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Catalytic efficiencies of proteinase K and mesentericopeptidase were determined using
series of peptide-4-nitroanilide substrates and compared with those of subtilisin DY, savinase
and esperase. For each enzyme the subsites S1ÐS4 were characterized. The data for the
enzyme specificities were related to our high resolution X-ray models of the five enzymes
and their complexes with peptides. The catalytic efficiencies of the alkaline proteinases are
modulated by the hydrophobicity, solvent accessibility, flexibility and electrostatic effects in
the substrate binding sites. The longer and nonpolar S1 loop offers more possibilities for
hydrophobic interactions and increases the enzyme efficiency. S2 is a small narrow cleft which
limits the possibilities for effective substitutions in P2. The wide specificity of S3 is due to its
location on the protein surface of all investigated proteinases. The affinity of S4 for aromatic
groups depends on the nature of the residues building the hydrophobic cavity.
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Introduction

Subtilisins and related enzymes (subtilases) as
well as the intracellular proteinases are biocata-
lysts of outstanding scientific and biotechnological
interest. These enzymes perform important bio-
logical functions connected with nutrition, activa-
tion of precursor proteins and cell differentiation
(Perona and Craik, 1995). The ATP-dependent
proteinases are involved in the regulation of bio-
logical processes through degradation of proteins
in cells, including misfolded proteins (Gottesman,
1996). A new representative of this group of prote-
inases, termed CodWX, which differs from the
other ATP-dependent proteolytic enzymes in its
molecular architecture and activity, has been iso-
lated from Bacillus subtilis and characterized
(Kang et al., 2003). Recently, the crystal structure
of a Lon protease, an ATP-dependent enzyme
from Methanococcus jannaschii has been solved at
1.9 Å resolution (Im et al., 2004). The structure
shows a unique catalytic site consisting of Ser-Lys-
Asp residues, which considerably differs from the
catalytic diad of other Lon proteinases (Im et al.,
2004).

The possibilities for industrial production of
large quantities and the commercial availability
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made possible a tremendous application of extra-
cellular subtilases as biologically active compo-
nents of washing powders and other cleaning mate-
rials, in the food processing industry, and in the
medicine for preparation of proteolytic creams for
treatment of wounds and collagen implants (Bott et
al., 1996; Wolff et al., 1996; Nedkov, 1992). Subtilisin
has been topically applied for therapeutic epider-
mal ablation (Fein et al., 2005). Bacterial protein-
ases with high stereo- and regiospecificity, acting
under mild reaction conditions found application in
the synthetic organic chemistry (Bordusa, 2002 and
references therein). Enzymatic catalysis in organic
solvents is an important area of research in bioor-
ganic chemistry and biotechnology (Schmitke et al.,
1994). Subtilases are broadly used in organic syn-
thesis for enantio- and regiospecific reactions, am-
ide bond syntheses and hydrolyses in both aqueous
and organic solvents (Wang et al., 1997).

At present, many efforts are focused on improv-
ing of proteinase properties such as enzyme speci-
ficity and stability (Bordusa, 2002). The study of
proteinase subsite specificity in relation to the re-
spective X-ray model can provide important new
insights into the mechanism of proteolytic action.
Data in comparative aspect about the proteinase
specificity and efficiency, obtained using the same
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experimental conditions, are limited. Usually, the
kinetic data for the hydrolysis of synthetic sub-
strates are collected at different conditions, which
makes the results difficult for comparison and
interpretation. In the present paper we report ki-
netic data about S1ÐS4 specificity and catalytic ef-
ficiency of proteinase K from the fungus Tritirac-
hium album Limber and mesentericopeptidase
from Bacillus mesentericus. The data are compared
with those for savinase (Georgieva et al., 2001a),
esperase (Georgieva et al., 2001b) and subtilisin
DY (Georgieva et al., 2005). The kinetic data for
all five proteinases were collected using the same
experimental conditions. The enzymes were se-
lected having in mind their biotechnological im-
portance. Proteinase K possesses a very high pro-
teolytic activity and found application in the
preparation of nucleic acids (Wiegers and Hilz,
1971). This enzyme digests even keratin (Betzel
et al., 1988). Proteinase K is widely used in clinics
and laboratories to distinguish between the nor-
mal and infectious forms of prions, proteins whose
structural transformation leads to invariantly fatal
neurodegenerative diseases like “mad cow dis-
ease” (Prusiner, 1998). Savinase and esperase are
closely related proteinases from Bacillus lentus
with greater thermal stability and higher alkaline
performance than “classical” subtilisins (Novo
Product No 219, available from Novo Nordisk A/
S Bagsvaerd, Denmark). These proteinases are de-
tergent compatible and thermostable at highly al-
kaline pH in the region 8Ð12. They are widely
used as detergent additives in cleaning materials.
Subtilisin DY, from a X-ray irradiated strain of Ba-
cillus licheniformis var. DY, was used as a compo-
nent of the laundry powder Biopon and for the
preparation of proteolytic creams and collagen im-
plants for the surgery (Nedkov, 1992). Mesenteri-
copeptidase is also perspective for biotechnologi-
cal purposes. The kinetic data were related to the
crystallographic models of the five proteinases and
their complexes with synthetic peptides using our
X-ray coordinates. Conclusions about the role of
the hydrophobicity, structural flexibility, electro-
static interactions and solvent accessibility for the
specificity and catalytic efficiency of the protein-
ase active site are made.

