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Protein engineering is a powerful tool for the im-
provement of the properties of biocatalysts. Previously
we have applied protein engineering technologies to
obtain an extremely stable variant of the thermolysin-
like protease from Bacillus stearothermophilus [Van den
Burg, Vriend, Veltman, Venema and Eijsink (1998)
Proc. Natl. Acad. Sci. U.S.A. 95, 2056–2060]. This
variant is much more resistant to denaturing conditions
(temperature and denaturing agents) than the wild-
type enzyme. An extensive enzymic characterization
was undertaken to explore the suitability of the variant
as a biocatalyst at high temperatures. By comparing a
range of variants with increasing thermal stabilities we
show that the additivity of the mutations is accom-
panied by an increase in activity at elevated tempera-
tures in accordance with the Arrhenius law. The results
suggest that the constructed protease variants could be
suitable alternatives to proteases that are currently
used industrially. Our studies demonstrate how protein
engineering can be exploited to obtain high-perform-
ance biocatalysts.

Introduction

In industry there is an increasing demand for biocatalysts
because they can catalyse reactions with very high rates and
high reaction specificity and stereoselectivity [1–4]. How-
ever, enzymes are often not optimally adapted to the
conditions under which they are to be used. For that reason
several strategies are being followed to improve the
characteristics of biocatalysts, such as stability, activity,
specificity and pH optimum [3]. In that respect, the isolation
of enzymes from organisms that are able to survive under
extreme conditions, eventually in combination with directed
evolution approaches, has been shown to be an important
source of new biocatalysts [4–8]. Most of these strategies
are dependent on the efficient transformation of the

(mutated) genes and the expression of the enzymes of
interest in a suitable host, usually Escherichia coli. For
proteolytic enzymes such as members of the subtilisin and
the thermolysin-like protease (TLP) families this has proved
to be difficult owing to lysis of the host. For that reason
proteases are usually expressed in Bacillus subtilis. Although
this bacterium is naturally competent, obtaining the high
number of transformants necessary for directed evolution
strategies is extremely difficult [9]. The site-specific modi-
fication of enzymes by protein engineering can be a useful
alternative and has been used succesfully to alter the
properties of a number of enzymes during the past 10–15
years ([3], and references therein).

TLPs from Bacillus species belong to a class of metallo-
endopeptidases (EC 3.4.24.4) that require Zn2+ ions for their
activity and are optimally active at neutral pH [10]. Several
Bacillus species secrete TLPs ; genes specifying these enzymes
have been cloned and expressed in B. subtilis [11–20]. Several
members of this protease class have been applied in industry,
e.g. baking, brewing and leather processing [21]. Further-
more, thermolysin from Bacillus thermoproteolyticus (TLN)
is being used for the synthesis of the artificial sweetener
aspartame [21]. Because many of these applications benefit
from stable protease variants, we have used a protein engin-
eering approach to improve the stability of the thermolysin-
like protease from B. stearothermophilus (TLP-ste). We
observed that the major stability-determining region in this
protease was located in or near the region of residues
55–69 [22–24]. By combining eight amino acid substitutions
in or near this region (Figure 1 ; A4T, G8C, T56A, G58A,
N60C, T63F, S65P and A69P) we were able to construct a
variant, named Boilysin4, that is active at and resistant to
prolonged incubation at 100 °C. Most of the mutations are
considered to stabilize TLP-ste by decreasing the entropy
of the unfolded state, e.g. by rigidifying mutations such as

Abbreviations used : FaGLA-OH, 3-(2-furylacryloyl)-L-glycyl-L-leucine-L-
alanine ; TLP, thermolysin-like protease ; TLP-ste, thermolysin-like protease
from Bacillus stearothermophilus.
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Figure 1 Ribbon drawing of the three-dimensional model of the eightfold
mutated TLP-ste variant

The model was built from the known three-dimensional structure of
thermolysin [26] as described by Eijsink et al. [23]. The side chains for the
residues that have been mutated (A4T, T56A, G58A, T63F, S65P, A69P and the
disulphide bridge between G8C and N60C) are shown. The active site of the
enzyme is located in the centre of the molecule, between the two major
domains. The figure was obtained with the program RIBBONS [36].

