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The incorporation of the structural elements of thermostable enzymes into their less stable counterparts is generally used to im-
prove enzyme thermostability. However, the process of engineering enzymes with both high thermostability and high activity
remains an important challenge. Here, we report that the thermostability and activity of a thermophilic subtilase were simulta-
neously improved by incorporating structural elements of a psychrophilic subtilase. There were 64 variable regions/residues
(VRs) in the alignment of the thermophilic WF146 protease, mesophilic sphericase, and psychrophilic S41. The WF146 protease
was subjected to systematic mutagenesis, in which each of its VRs was replaced with those from S41 and sphericase. After succes-
sive rounds of combination and screening, we constructed the variant PBL5X with eight amino acid residues from S41. The half-
life of PBL5X at 85°C (57.1 min) was approximately 9-fold longer than that of the wild-type (WT) WF146 protease (6.3 min). The
substitutions also led to an increase in the apparent thermal denaturation midpoint temperature (Tm) of the enzyme by 5.5°C, as
determined by differential scanning calorimetry. Compared to the WT, PBL5X exhibited high caseinolytic activity (25 to 95°C)
and high values of Km and kcat (25 to 80°C). Our study may provide a rational basis for developing highly stable and active en-
zymes, which are highly desired in industrial applications.

Many microorganisms have successfully colonized extreme
temperature environments ranging from �20°C to 122°C

(1, 2). Enzymes from psychrophiles, mesophiles, and (hyper)ther-
mophiles usually perform efficient catalysis at low, moderate, and
high temperatures, respectively. Psychrophilic enzymes are char-
acterized as cold active but heat labile, and these characteristics
may arise from an increase in either the global or localized flexi-
bility of enzyme structure (3, 4). Compared to their psychrophilic
and mesophilic counterparts, (hyper)thermophilic enzymes gen-
erally exhibit enhanced conformational rigidity (5–7). However,
some (hyper)thermophilic enzymes may combine local flexibility
in their active site with high overall rigidity, thus making them
more thermostable and cold active than their mesophilic counter-
parts (5–7).

Accumulating evidence suggests that the cumulative effect of
minor improvements of local interactions enhances the intrinsic
stability of (hyper)thermophilic enzymes (5, 8). Identification of
protein stabilization mechanisms is normally based on compara-
tive studies of homologous enzymes that are adapted to different
temperatures, on mutational analyses, on directed evolution and
on computational methods (6, 9). The results of these studies have
provided a rational basis for improving enzyme stability by site-
directed mutagenesis (SDM) (10). Nevertheless, the process of
engineering enzymes for higher thermostability and activity re-
mains important and difficult. One reason for this problem is that
structural differences between homologous enzymes that are
adapted to different temperatures may result from not only ther-
mal adaptation but also random events or other sources of evolu-
tionary pressure. Therefore, it is crucial but difficult to identify key
structural features that are related to temperature adaptation. To
minimize phylogenetic noise, it is desirable to compare enzymes
with minimal differences in their primary structures (11, 12). In
addition, the incorporation of the structural elements of thermo-

stable enzymes into their less stable counterparts has generally
been used to engineer enzymes. However, there is evidence show-
ing that structural components that are involved in the catalytic
cycle have improved flexibility to increase low-temperature activ-
ity of psychrophilic enzymes, while other protein regions that are
not implicated in catalysis may be even more rigid than their
mesophilic counterparts (13–15). Indeed, thermostable variants
of thermophilic and mesophilic proteins have been successfully
constructed by incorporating structural elements of their less sta-
ble counterparts (16, 17).

Subtilisin-like serine proteases (subtilases) have been exten-
sively studied due to their contributions to the understanding of
the mechanism of enzyme catalysis as well as their industrial po-
tential (18). Thermostability is one of the main requirements for
commercial enzymes, and enzymes with high catalytic activity at
low temperatures offer economic and environmental benefits
through energy savings (6, 19, 20). Many efforts have been made
to engineer mesophilic and psychrophilic subtilases with both
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high stability and high low-temperature activity, either by directed
evolution or SDM (21–24). However, synthetic substrates have
generally been used for activity selection in previous studies, lead-
ing to poor or no improvements in activity toward macromolec-
ular substrates, and thus they may miss the biotechnological goal.
The WF146 protease is an extracellular subtilase produced by
thermophile Bacillus sp. WF146 (25), and its stabilization and
maturation mechanisms have been characterized previously (26–
30). We previously engineered a cold-adapted variant of the
WF146 protease that displays improved low-temperature activity
but shows a decrease in thermostability (31). Notably, the WF146
protease shares high amino acid sequence identities (65 to 68%)
with psychrophilic subtilisins S41 (32–34) and S39 (35), as well as
with mesophilic subtilisin SSII (36, 37) and sphericase (Sph) (38).
The crystal structures of S41 (39) and Sph (38) have been deter-
mined. The WF146 protease, Sph, and S41 constitute a trio of
thermophilic, mesophilic, and psychrophilic representatives with
high sequence identity, thus making them ideal for the investiga-
tion of the temperature adaptation mechanisms of enzymes. The
purpose of this study is to investigate the roles of variable sites or
regions (VRs) in the alignment of the trio of enzymes in terms of
their thermostability and enzyme activity and to construct vari-
ants of the WF146 protease with improved thermostability and
low-temperature activity.