Materials and Methods

Enzymes

Proteinase K was purchased from Sigma Chemi-
cal (St. Louis). Mesentericopeptidase was isolated

and purified as described by Karadjova et al.
(1970). The enzyme was precipitated by saturation
of the culture liquid of Bacillus mesentericus with
ammonium sulphate at a content between 25 and
38%. The sediment was further fractionated by
chromatography on carboxymethyl cellulose using
5 ¥ 10Ð3 m Tris [tris(hydroxymethyl)aminometh-
ane]-HCl buffer, pH 7.2, and a salt gradient of 0Ð
0.4 m NaCl at 4 ∞C. Fractions containing mesent-
ericopeptidase were collected and subjected to
force-dialysis. At the end of this process the en-
zyme crystallized which is an additional indication
of homogeneity. Before the experiments the two
proteinases as well as subtilisin DY, esperase and
savinase were purified additionally by gel-chroma-
tography to separate autolytic products. The en-
zymes used for the kinetic measurements were ho-
mogeneous by gel-electrophoresis. The sources of
the three enzymes used before for investigation
of their specificity and compared kinetically with
proteinase K and mesentericopeptidase are as fol-
lows: subtilisin DY was isolated from the strain DY
of Bacillus licheniformis as described by Genov et
al. (1982). Esperase and savinase, secreted by the
alkalophilic bacterium Bacillus lentus, were kindly
supplied by Novo Nordisk A/S Bagsvaerd, Den-
mark.

Substrates

Synthetic peptide-4-nitroanilide substrates with
the general structures Suc-Ala-Ala-Pro-Aa-4NA
(Aa = Ala, Leu, Nle, Val, Phe, Glu, Lys), Suc-Phe-
Pro-Phe-4NA, Suc-Phe-Leu-Phe-4NA, Suc-Ala-
Ala-Phe-4NA, Suc-Gly-Gly-Phe-4NA, Suc-Ala-
Aa-Pro-Phe-4NA (Aa = Gly, Ala, Leu, Phe, Trp,
Glu) and Suc-Phe-Ala-Ala-Phe-4NA were pur-
chased from Bachem (Heidelberg, Germany). All
chemicals and reagents used were of analytical
grade.

Kinetic measurements

Kinetic experiments with synthetic peptide-4-ni-
troanilide substrates were carried out in 0.1 m Tris-
HCl buffer, pH 8.2, at 25 ∞C and in the presence
of 5% N,N-dimethylformamide (DMFA). The re-
lease of 4-nitroaniline was monitored spectropho-
tometrically at 405 nm (ε405 = 9600 l mÐ1 cmÐ1).
The enzyme concentration was usually in the
range 1.95 ¥ 10Ð8Ð9.12 ¥ 10Ð9 m and that of the
substrate varied between 1.6 ¥ 10Ð3 and 1.2 ¥
10Ð4 m. Kinetic parameters were calculated from



D. Georgieva et al. · Alkaline Proteinases 447

initial rate measurements of the substrate hydroly-
sis using a nonlinear regression analysis.

Computer graphic studies

Computer graphic studies of the five proteinase
structures were carried out on a Silicon Graphics
O2 workstation using the program TURBO-
FRODO (Roussel and Cambillau, 1991).

