, USA) on an Ultrasphere Octyl
column (4.6 x 250 mm) using linear gradient H,0—70%
acetonitrile in the presence of 0.1% CF;COOH.
Absorbance of eluates was registered at 215 and 280 nm;
the eluates were analyzed on a Hitachi 835 amino acid
analyzer (Japan) [4].

Influence of inhibitors. The following compounds
were tested: phenylmethylsulfonyl fluoride (PMSF),
diisopropyl fluorophosphate (DFP), ethylenediamine
tetraacetic acid (EDTA), benzamidine (Sigma, USA) in
molar ratio enzyme/inhibitor 1 : 100, and p-chloromer-
curibenzoate (p-CMB) in molar ratio 1 : 130. Protein
inhibitors (duck ovomucoid, soybean trypsin inhibitor
(Sigma), inhibitor from marine anemone [11]) were used
in molar ratio 1 : 10. Inhibition was carried out for 1 h at
22°C, the residual activity was assessed afterwards by
hydrolysis of Z-Glu-pNA under standard conditions.

Enzymatic characteristics. The pH optimum of the
proteinase was measured using casein and Z-Glu-pNA in
0.1 M Tris-HCI buffer, pH 7.0-10.0, as the substrates. To
estimate pH stability of the enzyme, the activity was
measured by hydrolysis of Z-Glu-pNA after preliminary
incubation for 2 h in 0.1 M Tris-HCI buffer, pH 7.5-10.0,
in the presence and in the absence of 0.5 mM CaCl,. The
activity of the enzyme in the presence of Ca?" without
preliminary incubation was taken as 100%. The tempera-
ture optimum was measured by hydrolysis of Z-Glu-pNA
incubating the reaction mixture at temperatures from 22
to 65°C. When thermostability of the enzyme was
assessed, the enzyme solution was incubated beforehand
for 1 h at 37, 50, and 55°C in the presence and in the
absence of 0.5 mM CacCl,; the activity was measured by
hydrolysis of Z-Glu-pNA. The activity of the enzyme
without preliminary heating was taken as the control.

Mathematical treatment of results was carried out
with the Microsoft Excel program that was used for cal-
culation of mean deviation (o). The results were consid-
ered reliable, if ¢ < 15%. The Student criterion was used
as the criterion of reliability of difference, taking p < 0.05
as the reliable level of significance.

RESULTS AND DISCUSSION
Glutamyl endopeptidase of the late stationary phase

of growth was isolated using ion-exchanging chromatog-
raphy on CM-cellulose and high performance liquid
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GLUTAMYL ENDOPEPTIDASE 2 FROM Bacillus intermedius 3-19

chromatography on a Mono S column using FPLC (Fig.
1). We obtained three protein fractions; the first eluted at
35 mM NacCl, the second at 55 mM NacCl, and the third
at 65 mM NacCl. It was shown using chromogenic sub-
strates Z-Glu-pNA and Z-Ala-Ala-Leu-pNA that the
protein from the second fraction hydrolyses the substrate
Z-Glu-pNA (this property is specific for the family of
glutamyl endopeptidases), but it does not hydrolyze the
substrate of subtilisin Z-Ala-Ala-Leu-pNA. Therefore,
this protein is glutamyl endopeptidase 2.

Figure 1 demonstrates that the obtained protein frac-
tions are not chromatographically homogenous.
Rechromatography of glutamyl endopeptidase 2 resulted
in a chromatographically homogenous protein prepara-
tion (Fig. 2). The data on purification of glutamyl
endopeptidase 2 (Table 1) show that after rechromatogra-
phy the specific activity of the enzyme increases 1.2-fold
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Fig. 1. Chromatography of proteinases from B. intermedius on
the column Mono S: I) Ayg; IT) NaCl gradient (0-0.5 M) in 15 mM
sodium acetate buffer, pH 6.3, containing 0.5 mM CaCl,; 1, 3)
fractions that contain enzymes that are active on the substrate
for subtilisin Z-Ala-Ala-Leu-pNA; 2) fraction that contains
an enzyme that is active on the substrate Z-Glu-pNA (shad-
ed).
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Fig. 2. Rechromatography of glutamyl endopeptidase 2 from B.
intermedius on the Mono S column: I) A,g; II) NaCl gradient
(0-0.5 M) in 15 mM sodium acetate buffer, pH 6.3, containing
0.5 mM CacCl,. The major fraction contains the enzyme that is
active on the substrate Z-Glu-pNA.

in comparison to the previous purification step. The yield
of the enzyme was 19.6%.