Gly ! Xaa, Ala ! Pro and a disulphide bridge between
residues 8 and 60 [25].

Here we present a comparison of the activity and
stability properties of several variants that had been con-
structed previously. The results show that the additivity of
the mutations is accompanied by an increase in activity in
accordance with the Arrhenius law. Furthermore, because
all the stability-determining mutations are located distant
from the active site, these variants can be used as stable
templates for the introduction of additional mutations that
affect specificity, activity and pH optimum.

Materials and methods

Modelling, mutant design and site-directed
mutagenesis
The model for TLP-ste was constructed on the basis of
homology with thermolysin [26] (85% sequence identity) by
using WHAT IF [27], as described previously. Considering
the high sequence similarity between thermolysin and TLP-
ste, the model was expected to be sufficiently reliable to
predict and analyse the effect of the amino acid substitutions
[28–30]. Details of the modelling procedures used to design
and analyse mutations have been described elsewhere
[22,28]. Details of the design and construction of the
disulphide bridge, as well as an extensive analysis of
the effects of introducing this bridge into TLP-ste, have been
described elsewhere [31]. The bridge between residues 8
and 60 was, in geometrical terms, the most promising
disulphide bridge that was found in a search for possibly

stabilizing disulphide bridges affecting the region of residues
55–69 in TLP-ste. The site-directed mutagenesis, production
and purification of TLPs were performed essentially as
described previously [22].

Enzymic characterization
Specific activities of TLP-ste and the different variants
towards casein were determined at 37 °C in 50 mM
Tris}HCl (pH 7.5)}5 mM CaCl2}0.8% casein. Temperature
optima were determined by incubating the TLPs in 50 mM
Tris}HCl (pH 7.5)}5 mM CaCl2}0.8% casein at various
temperatures for 60 min. After incubation the reaction was
stopped by the addition of trichloroacetic acid. The quantity
of acid-soluble peptides was measured spectrophoto-
metrically at 275 nm.

Stability measurements
In the standard thermal stability assay, 0.1 µM solutions of
purified protease were incubated in 20 mM sodium acetate
(pH 5.3)}5 mM CaCl2}0.01% (v}v) Triton X-100}0.5% (v}v)
propan-2-ol}62.5 mM NaCl at various temperatures for
30 min. After incubation the residual proteolytic activity was
determined with the use of casein as a substrate (see above)
[23,28]. The influence of Ca2+ on thermal stability was
determined at Ca2+ concentrations of 0.125 and 5 mM in
the assay buffer described above. Thermal stability was
quantified as t50, being the temperature at which 50% of the
activity remained after 30 min of incubation. When testing
different Ca2+ concentrations, a sample of protease at the
standard 5 mM Ca2+ concentration was included in each
assay as a control. The t50 values are averages of at least three
independent assays with an error margin of approx. 0.3 °C in
all cases.

For the determination of their t50 values, the proteases
were incubated in 20 mM sodium acetate (pH 5.3)}62.5 mM
NaCl}0.5% (v}v) propan-2-ol}0.01% (v}v) Triton X-100 at
80, 90 or 100 °C. The CaCl2 concentration was varied
between 0.2 and 100 mM. Samples, taken at the various time
points, were quickly cooled on ice (for 15 s) and transferred
to 50 °C to prevent low-temperature denaturation. Residual
activity was determined with the use of casein (0.8%) as a
substrate in 50 mM Tris}HCl (pH 7.5)}5 mM CaCl2 as
described above.

Stability in the presence of another broad-specificity
protease was determined in 50 mM Tris}HCl (pH 7.4)}
5 mM CaCl2}0.01% (v}v) Triton X-100 at 75 °C, essentially
as described above. In this case, however, incubations were
performed in parallel with TLP-ste and Boilysin, both with
and without Proteinase K (Boehringer Mannheim,
Germany). Proteinase K was added at a 1 :100 ratio (w}w)
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relative to the TLPs. The residual activity of the withdrawn
fraction was determined at 37 °C as described above.