MATERIALS AND METHODS
Materials. Restriction enzymes and T4 DNA ligase were purchased from
Fermentas (Burlington, Canada). DpnI was from Thermo Scientific
(Rockford, IL, USA), and Fast Pfu DNA polymerase was from TransGen
Biotech (Beijing, China). Phenylmethylsulfonyl fluoride (PMSF), N-suc-
cinyl-Ala-Ala-Pro-Phe-p-nitroanilide (suc-AAPF-pNA), azocasein, ca-
sein, and subtilisin A were from Sigma (St. Louis, MO, USA).

Strains and growth conditions. Escherichia coli DH5� and E. coli
BL21(DE3) were used as the hosts for cloning and expression, respec-
tively. Bacteria were grown at 37°C in Luria-Bertani medium supple-
mented with kanamycin (30 �g/ml), as needed.

Plasmid construction and mutagenesis. The DNA fragment encod-
ing the proform of the WF146 protease, which comprises the N-terminal
propeptide and the catalytic domain, was amplified from the genomic
DNA of Bacillus sp. WF146 (25) by PCR using the primer pair PB-F/PX-R
(see Table S1 in the supplemental material). Afterwards, the amplified
fragment was inserted into pET26b to construct the expression plasmid
(pWT) for the proform of the wild-type (WT) WF146 protease. The
QuikChange SDM method (40) was employed to construct most of the
WF146 protease variants by using the primers listed in Table S1. The plas-
mid pWT was subjected to single SDM or successive rounds of SDM to
generate a series of variants containing one or more structural elements of
S41 or Sph (see Table S2 in the supplemental material). The active-site
variants of the WT (S/A) and PBL5X (P-S/A; PBL5X contains eight amino
acid residues from the S41), in which the catalytic residue Ser249 was
mutated to Ala, were also constructed using the SDM method. Mean-
while, some variants were constructed by the overlap extension PCR
method, as described previously (26). Briefly, the 5= and 3= ends of the
WF146 protease gene were amplified from pWT by using the primer pairs
listed in Tables S1 and S2 in the supplemental material. The first-round,
5=- and 3=-end PCR products were then used for the second-round PCR
without the addition of primers. In the third-round PCR, the intact gene
was amplified using the primer pair PB-F/PX-R (see Tables S1 and S2),
with the products of the second-round PCR serving as the template. The
overlap extension PCR products were then inserted into pET26b to gen-
erate expression plasmids for target proteins (see Table S2). The sequences
of all recombinant plasmids were confirmed by DNA sequencing.

Expression, activation, and purification. The expression of the re-
combinant proteins was carried out as described previously (25). The cells
were then harvested and suspended in buffer A (50 mM Tris-HCl, 10 mM
CaCl2, 10 mM NaCl, pH 8.0), followed by sonication on ice. After centrif-
ugation at 13,400 � g for 10 min (4°C), the supernatant (cell extract)
containing the proform was incubated at 60°C for 1 h to activate the
enzyme. The mature enzyme was purified using a bacitracin-Sepharose 4B
(Amersham Biosciences, Sweden) column (1.6 cm by 20 cm), as previ-
ously described (26). The purity of the enzyme was confirmed by SDS-
PAGE analysis, where a single protein band was observed (see Fig. S1 in
the supplemental material). The enzyme solution was concentrated with a
Micron YM-3 centrifugal filter (Millipore, Bedford, MA, USA), as needed.
The protein concentrations of the purified enzyme samples were mea-
sured using the Bradford method (41), with bovine serum albumin (BSA)
as the standard.

To prepare the sample for differential scanning calorimetry (DSC)
analysis, proforms of the active-site variants (S/A and P-S/A) in cell ex-
tracts were purified by affinity chromatography on a column containing
Ni2�-charged chelating Sepharose Fast Flow resin (GE Healthcare), as
previously described (30). The purified proforms (150 �g/ml) were then
incubated with subtilisin A (30 �g/ml) at 60°C for 2 h in buffer A, thereby
allowing the proforms to be converted into inactive mature forms after the
processing and degradation of their N-terminal propeptides by subtilisin
A (30). Subsequently, an extension of the incubation period to 5 h at 60°C
led to the auto-degradation of subtilisin A molecules. Finally, the samples
were supplemented with 10 mM PMSF and incubated at 25°C for 0.5 h to
inactivate any residual subtilisin A, followed by dialysis against buffer A at
4°C overnight. Protein concentrations of mature S/A and P-S/A were
determined spectrophotometrically at 280 nm using an extinction coeffi-
cient of 49,740 M�1 cm�1, which was calculated from their amino acid
compositions.

Enzyme activity assay. Azocaseinolytic activity of the enzyme was
determined at 25°C for 3 h or at 60 to 90°C for 15 min in 500 �l of reaction
mixture containing 250 �l of enzyme sample and 0.25% (wt/vol) azoca-
sein in buffer A. Caseinolytic activity of the enzyme was measured at 25°C
for 3 h, 35°C for 100 min, 50°C for 30 min, or 60 to 95°C for 15 min in 500
�l of reaction mixture containing 250 �l of enzyme sample and 1% (wt/
vol) casein in buffer A. The proteolytic activity of the enzyme against BSA
was determined at 25°C for 3 h or at 90°C for 15 min in 500 �l of reaction
mixture containing 250 �l of enzyme sample and 1% (wt/vol) BSA in
buffer A. The reaction was terminated by the addition of 40% (wt/vol)
trichloroacetic acid (TCA) to the reaction mixture. After incubation at
room temperature for 15 min, the mixture was centrifuged at 13,400 � g
for 10 min, and the absorbance of the supernatant was measured at 335
nm (azocasein) or 280 nm (casein and BSA) in a 1-cm cell. One unit (U)
of activity was defined as the amount of enzyme that was required to
increase the corresponding absorbance value by 0.01 units per min under
the conditions described above.