The purity of the enzyme glutamyl endopeptidase 2
was also confirmed by electrophoresis in 12.5% polyacryl-
amide gel. The latter revealed the presence of a single
polypeptide with molecular weight 26.5 kD (Fig. 3). The
Michaelis constant (K}, for this enzyme is 0.5 mM, k=
81 sec”!; i.e., glutamyl endopeptidase 2 binds the sub-
strate more effectively in comparison to the enzyme of the
early stationary growth phase (K, = 6 mM) [4]. It appears
that the composition or conformation of the substrate-
binding region of glutamyl endopeptidase 2 differs from
that of glutamyl endopeptidase 1 leading to the 12-fold
increase of the binding to the substrate.

The isoelectric point of glutamyl endopeptidase 2
(8.4) is identical to that of glutamyl endopeptidase 1 from
B. intermedius 3-19 [4].

Then we studied the effects of different inhibitors on
the activity of glutamyl endopeptidase 2. The activity of
the enzyme was inhibited by a specific inhibitor of serine
proteinases, DFP. Another inhibitor of serine proteinases,
PMSEF, influences enzymatic activity insignificantly
(Table 2). The enzyme is not sensitive to benzamidine,
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Table 1. Isolation of glutamyl endopeptidase 2 from culture filtrate of B. intermedius 3-19

Protein, Activity
Purification step V, ml Ao Purification Yield, %
total, units specific, units/A4,g,

Culture filtrate 1900 30 400 22.8 0.0008 1 100
Chromatography on CM-cellulose 42 113.3 14.04 0.126 157.5 61.6
Chromatography on Mono S column| 17.6 5.46 4.69 0.86 1075 20.6
(FPLC)

Rechromatography on Mono S col- 7.0 4.41 4.48 1.02 1275 19.6
umn

EDTA, and protein inhibitors; p-CMB decreases enzy-
matic activity insignificantly. Such resistance against the
inhibitors was observed for many glutamyl endopeptidas-
es, whose activities are completely inhibited only in the
presence of DFP [4, 12-16]. Thus, the results indicate
that the type of inhibition of glutamyl endopeptidase 2
resembles that of glutamyl endopeptidase 1 from B. inter-
medius 3-19 and of glutamyl endopeptidases from other
microorganisms.

The substrate specificity of glutamyl endopeptidase 2
was studied using synthetic chromogenic tetrapeptides.
The activity of glutamyl endopeptidase 2 on tetrapeptides

Table 2. Influence of inhibitors of the activity of glutamyl
endopeptidase 2 from B. intermedius 3-19

with glutamic acid residue in position P, is almost 10*-
fold higher than on the tetrapeptides with aspartic acid
residue (Table 3). Thus, the enzyme prefers the bonds
formed by glutamic rather than by aspartic acid; this
effect is typical for the enzymes from this group. For
example, glutamyl endopeptidases from B. subtilis, B.
licheniformis, Staphylococcus aureus V8, and Streptomyces
griseus hydrolyze synthetic substrate Boc-Ala-Ala-Glu-
pNA on the residues of glutamic acid by 100%, while the
substrate Boc-Ala-Ala-Asp-pNA is hydrolyzed by these
enzymes on the residues of aspartic acid by 0.8, 2.5, and
11%, respectively [12, 15, 17]. The amino acid in position