Determinations of pH optima
For determination of the activity at different pH values, TLPs
were incubated at 37 °C in 50 mM Tris}Mes buffers
(pH 5.2–8.8)}0.01% (v}v) Triton X-100}1% (v}v) propan-
2-ol}125 mM NaCl}1% (v}v) DMSO, with 100 µM 3-
(2-furylacryloyl)-L-glycyl-L-leucine-L-alanine (FaGLA-OH;
Bachem Feinchemikalien AG, Bubendorf, Switzerland). The
decrease in absorption at 345 nm (ε345 317 M−1[cm−1) was
followed spectrophotometrically.

To test the effect of temperature and pH on casein
hydrolysis, TLP variants were incubated in 50 mM Mes
(pH 6.0–6.5), 50 mM Mops (pH 7.0–8.1) or 50 mM borate
(pH 8.8) with 5 mM CaCl2, 50 mM NaCl and 0.8% casein at
different temperatures for 60 min. After this period the
reaction was stopped by the addition of trichloroacetic acid.
After centrifugation, A275 was measured.

Long-term stability of TLPs
B. subtilis culture supernatants containing secreted TLPs
were concentrated by means of ultrafiltration. Part of the
concentrated material was supplemented with 20% (v}v)
propan-2-ol, whereas the remainder was further concen-
trated by dialysis against 50 mM Tris}HCl (pH 7.5)}25%
(v}v) PEG-1000}0.05% (v}v) Triton X-100}5 mM CaCl2.
The concentrated material was stored at 4 °C and at room
temperature and samples were withdrawn at various time
points. The casein hydrolysis activities of these fractions
were determined as described above.

Results and discussion

Stability of different variants
Table 1 summarizes the t50 values at 5 and 0.275 mM Ca2+

for variants that have been constructed. The fact that all

Table 1 Thermal stabilities of TLPs

Several of the t50 values shown have been published previously [22,23,31].
Boilysin contains the mutations A4T-G8C-T56A-G58A-N60C-T63F S65P-
A69P.

[CaCl2] (mM) … 5 0.275

TLP variant t50 ∆t50 t50 ∆t50

TLP-ste 75.2 0.0 64.8 0.0
T56A, G58A 81.2 6.0 71.1 6.3
T63F, A69P 87.2 12.0 77.8 13
G8C, N60C 93.0 17.8 87.8 23
A4T-T56A-G58A-T63F S65P-A69P 96.9 21.7 84.8 20
Boilysin 102.0 26.8 85.6 20.8

mutations are additive [22,23,25] and that even the last
mutation introduced (G8C-N60C) still increased stability
indicates that the region of residues 55–69 (Figure 1) is
indeed a major ‘weak region ’ in TLP-ste. From these results
it is tempting to assume that the protease could be stabilized
even further in this particular region. Allthough this region
contains one of the Ca2+-binding sites (Ca-3), which was
previously demonstrated to be a major determinant of the
stability of TLPs [32], all variants exhibit extensive Ca2+

sensitivity. Apparently, despite the stabilization achieved
around this Ca2+-binding site this mutation is not sufficient to
render TLP-ste Ca2+-independent. This is in accordance with
the conclusion drawn on the basis of mutagenesis studies on
the Ca2+-binding site in a previous study [32].

The observation that the t50 values for G8C-N60C, the
sixfold mutant and Boilysin are similar in the presence of low
Ca2+ concentrations suggests that under these conditions
the depletion of one of the other Ca2+-binding sites becomes
stability-determining.

Temperature dependence of activity
In general, when homologous proteins from, for example, a
mesophilic and a thermophilic source are compared, they
exhibit different stabilities. However, their specific activities
at their respective optimum temperatures of activity are
often very similar. From this it has been concluded that
increases in thermal stability are accompanied by increased
rigidity of the enzymes. This increased rigidity negatively
affects the activity of thermophilic enzymes at lower
temperatures. Figure 2 (upper panel) shows that this is not
observed with the extremely stable TLP-ste variant Boilysin.
At temperatures below 70 °C, activities of the wild-type
enzyme and Boilysin are similar, whereas at the optimum
temperature (75 °C for the wild-type enzyme and 95 °C for
Boilysin) the activity of Boilysin is approx. twice that of
the wild type. As shown in Figure 2 (upper panel), the results
for Boilysin show a flattening of the curve at higher
temperatures, suggesting that some limitation of substrate
accessibility occurs. Previous experiments [25] have shown
that at 100 °C Boilysin is still well able to digest stable
substrates that are not sensitive to proteolytic breakdown at
lower temperatures. The Arrhenius plots (Figure 2, lower
panel) show that the temperature dependences of the wild-
type enzyme and Boilysin are very similar. The activation
energies that can be calculated from the slopes of these plots
are similar [7.76 and 7.82 kcal}mol (31.77 and 32.6 kJ}mol)
for TLP-ste and Boilysin respectively]. The optimum
temperatures of the other variants were intermediate
(Figure 2, upper panel) ; the enzymes had also similar
activation energies (results not shown). From the more
applied point of view, the set of TLP variants presented here
offers the possibility of selecting the variant that is most
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Figure 2 Temperature optima of TLP-ste and constructed variants