The activity of the enzyme toward suc-AAPF-pNA (0.2 mM) was mea-
sured at 25 or 90°C in buffer A. The activity was recorded in a thermo-
stated spectrophotometer (Cintra 10e; GBC, Australia) by monitoring the
initial velocity of suc-AAPF-pNA hydrolysis with an extinction coefficient
of 8,480 M�1 cm�1 for p-nitroaniline (pNA) at 410 nm (42). One unit (U)
of activity was defined as the amount of enzyme that produced 1 �mol of
pNA per min under assay conditions. Using suc-AAPF-pNA as the sub-
strate, kinetic constants for enzymes were determined, as described pre-
viously (27).

Half-lives of thermal inactivation. Purified enzymes (1.5 �g/ml)
were incubated in buffer A at 80 or 85°C. Aliquots were taken at different
time periods, and the residual activity was measured at 60°C using azoca-
sein as the substrate. The experimental data were fitted to the following
equation: ln(A) � ln(A0) � kt, where A and A0 represent the residual
activity at time t and the original activity, respectively, and k is the inacti-
vation rate constant (k). Half-lives (t1/2s) were calculated as t1/2 � ln2/k.
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SDS-PAGE analysis. SDS-PAGE was carried out with the glycine-Tris
system (43). To prevent self-degradation of the protease during sample
preparation (boiling) or electrophoresis, the protease was precipitated by
TCA at a final concentration of 20%. After incubation at room tempera-
ture for 15 min, the precipitated proteins were recovered by centrifuga-
tion at 13,400 � g for 10 min and then resuspended in ice-cold acetone.
Afterwards, the proteins were recovered by centrifugation at 13,400 � g
for 10 min, air dried, boiled in loading buffer, and then subjected to
SDS-PAGE.

N-terminal sequencing and mass spectrometry. The proteins sepa-
rated by SDS-PAGE were electroblotted onto a polyvinylidene difluoride
membrane and then stained with Coomassie brilliant blue R-250. The
target protein bands were excised and subjected to N-terminal amino acid
sequence analysis using a PPSQ-33A protein sequencer (Shimadzu, Ja-
pan). For mass spectrometry, purified protein samples were analyzed by
using a matrix-assisted laser desorption ionization–two-stage time of
flight (MALDI-TOF/TOF) system(5800 MALDI-TOF/TOF mass spec-
trometer; AB Sciex, USA).

DSC analysis. Calorimetric measurements were carried out with a
capillary cell Nano DSC microcalorimeter (TA Instruments, North Lin-
don, UT, USA), as described by Feng et al. (44). Briefly, protein samples
(1 mg/ml) in buffer A were degassed prior to use. A heating rate of 1°C/
min was used, and the scanning was performed from 25 to 120°C. A
baseline was obtained by scanning the buffer with an identical heating
rate, which was subtracted from the experimental runs. Data analysis was
performed using NanoAnalyze software.

Homology modeling. The structure models of the WF146 protease
and PBL5X were generated using SWISS-MODEL (45), with sphericase
(PDB accession number 1EA7) (38) and subtilisin S41 (PDB accession
number 2GKO) (39) as templates. The PyMOL molecular graphics system
(46) was used to prepare the figure.

RESULTS
Systematic mutational analysis of the VRs of the WF146 pro-
tease. Sixty-four VRs were located between or outside conserved
regions/residues in the alignment of S41, Sph, and the WF146
protease (Fig. 1). To probe the contributions of these VRs to en-
zyme stability and activity, each VR of the WF146 protease was
replaced with the corresponding VR from S41 or Sph. In some
cases, neighboring VRs were mutated simultaneously. In addition,
some long VRs (e.g., VR13 and VR19) were divided into two or
three parts and mutated individually. A total of 96 WF146 pro-
tease variants were obtained, including 43 variants with VRs from
S41 (WA series), 47 variants with VRs from Sph (WB series), and
six variants with VRs that were identical in S41 and Sph (for sim-
plicity, these variants are referred to as WA series) (Fig. 1). In
comparison with the WT, roughly 60% of the variants showed low
residual activities after heat treatment at 80°C for 1 h (Fig. 2),
suggesting that the majority of the VRs from S41 or Sph confer
thermolability to the WF146 protease variants. Interestingly, six
variants (WA23-WA24, WA31, WA47, WA50, WB16, and WB50)
retained significantly (P � 0.05) higher residual activities (	70 to
90%) than WT (	50%) (Fig. 2). This suggests that the incorpo-
ration of certain VRs (stabilizing VRs) from the less stable S41 or
Sph into the WF146 protease can further stabilize the thermo-
philic enzyme.