Results and Discussion

Catalytic efficiencies of proteinase K and
mesentericopeptidase

The S1 specificity is of particular importance be-
cause it was shown that this subsite, together with
S4, dominates the substrate preference (McPhalen
et al., 1985). The S1 preferences of proteinase K
and mesentericopeptidase were investigated by a
series of seven peptide substrates, containing
short, long or branched aliphatic side chains, aro-
matic or oppositely charged groups in position P1
(Tables IÐIII). The substrate preference is deter-
mined by the specificity constant kcat/Km. In these
substrates only a single residue was varied, that in
P1. Both enzymes exhibit marked preference for
an aromatic or long aliphatic side chain in this po-
sition as it is evident from the values of kcat/Km

shown in Table III. The small methyl group of ala-

Table I. Michaelis constants for the hydrolysis of synthetic peptidyl substrates by proteinases from microorganisms.

Proteinase K Mesenterico- Subtilisin Savinaseb Esperasec

peptidase DYa

P5 P4 P3 P2 P1PP1� Km [mm] Km [mm] Km [mm] Km [mm] Km [mm]

Suc-Ala-Ala-Pro-Phe-4NA 0.23 ð 0.02 0.28 ð 0.02 0.17 ð 0.01 0.20 ð 0.02 0.17 ð 0.02
Suc-Ala-Ala-Pro-Leu-4NA 0.20 ð 0.01 0.29 ð 0.02 0.17 ð 0.01 0.56 ð 0.04 0.61 ð 0.04
Suc-Ala-Ala-Pro-Nle-4NA 0.24 ð 0.02 0.23 ð 0.02 0.26 ð 0.02 0.67 ð 0.05 0.35 ð 0.02
Suc-Ala-Ala-Pro-Ala-4NA 0.28 ð 0.02 0.22 ð 0.01 0.43 ð 0.03 0.61 ð 0.04 0.45 ð 0.03
Suc-Ala-Ala-Pro-Glu-4NA 1.05 ð 0.06 1.43 ð 0.10 1.33 ð 0.07 1.43 ð 0.11 0.49 ð 0.03
Suc-Ala-Ala-Pro-Lys-4NA 1.25 ð 0.07 0.62 ð 0.05 0.58 ð 0.03 1.53 ð 0.12 0.72 ð 0.05
Suc-Ala-Ala-Pro-Val-4NA 5.0 ð 0.6 0.42 ð 0.03 0.40 ð 0.02 8.0 ð 0.7 10.0 ð 0.9

Suc-Phe-Pro-Phe-4NA 0.32 ð 0.03 0.45 ð 0.03 Ð 0.42 ð 0.03 0.37 ð 0.03
Suc-Phe-Leu-Phe-4NA 1.43 ð 0.08 1.62 ð 0.12 Ð 1.43 ð 0.11 1.67 ð 0.12
Suc-Ala-Ala-Phe-4NA 0.55 ð 0.04 0.72 ð 0.05 0.61 ð 0.04 0.30 ð 0.02 0.80 ð 0.07
Suc-Gly-Gly-Phe-4NA 1.00 ð 0.05 2.50 ð 0.10 0.56 ð 0.04 2.86 ð 0.3 5.55 ð 0.60

Suc-Ala-Phe-Pro-Phe-4NA 0.33 ð 0.03 0.35 ð 0.02 0.36 ð 0.02 0.18 ð 0.02 0.12 ð 0.01
Suc-Ala-Ala-Pro-Phe-4NA 0.23 ð 0.02 0.28 ð 0.03 0.17 ð 0.01 0.20 ð 0.02 0.17 ð 0.02
Suc-Ala-Trp-Pro-Phe-4NA 0.17 ð 0.01 0.36 ð 0.03 0.36 ð 0.02 0.83 ð 0.05 0.32 ð 0.02
Suc-Ala-Gly-Pro-Phe-4NA 0.22 ð 0.02 0.24 ð 0.02 0.19 ð 0.01 0.30 ð 0.02 0.17 ð 0.01
Suc-Ala-Leu-Pro-Phe-4NA 0.20 ð 0.01 0.21 ð 0.02 0.20 ð 0.01 0.22 ð 0.02 0.12 ð 0.01
Suc-Ala-Glu-Pro-Phe-4NA 0.29 ð 0.02 0.20 ð 0.01 0.21 ð 0.01 0.70 ð 0.05 0.91 ð 0.06
Suc-Phe-Ala-Ala-Phe-4NA 0.01 ð 0.001 0.02 ð 0.001 0.02 ð 0.001 0.10 ð 0.01 0.05 ð 0.01

a Data from Georgieva et al. (2005).
b Data from Georgieva et al. (2001a).
c Data from Georgieva et al. (2001b).