A comparison of the wild-type (+), T56A-G58A (_), T63F-A69P (y), A4T-
T56A-G58A-T63F-S65P-A69P (U), G8C-N60C (E) and the eightfold mutant
(* ; A4T-T56A-G58A-T63F-S65P-A69P, G8C-N60C; Boilysin) enzymes is
shown in the upper panel. The Arrhenius plots derived from the results
obtained for TLP-ste (D) and Boilysin (+) are shown in the lower panel. TLPs
were incubated in at least three different concentrations in 50 mM Tris/HCl
(pH 7.5)/5 mM CaCl2/0.8% casein at different temperatures for 60 min. After
incubation the reaction was stopped by the addition of trichloroacetic acid. The
quantity of acid-soluble peptides was measured spectrophotometrically at
275 nm. A275 values were normalized to that determined at 50 °C, at which
temperature all variants had similar specific activities.

suitable for use in a hydrolysis experiment with respect to
the optimum temperature of activity and the conditions that
are required for the subsequent inactivation of the enzyme.

pH dependence of activity
As referred to above, all the stabilizing mutations are
localized distant from the active site and therefore do not
affect the performance of the enzyme at moderate
temperatures [25]. This is corroborated by the results

Figure 3 pH optima for the hydrolysis of FaGLA-OH by TLP-ste and
Boilysin

TLP-ste (+) and Boilysin (x) were incubated at 37 °C in 50 mM Tris/Mes
buffer (pH 5.2–8.8)/0.02% (v/v) Triton X-100/5 mM CaCl2. The reaction was
started by the addition of FaGLA-OH to a final concentration of 100 µM.
Because the kcat/Km values of the two TLPs for small substrates were identical
[25] the data have been normalized.

Figure 4 Casein hydrolysis by TLPs as a function of temperature and pH

TLP-ste (A), the A4T-T56A-G58A-T63F-S65P-A69P (B) and G8C-N60C (C)
variants and Boilysin (D) were incubated at different temperatures and pH
values for 60 min. After incubation, the reaction was stopped by the addition of
trichloroacetic acid. After centrifugation, A275 was measured. The buffers used
were : pH 6.0–6.5, 50 mM Mes ; pH 7.0–8.1, 50 mM Mops ; pH 8.8, 50 mM
borate. All reaction mixtures contained 5 mM CaCl2, 50 mM NaCl and 0.8%
casein.

presented in Figure 3, which shows the pH optima for the
wild-type enzyme and Boilysin measured at 37 °C with a
tripeptide substrate. Nevertheless, a small broadening of the
curve is observed towards the more alkaline range. Figure 4
shows the effect of temperature and pH on the hydrolysis of
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Figure 5 First-order inactivation of TLPs in the presence and the absence
of Proteinase K

TLPs were incubated at 75 °C in 50 mM Tris/HCl (pH 7.4)/5 mM CaCl2/0.01%
(v/v) Triton X-100. Samples were withdrawn at different time points and put on
ice. The residual activity was determined with 0.8% casein as substrate at 37 °C.
TLPs were : TLP-ste (^), TLP-ste+1 :100 (w/w) Proteinase K (_), Boilysin
(D), Boilysin+1 :100 (w/w) Proteinase K (E).

casein by the wild-type enzyme and the more stable variants.
Figure 4 also shows an improved activity at a broader pH
range for the stabilized TLPs. Figures 4(C) and 4(D) suggest
that the broadening of the pH optima is predominantly
caused by the introduction of the disulphide bridge between
residues 8 and 60, as the broadening for the variants
containing this bond is most prominent. Apparently, the
introduced disulphide bond renders the protease somewhat
more resistant to inactivation by low and high pH.