The effects of VR substitutions on the low-temperature activity
of the enzymes were investigated by measuring their azocaseino-
lytic activities at 25°C. Several variants containing VRs from either
S41 or Sph displayed improved activity (Fig. 3). The number of

FIG 1 Amino acid sequence alignment (Clustal X) (61) of the mature forms of the WF146 protease (GenBank accession number AAQ82911), subtilisin S41
(PDB accession number 2GKO), and sphericase (Sph; PDB accession number 1EA7). Filled circles mark the catalytic triad residues. Conserved regions/residues
are shaded in black. The VRs that are marked by horizontal lines above or below the sequence of S41 or Sph represent those that were used to replace
corresponding VRs of the WF146 protease. The numbers above and below the sequence alignments represent the resulting variants of the WF146 protease
containing VRs of S41 (WA series) and Sph (WB series), respectively. The �-helices (�1 to �6) and 
-strands (
1 to 
9) in the WF146 protease, as well as the two
loops (1 and 2) that form the S4 substrate-binding subsite of the enzyme, are shown above the sequence alignment.
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activity-enhancing variants with S41-derived VRs was larger than
that of the variants with Sph-derived VRs (Fig. 3). In addition, the
five most active variants (WA22, WA31, WA49, WA56, and
WA58), which exhibited roughly 40 to 60% increases in azoca-
seinolytic activity, contained S41-derived VRs (Fig. 3). These re-
sults demonstrate that the low-temperature activity of the ther-
mophilic WF146 protease could be improved by incorporating
structural elements of its less stable counterparts, particularly
those from psychrophilic S41.

Most variants showed a change in thermostability and/or low-
temperature activity (Fig. 2 and 3), suggesting that most VRs of
the WF146 protease, S41, and Sph are related to temperature ad-
aptation. In comparison with the WT, some variants (e.g.,
WA13a, WA14-WA15, WA19, WA49, WA58, WA59-WA60,
WB19, WB38, WB52, and WB60) showed low residual activities
after heat treatment at 80°C (Fig. 2) but high activities at 25°C (Fig.
3). This shows that these variants had lost their thermostability in

order to gain higher low-temperature activity; this process is
known as the trade-off between stability and activity (3, 47, 48).
However, some other variants showed an increase (e.g., WA23-
WA24, WA31, WA47, WA50, and WB16) or decrease (e.g., WA2,
WA3, WA5, WA11, WA26, WA32, WA43, WB2, WB13b�, WB15,
WB42, WB43, and WB56) in both thermostability and low-tem-
perature activity (Fig. 2 and 3), suggesting that there is no intrinsic
correlation between stability and activity. Additionally, we no-
ticed that a small number of variants (e.g., WA33, WA34, WB7,
WB14, WB29a, and WB35) did not show a significant change in
either thermostability or low-temperature activity, thereby imply-
ing that the VRs incorporated into these variants are unlikely to be
related to temperature adaptation but may result from random
events or other sources of evolutionary pressures.

Combination of VRs and screening of variants with im-
proved thermostability and activity. To investigate whether the
structural elements of S41 and Sph can stabilize the WF146 pro-

FIG 2 Heat inactivation profiles of the WT and its variants. The enzymes (1.5 �g/ml) in buffer A were incubated at 80°C for 1 h and then subjected to an
azocaseinolytic activity assay at 60°C. The residual activity is expressed as a percentage of the original activity, and the values are means � standard deviations
(bars) of the results of three independent experiments. Filled circles indicate the variants with VRs that are identical in S41 and Sph. The dashed lines mark the
levels of residual activity of the WT.
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tease in a cumulative manner, VRs that led to an increase in vari-
ant thermostability were subjected to sequential rounds of com-
bination and screening. Five stability-enhancing variants, which
were generated by systematic mutational analysis (WA23-WA24,
WA31, WA47, WB16, and WB50) (Fig. 2), were subjected to heat
treatment at 85°C for 1 h, followed by the azocaseinolytic activity
assay. WA31 retained the highest residual activities (Fig. 4A). In
the first round of combination, the stabilizing VRs of WA23-
WA24, WA47, WB16, and WB50 were individually combined
with that of WA31. The resulting variants were compared with
WA31 by measuring their residual activity after heat treatment at
85°C for 1 h. The results show that the WA31-WA47 and WA31-
WB50 variants retained higher residual activities than the WA31
variant (Fig. 4A). Subsequently, the stabilizing VRs of WA31-
WA47 and WA31-WB50 were combined (second-round combi-
nation) to generate Satb (WA31-WA47-WB50), which showed a
higher residual activity than the two parental enzymes (Fig. 4A)
and demonstrated that these stabilizing VRs had a cumulative

effect on enzyme stability. We noticed that two variants (WA23-
WA24-WA31 and WA31-WB16) that were generated by the sec-
ond round of combination exhibited a level of residual activity
similar to that of WA31 (Fig. 4A), indicating that the combination
of the stabilizing VRs of WA23-WA24 and WB16 with that of
WA31 does not cumulatively enhance enzyme stability. Neverthe-
less, it is possible that the stabilizing VRs of WA23-WA24 and
WB16 may act cumulatively with the stabilizing VRs of other sta-
bility-enhancing variants (e.g., WA47 and WB50). To test this
possibility, two additional variants (WA23-WA24-WA47 and
WA47-WB16) were constructed and subjected to heat treatment
and the activity assay. Indeed, these two variants were more stable
than their parental enzymes (Fig. 4A). Based on this evidence, we
performed a third round of combination in which the stabilizing
VRs of WA23-WA24 and WB16 were individually introduced into
Satb to generate Satg (Satb-WA23-WA24) and Satf (Satb-WB16),
respectively. As expected, Satg and Satf showed further increases
in their residual activities after heat treatment at 85°C for 1 h, with

FIG 3 Low-temperature activities of the WT and its variants. The azocaseinolytic activities of the enzymes (0.75 �g/ml) were determined at 25°C. The values are
means � standard deviations (bars) of three independent experiments. The specific activities of the variants relative to the WT were calculated. Filled circles
indicate the variants with VRs that are identical in S41 and Sph. The dashed lines mark the activity levels of the WT.