nine is less favourable for catalysis. The charged
side chains of glutamic acid and lysine as well as
the �-branched functional group of valine are very
poorly accepted by S1, Suc-Ala-Ala-Pro-Val-4NA
being the worst substrate. However, the efficiency
towards the positively charged lysyl substrate is al-
most one order of magnitude higher than that ex-
hibited with the substrate containing Glu in P1
which means that electrostatic effects are also im-
portant for the catalysis. The high efficiencies of
the two proteinases towards the first three sub-
strates, shown in Table III, are derived from the
lower Michaelis constants (high affinity) (Table I)
and higher catalytic constants (turnover number)
(Table II). The low efficiency observed for the sub-
strate with Ala in position P1 is due mainly to the
low catalytic constant (Table II). The accommoda-
tion of glutamic acid and lysine at S1 is more diffi-
cult which reflects in the considerably higher Km

values. The turnover of these substrates is also
very low. The side chain of valine in P1 is the most
poorly accommodated functional group. The hi-
ghest Michaelis constant of 5.0 mm and the lowest
catalytic constant of (0.30 ð 0.02) sÐ1 were calcu-
lated for the enzyme hydrolysis of Suc-Ala-Ala-
Pro-Val-4NA (Tables I and II). With Proteinase K,
the following decreasing order of catalytic effi-
ciency was observed: Phe � Nle � Leu �� Ala
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Table II. Catalytic constants for the hydrolysis of synthetic peptidyl substrates by proteinases from microorganisms.

Proteinase K Mesenterico- Subtilisin Savinaseb Esperasec

peptidase DYa

P5 P4 P3 P2 P1PP1� kcat [sÐ1] kcat [sÐ1] kcat [sÐ1] kcat [sÐ1] kcat [sÐ1]

Suc-Ala-Ala-Pro-Phe-4NA 178.0 ð 5.0 151.3 ð 4.8 108.2 ð 2.6 26.9 ð 0.9 31.2 ð 1.0
Suc-Ala-Ala-Pro-Leu-4NA 43.2 ð 1.6 153.6 ð 4.8 53.9 ð 1.8 64.7 ð 3.0 68.4 ð 3.1
Suc-Ala-Ala-Pro-Nle-4NA 84.4 ð 3.2 62.6 ð 2.0 40.0 ð 1.7 18.2 ð 0.6 31.2 ð 1.1
Suc-Ala-Ala-Pro-Ala-4NA 7.3 ð 0.30 5.00 ð 0.18 2.9 ð 0.1 19.3 ð 0.6 30.0 ð 1.0
Suc-Ala-Ala-Pro-Glu-4NA 0.9 ð 0.04 1.00 ð 0.04 0.5 ð 0.03 0.32 ð 0.02 1.07 ð 0.05
Suc-Ala-Ala-Pro-Lys-4NA 16.9 ð 0.6 2.28 ð 0.09 1.1 ð 0.05 0.15 ð 0.01 0.86 ð 0.05
Suc-Ala-Ala-Pro-Val-4NA 0.30 ð 0.02 0.07 ð 0.003 0.3 ð 0.02 0.9 ð 0.05 0.60 ð 0.04

Suc-Phe-Pro-Phe-4NA 0.30 ð 0.02 0.25 ð 0.02 Ð 0.11 ð 0.02 0.08 ð 0.01
Suc-Phe-Leu-Phe-4NA 3.9 ð 0.2 2.9 ð 0.1 Ð 1.2 ð 0.05 1.10 ð 0.05
Suc-Ala-Ala-Phe-4NA 17.0 ð 0.6 15.2 ð 0.5 57.0 ð 2.0 20.2 ð 0.6 20.9 ð 0.6
Suc-Gly-Gly-Phe-4NA 3.5 ð 0.1 2.2 ð 0.1 12.5 ð 0.4 3.0 ð 0.1 1.1 ð 0.04