Stabilization towards proteolytic breakdown
It is generally accepted that the inactivation of TLPs at
elevated temperature is caused by local unfolding processes
that render the enzyme susceptible to autolysis [23,28,33].
The mutations that were introduced in the region at residues
55–69 were therefore expected to prevent local unfolding in
this region. Owing to the broad specificity of the protease,
the accessibility of the scissile bonds and, to a smaller extent,
the amino acid sequence of the backbone, determines the
rate of autolysis. Figure 5 illustrates the mutational
stabilization towards proteolytic breakdown at 75 °C. The
stabilized TLP was not sensitive to proteolytic attack by
another broad-specificity protease (Proteinase K), whereas
the wild-type enzyme was. In practice this could result in the
improved proteolysis of substrates when a mixture of
proteases, including Boilysin, is applied at intermediate
temperatures.

Long-term stability of Boilysin
Concentrated culture supernatants obtained from B. subtilis
cultures expressing Boilysin have been stored at 4 °C for

Table 2 t 1
2
values of Boilysin at 100 °C as a function of Ca2+ concentration

[Ca2+] (mM) t 1
2
(min)

0.2 ! 5
0.5 ! 5
2.5 10
5 20.5

10 80
15 170
50 " 240

100 " 240

several months under different conditions without significant
loss of activity (results not shown). The same material
incubated at room temperature loses some activity during
the first weeks but is stable thereafter. At both
temperatures, the addition of propan-2-ol [20% (v}v) final
concentration] was shown to have a stabilizing effect. At
elevated temperatures the long-term stability of the enzyme
can be improved by the addition of more Ca2+. The t1

2
of

Boilysin at 100 °C in the presence of different Ca2+ concen-
trations is shown in Table 2. At Ca2+ concentrations below
10 mM the t1

2
of the enzyme decreases rapidly, which can be

exploited to inactivate the enzyme irreversibly in industrial
applications at the end of the hydrolysis process, e.g. by
means of the addition of chelating agents.

Industrial applications and prospects
The extremely stable biocatalysts presented here offer
promising opportunities for application to industrial protein
hydrolysis processes. In particular, the large-scale processing
of raw materials used in food and feed applications could
benefit from the availability of these extremely stable broad-
specificity proteases. The more efficient substrate turnover
achieved at elevated temperatures could decrease the
quantities of enzyme needed and the risk of microbial
contamination or proliferation. Several potential substrates
are resistant to efficient proteolytic breakdown because of
their structural stability or low solubility at the moderate
temperatures needed for most enzymic hydrolysis experi-
ments. At elevated temperatures the solubility of substrates
improves and the tertiary structure of these substrates will
be distorted to a higher extent, rendering them susceptible
to breakdown by proteases that are resistant to these
conditions. Preliminary experiments have shown that the
amount of hydrolysis obtained by Boilysin equals or exceeds
that obtained with commercial enzyme preparations (B. Van
den Burg, A. de Kreij, C. Winkel and G. Venema, unpublished
work).

Applications that make use of the reverse reaction of
proteolytic enzymes, e.g. the synthesis of aspartame pre-
cursors, often make use of organic media that can be harmful
to the biocatalyst employed [34]. Although this has not yet
been tested, it is expected that the stable TLP variants will be
also more resistant to these conditions.
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The amino acid substitutions that were introduced into
TLP-ste to improve its stability are located distant from the
active site (Figure 1). This offers the possibility of introducing
additional mutations that alter the specificity, the activity or
the pH optimum, in an extremely stable scaffold. Indeed,
amino acid substitutions in TLP-ste that were introduced at
or near the active site with the intention to alter the activity
and or the specificity did not in general affect thermal
stability ([35], and A. de Kreij, unpublished work). Thus
promising opportunities for the construction of high-
performance biocatalysts that combine extreme stability
with desired enzymic properties become available. Protein
engineering experiments to exploit this and to alter several
properties of TLPs are currently continuing.
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