Xu et al.
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Satf being slightly more stable than Satg (Fig. 4A). Finally, the
stabilizing VRs of Satg and Satf were combined, but no effects on
the residual activity of the resulting variant Sath (Satf-WA23-
W24) were observed (Fig. 4A). Additionally, low-temperature ac-
tivities (25°C) of all variants were comparable to or higher than
those of their parental enzymes (Fig. 4A). Overall, three sequential
rounds of combination and screening yielded two variants (Satg
and Satf) with significantly enhanced stability at high tempera-
tures. These findings suggest that some structural elements of less
stable S41 and Sph can act cumulatively to further stabilize their
thermophilic counterpart without causing a decrease in low-tem-
perature activity.

To further improve the low-temperature activity of the en-
zyme, the S41-derived, activity-promoting VRs of the five most
active variants, which were generated by systematic mutational
analysis (WA22, WA31, WA49, WA56, and WA58) (Fig. 3), were
subjected to two rounds of combination and screening. In the first
round of combination, the activity-promoting VRs of the five
variants were paired with each other, thus generating 10 variants
containing two activity-promoting VRs that were derived from
S41. The azocaseinolytic activities of these variants were then mea-
sured at 25°C. Two variants (WA22-WA31 and WA22-WA49)
exhibited higher activities than their parental enzymes (Fig. 4B).
Subsequently, the activity-promoting VRs of WA22-WA31 and
WA22-WA49 were combined to generate WA22-WA31-WA49,
which exhibited an increase in azocaseinolytic activity at 25°C to a
level that was 	2-fold higher than that of the WT (Fig. 4B). These

results suggest that some structural elements of psychrophilic S41
can act cumulatively to improve the low-temperature activity of
its thermophilic counterpart.

Although the WA22-WA31-WA49 variant was more active
and stable than the WT, it was less stable than one of its parental
enzymes, WA31 (Fig. 4B). Next, we constructed a variant that
coupled high stability with high low-temperature activity by in-
corporating activity-promoting VRs into Satf. Satf represented
one of the most thermostable variants of the WF146 protease (Fig.
4A). As shown in Fig. 3, the activity-promoting VR of WA31 is
already present in Satf. Furthermore, the activity-promoting VR
of WA58 was not selected because combining it with the VR of
WA31 led to a significantly reduced thermostability of the variant
WA31-WA58 compared to that of WA31 (Fig. 4B). Considering
that the combination of the activity-promoting VR of WA31 with
that of WA22 (WA22-WA31), WA49 (WA31-WA49), or WA56
(WA31-WA56) did not lead to a decrease in the thermostability of
the enzyme (Fig. 4B), the activity-promoting VRs of WA22,
WA49, and WA56 were selected and simultaneously combined
into Satf to yield the variant PBL5X. The azocaseinolytic activity of
PBL5X at 25°C was higher than that of Satf (Fig. 4A). Meanwhile,
PBL5X showed residual activity that was similar to that of Satf
after heat treatment at 85°C for 1 h (Fig. 4A). These results dem-
onstrate that the thermostability and low-temperature activity of a
thermophilic enzyme (the WF146 protease) were cumulatively
improved by incorporating selected structural elements that were
derived from its less stable counterparts (S41 and Sph).

FIG 4 Thermal resistance (upper panels) and low-temperature activity (lower panels) of stability-enhancing (A) and activity-enhancing (B) variants generated
by combinations of VRs. The enzymes (1.5 �g/ml) in buffer A were incubated at 85°C for 1 h and then subjected to an azocaseinolytic activity assay at 60°C (upper
panels). The residual activity is expressed as a percentage of the original activity, and the values are means � standard deviations (bars) of the results of three
independent experiments. The azocaseinolytic activities of the enzymes (0.75 �g/ml) were determined at 25°C in buffer A (lower panels). The values are means �
standard deviations (bars) of three independent experiments, and the mean value of the WT was defined as 1. The specific activities of the variants relative to the
WT were calculated.
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Properties of PBL5X. Although the variant PBL5X was shown
by SDS-PAGE analysis to have a higher apparent molecular size
than the WT (Fig. 5A), N-terminal sequencing of PBL5X revealed
that its N terminus is identical to that of the WT, with the first four
amino acid residues identified as ATPS. Moreover, PBL5X and the
WT were analyzed by mass spectrometry, and their molecular
masses were determined to be 31738.2 Da and 31841.1 Da, respec-
tively, which were consistent with their theoretical molecular
masses (31,781.5 Da and 31,893.6 Da). The variant PBL5X was
compared with the WT in terms of their thermostabilities, enzy-
matic activities, and kinetic parameters. When the thermostabili-
ties of the two enzymes were tested at various temperatures,
PBL5X and the WT were stable until the temperature reached 80
and 75°C, respectively (Fig. 5A). Meanwhile, the variant PBL5X
displayed half-lives of 285.6 and 57.1 min at 80 and 85°C, respec-
tively, which were much longer than those of the WT (47.4 and 6.3
min, respectively) (Fig. 5B), suggesting that PBL5X is more stable
than the WT. SDS-PAGE analysis revealed that the WT auto-de-
graded at 85°C more easily than PBL5X as the incubation time
increased (Fig. 5C). This indicates that the WT is more sensitive to
thermal denaturation. DSC was also carried out to investigate the
contribution of the VRs of S41 and Sph to the structural stability of
PBL5X. It is known that replacing the catalytic residue Ser with Ala
abolishes the activity of the WF146 protease but does not affect
enzyme folding (30). Here, the active-site variants of the WT (S/A)

and PBL5X (P-S/A) were prepared to prevent enzyme auto-deg-
radation and subjected to DSC analysis. The apparent thermal
denaturation midpoint temperature (Tm) of P-S/A (99.7°C) was
higher than that of S/A (94.2°C) (Fig. 5D). These results demon-
strate that the VRs from S41 and Sph significantly stabilized the
global structure of PBL5X.