Suc-Ala-Phe-Pro-Phe-4NA 145.1 ð 4.5 91.4 ð 2.9 87.5 ð 3.0 38.2 ð 1.1 31.2 ð 1.0
Suc-Ala-Ala-Pro-Phe-4NA 178.0 ð 5.0 151.3 ð 4.8 108.2 ð 2.6 26.9 ð 0.9 31.2 ð 1.0
Suc-Ala-Trp-Pro-Phe-4NA 175.3 ð 5.0 91.6 ð 2.9 120.2 ð 5.0 54.0 ð 2.2 48.0 ð 1.9
Suc-Ala-Gly-Pro-Phe-4NA 66.2 ð 2.5 43.4 ð 1.4 59.0 ð 2.2 15.0 ð 0.5 16.4 ð 0.5
Suc-Ala-Leu-Pro-Phe-4NA 191.4 ð 5.4 71.4 ð 2.5 89.3 ð 3.5 43.4 ð 1.8 10.2 ð 0.4
Suc-Ala-Glu-Pro-Phe-4NA 231.2 ð 6.5 142.4 ð 4.5 134.0 ð 4.0 70.0 ð 2.8 69.6 ð 2.8
Suc-Phe-Ala-Ala-Phe-4NA 55.0 ð 1.6 59.2 ð 2.0 86.2 ð 3.1 217.0 ð 5.0 161.3 ð 3.7

a Data from Georgieva et al. (2005).
b Data from Georgieva et al. (2001a).
c Data from Georgieva et al. (2001b).

� Lys �� Glu �� Val. With mesentericopep-
tidase, the order is Phe = Leu � Nle �� Ala ��
Lys �� Glu �� Val. The S1 specificity of savinase
(Table III), obtained by peptide nitroanilides, is in
good agreement with that determined by inter-
nally quenched fluorescent substrates (Grøn et al.,
1992). One difference is that the authors men-
tioned above found a preference for Phe over Leu
while, according to our data, the S1 specificity for
Phe is practically the same as that for Leu. Also,
we have included substrates with norleucine and
glutamic acid in P1.

Substitution of Ala by Gly in positions P2 and
P3 of the tripeptide nitroanilides leads to a de-
crease of the affinity and catalytic efficiency of
proteinase K and mesentericopeptidase (Tables I
and III). In the case of the tetrapeptide substrates
the same substitution in P3 did not change Km (Ta-
ble I). Consequently, the reason for the observed
difference in the enzyme affinity is not the substi-
tution in P3 but that in P2. The preferences of the
both proteinases for the residue in position P2, ac-
cording to the values of kcat/Km, are: Leu � Pro
and Ala � Gly.

All substrates, used for the determination of the
P3 specificity, were efficiently hydrolyzed by the
two enzymes. The differences in the catalytic pa-
rameters were not big. Proteinase K prefers Trp in

P3 and the lowest Km value was observed with
Suc-Ala-Trp-Pro-Phe-4NA as a substrate (Table
I). Substitution of Trp for Leu, Gly and Ala
slightly changed the Michaelis constant. The hi-
ghest kcat was calculated for the hydrolysis of Suc-
Ala-Glu-Pro-Phe-4NA while the values for the
other substrates, except that with Gly in P3, were
of the same magnitude (Table II). In the same
time, mesentericopeptidase exhibits the lowest af-
finity (the highest Km value) towards the substrate
with aromatic side chains like Trp and Phe in P3
(Table I). The highest turnover numbers were ob-
served with the substrates Suc-Ala-Ala-Pro-Phe-
4NA and Suc-Ala-Glu-Pro-Phe-4NA (Table II).
The decreasing order of P3 specificity for protein-
ase K is Trp � Leu � Glu = Ala � Phe � Gly
and that for mesentericopeptidase is Glu � Ala �
Leu � Trp = Phe � Gly (Table III).

The most favourable substrate for proteinase K
and mesentericopeptidase was Suc-Phe-Ala-Ala-
Phe-4NA, with Phe in P4. The high efficiency is
derived from greater binding (the Km values are
an order of magnitude lower in comparison to
those for all other substrates) (Table I). Evidently,
S4 has an extremely high affinity for the aromatic
phenyl group. Such a preference has been ob-
served also for other proteinases (Grøn et al.,
1992). The efficiency of proteinase K towards this
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Table III. Specificity constants (catalytic efficiency) for the hydrolysis of synthetic peptidyl substrates by proteinases
from microorganisms.