Table 3. Hydrolysis of synthetic substrates by glutamyl
endopeptidase 2

Substrate Z-Glu-pNA No. Substrate Activity, units/Ayg
Inhibitor
molar ratio residual
enzyme/ activity, %
inhibitor 1 Z-Ala-Ala-Met-Glu-pNA 1.62
2 Z-Ala-Ala-Trp-Glu-pNA 0.75
DFP 1:100 0 3 Z-Ala-Ala-Phe-Glu-pNA 1.86
PMSF 1:100 84 4 Z-Ala-Ala-Leu-Glu-pNA 1.12
EDTA 1:100 100 5 Z-Gly-Ala-Ala-Glu-pNA 1.12
Benzamidine 1:100 100 6 Z-Glu-pNA 0.51
p-CMB 1:130 82 7 Z-Ala-Ala-Trp-Asp-pNA 0.03
Duck ovomucoid 1:10 100 8 Z-Ala-Ala-Leu-Asp-pNA 0.05
Inhibitor from marine 1:10 100 9 Z-Ala-Ala-Phe-Asp-pNA 0.02
anemone
10 Z-Ala-Ala-Met-Asp-pNA 0.05
Soybean trypsin inhibitor 1:10 100
11 Z-Gly-Ala-Ala-Asp-pNA 0.02

BIOCHEMISTRY (Moscow) Vol. 68 No. 11 2003
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Fig. 3. Electrophoresis in polyacrylamide gel with SDS: 1) glu-
tamyl endopeptidase 2; 2) markers: bovine serum albumin,
ovalbumin, carboanhydrase, trypsin inhibitor, lysozyme. The
molecular weights of the markers in kD are indicated on the
right.

P, also plays an important, although not principal, role in
the hydrolysis. Tetrapeptides with phenyl alanine and
methionine in position P, were found to be preferred by
glutamyl endopeptidase 2 from B. intermedius during
hydrolysis of synthetic substrates. It was demonstrated for
glutamyl endopeptidases from B. subtilis and St. aureus V8
that leucine residue in P, position increases enzymatic
activity 10-fold, while serine, asparagine, and arginine
residues in P, position are the strongest inhibitors of sub-
strate hydrolysis [12, 17].

The specificity of the enzyme on the natural
oligopeptide substrate was assessed by cleavage of oxi-
dized A- and B-chains of insulin (each contains two
residues of glutamic acid). In the oxidized A-chain of
insulin the enzyme completely hydrolyzes during 4 h both
bonds formed by glutamic acid Glu4—GIn5 and
Glul7—Aspl18 together with the bond Cysll1—Serl2
formed by cysteic acid obtained after cysteine oxidation.
It appears that the sulfo-group of cysteic acid imitates o.-
carboxyl groups of dicarboxylic acids allowing for hydrol-
ysis of the bonds of cysteic acid in certain cases. The
enzyme hydrolyzes the oxidized B-chain of insulin on two
residues of glutamic acid Glul3—Alal4 and
Glu21—Arg22, and also on two residues of cysteic acid
Cys7—Gly8 and Cys19—Gly20 (Fig. 4). A similar effect
was also observed for glutamyl endopeptidases from B.
subtilis [12] and Str. griseus [15].

The study of the pH optimum of the enzyme using
synthetic substrate Z-Glu-pNA demonstrated the pres-
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Fig. 4. Hydrolysis of oxidized A- and B-chains of insulin by bacterial glutamyl endopeptidases.
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Table 4. Physical, chemical, and enzymatic properties of
glutamyl endopeptidases 1 and 2 from B. intermedius 3-19

BALABAN et al.

Table 5. Amino acid composition of glutamyl endopepti-
dases from B. intermedius 3-19

Properties Glutamyl Glutamyl
endopeptidase 1 | endopeptidase 2
Molecular weight, kD 29 26.5
(SDS-PAGE)
Amino acid composition 263 241
Michaelis constant (K,,), 6.0 0.5
mM
Catalytic constant (k.,), — 81
sec™!
pH optimum
on casein 7.5 and 9.0 7.2 and 9.5
on Z-Glu-pNA 8.0 8.5
pH stability
with Ca?* 7.5-9.0 7.0-10.0
without Ca** 7.5-8.0 8.0-8.5
Temperature optimum, °C
with Ca?* 65 55
without Ca** 55 50
Thermostability of the
enzyme, °C
with Ca?* 22-50 37-55
without Ca** 22-37 22-37