In comparison with the WT, PBL5X exhibited high activities
toward azocasein, casein, BSA, and suc-AAPF-pNA at 25 and 90°C
(Table 1), thus suggesting an improvement in the activity of
PBL5X under both low- and high-temperature conditions. In ad-
dition, the caseinolytic activity of PBL5X was higher than that of
WT over the tested temperature range of 25 to 95°C (Fig. 6A). The

FIG 5 Comparison of the thermostabilities of PBL5X and the WT. (A) Effects of temperature on enzyme stability. After the enzymes (1.5 �g/ml) were incubated
in buffer A at different temperatures for 15 min, the remaining activities were measured at 60°C using azocasein as the substrate. The residual activity is expressed
as a percentage of the original activity, and the values are means � standard deviations (bars) of the results of three independent experiments. The inset depicts
the SDS-PAGE analysis of purified PBL5X and the WT. (B and C) Heat inactivation profiles. The enzymes (1.5 �g/ml) were incubated in buffer A at 80 or 85°C
for the indicated time periods and then subjected to an azocaseinolytic activity assay at 60°C (B) and SDS-PAGE analysis (C). In panel B the residual activity (log
scale) is plotted versus incubation time and expressed as a percentage of the original activity. The values are means � standard deviations (bars) of the results of
three independent experiments. (D) Typical DSC curves for the mature forms of the active-site variants of the WT (S/A) and PBL5X (P-S/A). Protein samples (1
mg/ml) in buffer A were heated at a rate of 1°C/min, and excess heat capacity was recorded by DSC. The inset depicts the SDS-PAGE analysis of protein samples.
Cp, heat capacity at constant pressure.

TABLE 1 Specific activities of the wild-type WF146 protease and PBL5X
toward various substrates

Substrate

Specific activity (U/�mol)a

WT protease at: PBL5X at:

25°C 90°C 25°C 90°C

Casein 3.0 � 0.2 48.1 � 3.3 12.5 � 0.5 81.9 � 5.6
Azocasein 14.3 � 2.5 207.5 � 7.2 31.5 � 2.61 397.6 � 14.4
BSA 4.3 � 0.3 30.7 � 2.9 6.1 � 0.9 82.2 � 15.3
Suc-AAPF-pNa 600.1 � 20.0 2003.4 � 108.7 763.9 � 38.5 2411.8 � 83.0
a The values are means � standard deviations of three independent experiments.
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caseinolytic activity of PBL5X relative to that of the WT was tem-
perature dependent, and the relative superiority of its activity over
that of the WT increased not only with decreasing temperatures at
a lower temperature range (25 to 85°C) but also with increasing
temperatures at a higher temperature range (85 to 95°C) (Fig. 6B).
This increase in the low-temperature activity of PBL5X suggests
that incorporating structural elements of psychrophilic S41 and
mesophilic Sph into the thermophilic WF146 protease can facili-
tate enzymatic catalysis at low temperatures. In contrast, the in-
crease in the high-temperature activity of PBL5X was most likely
attributed to its improved thermostability, which rendered the
enzyme less prone to the loss of structural integrity, as required for
catalysis at high temperatures. Furthermore, using suc-AAPF-
pNA as the substrate, kinetic parameters of PBL5X and the WT
were determined at different temperatures. In comparison with
the WT, PBL5X displayed high values of Km and kcat at 25, 60, and
80°C (Table 2). This suggests that incorporating the VRs of S41
and Sph into the WF146 protease leads to a decrease in substrate
affinity and an increase in the turnover rate of the enzyme. Over-
all, these results demonstrate that certain structural elements of
S41 and Sph in PBL5X were involved in modifying the structure
around the active site and/or substrate-binding region, which led
to a change in the catalytic behavior of the enzyme.

DISCUSSION

Our results demonstrate that the thermostability of a thermo-
philic subtilase could be improved by incorporating structural
elements from its less stable counterparts. The variant PBL5X con-
tains eight amino acid substitutions (I79A, S100A, S136N, R231A,
N238F, N239D, S244T, and T276G), and its high thermostability