Proteinase K Mesenterico- Subtilisin DYa Savinaseb Esperasec

peptidase
kcat/Km kcat/Km kcat/Km kcat/Km kcat/Km

P5 P4 P3 P2 P1PP1� [s Ð1 mmÐ1] [sÐ1 mmÐ1] [sÐ1 mmÐ1] [sÐ1 mmÐ1] [sÐ1 mmÐ1]

Suc-Ala-Ala-Pro-Phe-4NA 782 ð 90 544 ð 56 640 ð 52 134 ð 16 184 ð 24
Suc-Ala-Ala-Pro-Leu-4NA 217 ð 19 533 ð 53 318 ð 30 115 ð 12 112 ð 12
Suc-Ala-Ala-Pro-Nle-4NA 355 ð 43 275 ð 33 155 ð 18 27 ð 3 89 ð 7
Suc-Ala-Ala-Pro-Ala-4NA 26 ð 3 23 ð 2 6.8 ð 0.7 32 ð 3 67 ð 6
Suc-Ala-Ala-Pro-Glu-4NA 0.86 ð 0.09 0.68 ð 0.05 0.38 ð 0.04 0.22 ð 0.04 2.2 ð 0.2
Suc-Ala-Ala-Pro-Lys-4NA 13.6 ð 1.2 3.71 ð 0.45 1.91 ð 0.19 0.10 ð 0.02 1.2 ð 0.1
Suc-Ala-Ala-Pro-Val-4NA 0.06 ð 0.01 0.17 ð 0.02 0.76 ð 0.09 0.11 ð 0.02 0.06 ð 0.01

Suc-Phe-Pro-Phe-4NA 0.95 ð 0.15 0.52 ð 0.04 Ð 0.26 ð 0.06 0.21 ð 0.04
Suc-Phe-Leu-Phe-4NA 2.75 ð 0.30 1.8 ð 0.2 Ð 0.84 ð 0.10 0.66 ð 0.08
Suc-Ala-Ala-Phe-4NA 31.2 ð 3.4 22.7 ð 0.7 94 ð 9 67 ð 6 26 ð 3
Suc-Gly-Gly-Phe-4NA 3.5 ð 0.3 0.88 ð 0.03 22 ð 2 1.05 ð 0.05 0.20 ð 0.02

Suc-Ala-Phe-Pro-Phe-4NA 445 ð 54 263 ð 23 244 ð 22 212 ð 27 260 ð 30
Suc-Ala-Ala-Pro-Phe-4NA 782 ð 90 544 ð 56 640 ð 52 134 ð 16 184 ð 24
Suc-Ala-Trp-Pro-Phe-4NA 1036 ð 90 257 ð 29 335 ð 32 65 ð 7 150 ð 16
Suc-Ala-Gly-Pro-Phe-4NA 304 ð 39 183 ð 21 312 ð 28 50 ð 5 96 ð 10
Suc-Ala-Leu-Pro-Phe-4NA 961 ð 75 344 ð 45 448 ð 40 197 ð 26 85 ð 10
Suc-Ala-Glu-Pro-Phe-4NA 802 ð 78 715 ð 58 640 ð 50 100 ð 12 76 ð 9
Suc-Phe-Ala-Ala-Phe-4NA 5572 ð 717 2972 ð 249 4328 ð 377 2170 ð 200 3226 ð 600

a Data from Georgieva et al. (2005).
b Data from Georgieva et al. (2001a).
c Data from Georgieva et al. (2001b).

substrate is two times higher than that of mesen-
tericopeptidase (Table III).

Comparison of kinetic parameters for the five
proteinases from microorganisms

Kinetic data for five proteinases from microor-
ganisms and of biotechnological importance are
compared in Tables IÐIII. The data collection was
made at the same experimental conditions. This
makes the calculated parameters comparable. Re-
gardless of some differences in the kinetic con-
stants for the same substrates, general tendencies
are evident. A marked preference of S1 for the
aromatic group of Phe is a common feature of the
investigated proteinases. The next very well ac-
cepted by this subsite residue is Leu. Mesenterico-
peptidase and savinase have practically the same
specificity constants for the substrates with Phe or
Leu in P1. Nle is relatively well accepted while S1
does not tolerate the methyl group of Ala and the
long charged side chains of Glu and Lys. The poor-
est substrate is that with Val in P1. The inefficiency
in the hydrolysis of substrates with Glu, Lys and
Val is common to all five proteinases. Only in the
case of subtilisin DY there is some preference for

Val over Glu or Lys. The S2 subsite definitely ex-
hibits a preference for Ala over Gly and for Leu
over Pro. The enzymes discriminate moderately
among the P3 residues and their S3 subsites are
very flexible with respect to the accommodation of
different amino acid side chains. Some proteinases
(proteinase K, esperase, savinase) exhibit a prefer-
ence for aromatic side chains in P3, like those of
Trp and Phe, but the other two (mesentericopep-
tidase and subtilisin DY) prefer Glu in this posi-
tion. Gly in P3 is not effective for the catalysis.
The five enzymes exhibit a marked preference for
the aromatic group of Phe in P4 (Table III) and in
all cases the high efficiency, which drastically dif-
fers from those observed with the other substrates,
is derived from greater binding (Table I).