Amino acid Glutamyl endopeptidase
residue
1 2
Asp 35 30
Thr 28 23
Ser 24 26
Glu 16 10
Pro 8 9-10
Gly 32 34
Ala 25 25
1/2 Cys 2 3
Val 18 13
Met 5
Ile 20
Leu 5
Tyr 16 14
Phe 7 9
Lys 11 10
His 2 2
Arg 8 7-8
Trp 1 —
Sum 263 241

ence of a single pH optimum at pH 8.5in 0.1 M Tris-HCI
buffer. Two optima were revealed for casein: at pH 7.2 and
9.5 (Table 4). These data are in accordance with the
results obtained for glutamyl endopeptidases from
Staphylococcus sp. [18, 19], proteinases from Actinomyces
sp. and Streptomyces thermovulgaris [14]. In the presence
of Ca?*, the enzyme is stable in the pH interval 7.5-10.0,
while in the absence of Ca’* this interval narrows signifi-
cantly to pH 8.0-9.0 and enzymatic activity decreases.

The temperature optimum of the enzyme on the syn-
thetic substrate is 50°C in the absence of Ca*'. In the
presence of Ca?* the temperature optimum shifts to 55°C
with 30% increase in the enzymatic activity. This result
confirms the stabilizing role of Ca?*. Further increase in
the temperature leads to strong decrease in the enzymat-
ic activity.

Glutamyl endopeptidase 2 is highly thermostable in
the presence of Ca’*. Preliminary heating of the enzyme
at 37, 50, and 55°C has almost no effect on its activity. In
the absence of Ca*' the enzyme is stable at 37°C, but its
activity decreases at 50 and 55°C by 55 and 90%, respec-
tively.

Amino acid composition of glutamyl endopeptidases
1 and 2 is presented in Table 5. The molecule of glutamyl

endopeptidase 2 consists of 241 amino acid residues. The
molecule of glutamyl endopeptidase 1 is 22 amino acid
residues longer. Enzymes 1 and 2 contain two and three
residues of semi-cysteine, respectively. In addition, these
enzymes differ significantly in the content of Ile, Asp,
Glu, Thr, and Val residues.

The N-terminal sequence of glutamyl endopepti-
dase 2 is compared with the N-terminal sequences of
several known glutamyl endopeptidases in Fig. 5. The 10
amino acid-long region of the N-terminal sequence of
glutamyl endopeptidase 2 completely coincides with the
N-terminal sequence of glutamyl endopeptidase 1 from
Bacillus intermedius. A high percent of identical amino
acids is observed in comparison to glutamyl endopepti-
dases from B. licheniformis and B. subtilis (60 and 50%,
respectively). This observation suggests a close relation-
ship of these enzymes. Glutamyl endopeptidase 2 has
much less homology (20-30%) with the N-terminal
sequences of glutamyl endopeptidases from
Streptomyces sp. and Staphylococcus aureus V8 [8, 14,
20-22].

The comparison of physical, chemical, and enzy-
matic properties of glutamyl endopeptidases 1 and 2 is
presented in Table 4. The enzymes differ in molecular

BIOCHEMISTRY (Moscow) Vol. 68 No. 11 2003
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Fig. 5. N-Terminal amino acid sequences of bacterial glutamyl endopeptidases.

weight (29 and 26.5 kD, respectively), Michaelis constant
(6 and 0.5 mM, respectively) and in certain enzymatic
properties. The data on the differences in properties and
composition of glutamyl endopeptidases provide evi-
dence to suggest the existence of isoforms of this enzyme.
However, it remains obscure how these proteins are mod-
ified and how this process is regulated [23].

This study was carried out under financial support of
grants from the Russian Foundation for Basic Research
(No. 01-04-48037), REC 007 program of CRDF, and
Academy of Sciences of the Republic of Tatarstan (No.
03-3.10-11/2001 (F)).
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