relative to that of the WT was achieved by cumulative effects of the
stabilizing substitutions I79A, S136N, R231A, and S244T. This is
consistent with the proposal that the enhanced intrinsic stability
of thermostable enzymes is the cumulative effect of minor im-
provements of local interactions (5). The substitution S136N is of
particular interest because it had the strongest stabilizing effect on
the enzyme (Fig. 2 and 4A, WA31). This substitution resulted in
the formation of two new hydrogen bonds with Ser138 and
Thr252 that resided in the �5 helix (Fig. 1 and 7). Meanwhile,
Asn136 also formed two hydrogen bonds with Ala32 and Leu34
that resided in the 
1 strand (Fig. 1 and 7). Therefore, the substi-
tution S136N appeared to improve the thermostability of the en-
zyme by locking the secondary structure elements. The substitu-
tions I79A and S244T resided in the �2 helix and the 
9 strand
that formed an antiparallel 
-sheet with the 
8 strand, respec-
tively (Fig. 1 and 7). Because Ala is known to be a strong helix
former (49, 50) and because Thr exhibits a higher propensity to
form 
-sheets than Ser (51), the substitutions I79A and S244T
may stabilize the enzyme by reinforcing the secondary structure
elements. The substitution R231A was adjacent to the substrate-
binding subsite S2= (Fig. 7), which is a hydrophobic pocket in
subtilases (18). In the WT, the side chain of Arg231 protruded into
the hydrophobic S2= pocket (Fig. 7). The replacement of the pos-
itively charged side chain (Arg) with a hydrophobic methyl group
(Ala) may increase the local hydrophobicity of the S2= pocket and
thus contribute to the improvement of the thermostability of the
enzyme. We noticed that the accumulative effects in PBL5X de-
pended on the locations of the stabilizing substitutions. For in-
stance, the combination of I79A (WB16) with R231A (WA47)
resulted in a further increase in the thermostability of the variant
WA47-WB16. However, the combination of I79A with S136N
(WA31) did not cumulatively enhance the thermostability of the
variant WA31-WB16. Additionally, PBL5X also contained desta-
bilizing substitutions (S100A and N238F/N239D). Nevertheless,
PBL5X was as stable as the variant Satf (containing only I79A,
S136N, R231A, and S244T) (Fig. 4A), which clearly indicates that
the effect of the destabilizing substitutions is buffered by that
of the stabilizing substitutions, thus rendering the global structure
of PBL5X more resistant to thermal denaturation than that of
the WT.

PBL5X exhibited higher activities than the WT over a wide
temperature range, and all substitutions except for S244T contrib-
uted positively to enzymatic activity. It is well known that the
catalytic action of serine proteases depends on the interplay of the
catalytic triad comprising Asp, His, and Ser, and a highly precise
arrangement of the catalytic triad residues is required for them to
attack and cleave peptide bonds in substrates (52, 53). Indeed, the

TABLE 2 Kinetic parameters of the WT protease and PBL5Xa

Temperature

Km (mM) kcat (s�1)

WT protease PBL5X WT protease PBL5X

25°C 0.3 � 0.03b 0.45 � 0.06 51 � 5b 113 � 10
60°C 0.61 � 0.04b 0.88 � 0.07 348 � 27b 606 � 69
80°C 0.95 � 0.07 1.77 � 0.27 508 � 16 975 � 91
a The kinetic parameters were determined at different temperatures using suc-AAPF-
pNA as the substrate. The values are means � standard deviations of three independent
experiments.
b Data obtained from Yang et al. (27).

FIG 6 Comparison of the activities of PBL5X and the WT. (A) Temperature
dependence of the specific activities of the WT and PBL5X. The caseinolytic
activities of the enzymes were determined at the indicated temperatures in
buffer A. The values are means � standard deviations (bars) of the results of
three independent experiments. (B) Ratio of the specific activities of PBL5X
and the WT. The activity of PBL5X relative to that of the WT was calculated,
with that of WT at the respective temperatures defined as 1.
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catalytic triad residues are among the least mobile residues in ser-
ine proteases (54, 55). In PBL5X, the substitution S136N resulted
in the formation of additional hydrogen bonds, thereby locking
the secondary structure elements where the catalytic triad residues
Asp35 and Ser249 were situated, respectively (Fig. 7). The stabi-
lizing substitution I79A may reinforce the �2 helix containing the
catalytic triad residue His71 (Fig. 7). The substitution T276G re-
sided in the amphipathic �6 helix, which interacted with the �5
helix containing the catalytic residue Ser249 through a hydropho-
bic patch at the interface (Fig. 1 and 7). The replacement of
Thr276 with Gly, which has a very low helix propensity (50), re-
sulted in the disruption of two hydrogen bonds formed by Thr276
with Asp273 and Val274 (Fig. 7). Therefore, the substitution
T276G may induce a subtle rearrangement of Ser249 by influenc-
ing the interaction between the �5 and �6 helices. It is very likely
that the substitutions I79A, S136N, and T276G can lead to a rela-
tively stable and proper arrangement of the catalytic triad, which
facilitates the interplay of the catalytic triad residues to improve
enzymatic activity. In addition to the action of the catalytic triad,
the enzymatic activities of serine proteases rely on their abilities to
bind to substrates and release products (53). In PBL5X, the sub-

stitution S100A caused the disruption of two hydrogen bonds that
were formed by Ser100 with Thr38 and Gln51 and perhaps in-
creased the mobilities of the 
3 strand and the neighboring loop 1
that formed the substrate-binding subsite S4 with loop 2 (Fig. 1
and 7). The substitution R231A enlarged the size of substrate-
binding subsite S2= by replacing the large side chain of Arg with a
small methyl group of Ala (Fig. 7). The substitution N238F/
N239D was situated at the turn that formed an antiparallel 
-hair-
pin loop connecting the 
8 and 
9 strands (Fig. 1 and 7). While
the residue Asp239 formed a hydrogen bond with Gly241 on the