Relation of the kinetic data to the X-ray models

The three-dimensional models of the five prote-
inases were built using our X-ray coordinates ob-
tained by synchrotron radiation at DESY-Ham-
burg (Betzel et al., 1988, 1992, 1996; Dauter et al.,
1991; Eschenburg et al., 1998). We have used also
our crystallographic data about complexes of the
investigated enzymes with peptide inhibitors.
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Fig. 1. View of the S1ÐS4 substrate binding site of prote-
inase K (PDB code 1PEK).

Fig. 1 shows the S1ÐS4 region of substrate binding
in proteinase K (PDB code 1PEK). The substrate
recognition sites in the five enzymes are made up
by two nearly parallel peptide sequences including
residues 99Ð104 on one side and 125Ð131 on the
other. These regions are moderately accessible to
the solvent. They flank the residues P1 to P3 of
the peptide substrate and form an antiparallel �-
pleated sheet with it during catalysis. Most of the
side chains forming the P1 loop point away from
the centre of the loop and in this way a wide cavity
is formed, capable to accommodate different
amino acid residues. This is in line with the broad
specificity of the investigated proteinases which
can hydrolyse peptide substrates with aromatic,
aliphatic or charged side chains in P1. S1 is hydro-
phobic in all cases, which explains the preference
for nonpolar residues over those with electrostati-
cally charged groups. For this reason the protein-
ases exhibit very low catalytic efficiency towards
peptide nitroanilides with Lys or Glu in P1 (Table
III). Proteinase K, mesentericopeptidase and sub-
tilisin DY prefer definitely Lys over Glu, which
suggests a negatively charged microenvironment
of the respective site. An opposite effect was ob-
served with esperase which is due probably to the
presence of the positively charged guanidine
group of Arg158 in S1. The five crystallographic
structures show that the entrance of the S1 subsite
is too narrow to accommodate the �-branched side
chain of Val and the respective peptide nitroanil-
ide is the worst substrate for the enzymes whose
catalytic efficiencies are compared in Table III.

Such limitation has also been suggested for subtil-
isin BPN’ (Takeuchi et al., 1991).

Comparison of the P1 substrate binding loops of
the five proteinases showed higher hydrophobicity
of the S1 subsites in proteinase K, subtilisin DY
and mesentericopeptidase due to the presence of
more hydrophobic side chains in comparison to
the respective sites in savinase and esperase. Also,
the S1 loop in the last two enzymes is four residues
shorter which reduces the possibilities for hydro-
phobic contacts. The differences in the nature of
the side chains building S1 as well as those in the
geometry of the S1 subsites can explain the higher
catalytic efficiencies of the first three enzymes for
substrates with hydrophobic P1 residues. The
higher affinity of proteinase K, subtilisin DY and
mesentericopeptidase for aliphatic P1 residues re-
flects in the considerably lower Km values which
are more than 2 times lower than those for esper-
ase and savinase (Table I). This is due probably to
the fewer possibilities for hydrophobic contacts in
the shorter P1 loop of both enzymes.

S2 is the smallest subsite and represents a nar-
row and shallow “cleft” formed by residues Leu96,
His64 and Gly100 (numbering according to the se-
quences of subtilisin DY and mesentericopep-
tidase). These residues are all conserved in the five
proteinases. It seems that steric effects are impor-
tant for the interaction of P2 with S2. The higher
Km value for the substrate with Leu in P2 (Table
I) is probably due to more difficult accommoda-
tion of the longer aliphatic chain of this residue.
S2 can also accommodate Pro. The preference of
the subsite for Leu over Pro can be explained with
the X-ray model of the complex between protein-
ase K and a peptide substrate with Pro in P2 (PDB
code 1 PEK) which shows that this residue is in-
volved only in weak van der Waals contacts with
Gly100. The preference for Ala in P2 over Gly
is due to the possibility for the methyl group to
participate in hydrophobic interactions with S2
while Gly lacks a side chain. The geometry of S2
makes effective variations of residues in P2 more
difficult in comparison to the other subsites.

S3 can not be defined as a “cleft” or “pocket”.
The P3 residue of the peptide substrates lies on
the protein surface and even the existence of S3 is
under question. The side chain of P3 should be
directed to the solvent and this location can ex-
plain the broad S3 specificity.

The subsite S4, as S1, is very important for the
proteinase specificity. The binding to this site con-
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tributes significantly to the catalytic efficiency. S4
is a hydrophobic pocket formed by the side chains
of several residues: that in position 104, which is
Tyr, Val or Leu in the investigated proteinases, the
residue in position 107, which is Ile in proteinase
K, mesentericopeptidase, subtilisin DY and savin-
ase, and Val in esperase, as well as by Asn142 in
proteinase K or by the conserved in the other four
proteinases Leu135. The segment of residues 128Ð
131 also participates in the formation of the sub-
site. The S4ÐP4 interactions are dominated by hy-
drophobic forces. S4 in the five proteinases exhib-
its an extremely high catalytic efficiency for the
peptide substrate with Phe in P4 (Table III). Simi-
lar preference has been observed with other prote-
inases (Grøn et al., 1992 and references therein).
The efficiency is derived from the very high affin-
ity of this subsite for the aromatic phenol ring (Ta-
ble I). The substitution of Tyr104 in proteinase K,
mesentericopeptidase and subtilisin DY by Val104
in savinase or Leu104 in esperase leads to consid-
erable decrease of the enzyme affinity for the pep-
tide substrate with Phe in P4 which reflects in in-
creased Km values (Table I). The highest Km value
was observed with savinase. This is due probably
to the additional rigidity of S4 in this enzyme im-
posed by the two prolines in positions 129 and 131
which prevents the best accommodation of the
substrate. The lower subsite flexibility also reflects

Betzel C., Pal G. P., and Saenger W. (1988), Three-di-
mensional structure of proteinase K at 0.15 nm resolu-
tion. Eur. J. Biochem. 178, 155Ð171.

Betzel C., Klupsch S., Papendorf G., Hastrup S., Branner
S., and Wilson K. S. (1992), Crystal structure of the
alkaline proteinase savinaseTM from Bacillus lentus at
1.4 Å resolution. J. Mol. Biol. 223, 427Ð445.

Betzel C., Klupsch S., Branner S., and Wilson
K. S. (1996), Crystal structures of the alkaline prote-
ases savinase and esperase from Bacillus lentus. In:
Subtilisin Enzymes: Practical Protein Engineering
(Bott R. and Betzel Ch., eds.). Plenum Press, New
York, pp. 49Ð61.

Bordusa F. (2002), Proteases in organic synthesis. Chem.
Rev. 102, 4817Ð4867.

Bott R., Dauberman J., Wilson L., Ganshaw G., Sagar
H., Graycar T., and Estell D. (1996), Structural chan-
ges leading to increased enzymatic activity in an engi-
neered variant of Bacillus lentus subtilisin. In: Subtil-
isin Enzymes: Practical Protein Engineering (Bott R.
and Betzel Ch., eds.). Plenum Press, New York, pp.
277Ð283.

in the catalytic efficiency towards Suc-Phe-Ala-
Ala-Phe-4NA which in the case of savinase is the
lowest one in comparison with the other four en-
zymes (Table III). The other four proteinases have
Gly (mesentericopeptidase, esperase and subtilisin
DY) or Ser (proteinase K) in position 131. Evi-
dently, the presence of an aromatic group in S4 is
more favourable for the interactions with the phe-
nyl group of the substrate. The X-ray model of the
complex between proteinase K and the peptide in-
hibitor with Phe in P4 (PDB code 1PEK) showed
that both segments of the substrate recognition
site are flexible and move appreciably to accom-
modate the inhibitor. The aromatic group of Phe4I

(I means inhibitor) fills very well the hydrophobic
S4 pocket which seems to be designed for a prefer-
able binding of a phenyl ring. The carbonyl group
of Phe4I is fixed by two hydrogen bonds with
Asn161 (Nδ) and Thr223 (Oγ). The phenyl ring of
Phe4I can also interact with the aliphatic side
chains of Val104 (savinase) or Leu104 (esperase)
but the affinity for the respective subsites is not
so high.
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