9 strand, the substitution N238F resulted in the disruption of a
hydrogen bond between Asn238 and Gly68 near the catalytic res-
idue His71 (Fig. 7). In this context, the substitutions S100A,
R231A, and N238F/N239D led to the removal of some hydrogen
bonds and bulky side chains, which may have resulted in an in-
crease in the conformational mobility and/or structural adjust-
ment of the substrate-binding site. Supporting evidence comes
from the finding that PBL5X showed an increase in both Km and
kcat values for suc-AAPF-pNA compared to those of the WT. The
subtilisin BPN= variant (Sbt 140) has been reported to have a lower
kcat against tight-binding substrates, leading to the proposal that

FIG 7 The effects of substitutions on enzyme structure. An overview of the positions of substituted residues (in yellow) and catalytic triad residues (D35, H71,
and Ser249; in red) in the homology model of PBL5X is shown in the center of the picture. Local structures around the original residues in the wild-type (WT)
WF146 protease and the substituted residues in PBL5X are shown in boxes. Dotted lines represent hydrogen bonds that are formed by the original and substituted
residues in the WT and PBL5X, respectively. The substrate-binding subsites, S4 and S2=, as well as loop 1 of the substrate-binding subsite S4 are indicated in the
corresponding boxes.
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natural evolution appears to have optimized catalytic activity
against a range of sequences by achieving a balance between sub-
strate binding and the rate of release of the N-terminal product
(56). Accordingly, a higher conformational mobility of the bind-
ing site of PBL5X would allow the binding site to adapt to multiple
scissile peptide bonds of substrates and improve the release of the
product.

Interestingly, the eight substitutions in PBL5X were all present
in S41, and three of them (I79A, S100A, and S244T) were also
found in Sph. Therefore, the fact that PBL5X exhibited cold-
adapted features (e.g., improved low-temperature activity and
higher Km and kcat values) was not unexpected. Our results sup-
port the hypothesis that a temperature-adaptive increase in kcat

will occur concomitantly with an increase in Km, which resulted
from the higher conformational mobility around the active site
required for rapid catalysis by lowering the activation energy in
cold-adapted enzymes (4, 57). Notably, PBL5X was not only more
active but also more thermostable than the WT. The stabilizing
forces observed in PBL5X, such as the additional hydrogen bonds
(S136N), were conserved in S41 and/or Sph, as elucidated from
their crystal structures (38, 39). This raises an interesting question
as to why these stabilizing forces were preserved in a heat-labile
enzyme, such as psychrophilic S41, but were missing in a thermo-
stable enzyme, such as the WF146 protease. Again, this question
may be addressed from the perspective of different adaptative
strategies of enzymes in response to different temperature stresses.
Psychrophilic enzymes are known to exhibit high activity to com-
pensate for the exponential decrease in chemical reaction rates
when temperatures decrease (3, 48). This high low-temperature
activity is achieved mainly by destabilization of the active site or
the whole protein, which allows the catalytic center to be more
mobile or flexible at temperatures that tend to freeze molecular
motions (3, 48). However, the active site of psychrophilic enzymes
should be stable enough to maintain the favorable positioning
accuracy of catalytic triad residues. We speculate that the simplest
way to solve this problem is to reinforce the catalytic triad geom-
etry by adding stabilizing forces, such as the hydrogen bonds cre-
ated by the residue Asn136 in S41, and meanwhile to increase the
conformational mobility of the substrate-binding site. Con-
versely, because the chemical reaction rates increase as tempera-
tures are increased, thermophilic enzymes benefit from high tem-
peratures to boost activity. Therefore, a strong selective pressure
for high low-temperature activity should be less essential for these
enzymes (48, 58). For the WF146 protease, the effect of the ab-
sence of the above-mentioned stabilizing forces could be compen-
sated by the presence of other stabilizing interactions around
the active-site region. As a result, the geometric arrangement of
the catalytic triad is less likely to be affected, thereby rendering the
enzyme stable and active for catalysis at high temperatures. Due to
a lack of strong selective pressure for highly active thermophilic
enzymes that benefit from thermally induced activity in nature
(58), the low-temperature activity of the thermophilic WF146
protease can be artificially improved by incorporating structural
elements of psychrophilic S41. This enhancement in low-temper-
ature activity will then be accompanied by an increase in enzyme
thermostability if the structural elements (e.g., Asn136 in S41)
contribute to enzymatic activity by stabilizing key components
that are involved in the catalytic cycle (e.g., the catalytic triad).
Recently, lipase variants with an increase in both thermostability
and activity have been engineered by rigidifying the catalytic res-

idues (59, 60). In this context, stabilizing the geometry of catalytic
residues is a valuable strategy to engineer enzymes that couple
high thermostability with high activity.

In summary, the successful construction of PBL5X benefited
from the high amino acid sequence identity among the WF146
protease, S41, and Sph. This allowed us to efficiently identify key
structural elements that were involved in enzyme stability and
activity and to improve enzyme properties by combination of the
structural elements with stabilizing or/and activity-enhancing ef-
fects. As whole-genome sequence data have become more avail-
able for microorganisms that grow in different temperature envi-
ronments, an increasing number of thermophilic, mesophilic, and
psychrophilic enzymes with high sequence identity have been
identified. This greatly facilitates the identification of key struc-
tural elements that are responsible for temperature adaptation
and will accelerate the effort to improve the stability and/or activ-
ity of enzymes. Our results not only contribute to a better under-
standing of the temperature adaptation mechanisms of enzymes
in terms of the structure-stability-activity relationship but may
also provide a rational basis for developing highly stable and active
subtilases, which are highly desired in industrial applications.
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