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Enhanced Thermostability of the Single-Cys Mutant Subtilisin E under
Oxidizing Conditions1
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We obtained enhanced thermostability by replacing Serl61 with Cys in subtilisin E from
Bacillus subtilis, a cysteine-free alkaline serine protease. The SerlGlCys mutant subtili-
sin E was purified from the culture supernatant of the recombinant R subtilis in an oxi-
dizing environment. SDS-polyacrylamide gel electrophoresis and mass spectrometry
under oxidizing conditions indicated that the mutant enzyme in part formed an oligo-
meric protein, which may contain an intermolecular disulfide bond between two surface
Cys residues at position 161. Further, no free sulfhydryl groups were detected in the
mutant enzyme, suggesting the sulfhydryl modification in a monomeric form under oxi-
dizing conditions. The Serl61Cys mutant enzyme showed a catalytic efficiency equiva-
lent to that of the wild-type enzyme. The half-life of thermal inactdvation of the mutant
was found to be 2-4 times longer than that of the wild-type enzyme. The optimum tem-
perature of the mutant was 56'C, which was 5'C higher than that of the wild-type en-
zyme. Under reducing conditions, however, the characteristics of the mutant enzyme
reverted to those of the wild-type enzyme. Similar results were obtained for another Cys
mutant as to position 194 (wild-type, Ser), which is the same surface residue as Serl61.
Possible reasons for the enhanced thermostability of the single-Cys mutant subtilisins E
under oxidizing conditions are discussed in terms of two different mechanisms.

Key words: oxidizing conditions, site-directed mutagenesis, subtilisin E, sulfhydryl mod-
ification, thermostability.

Subtilisin, a cysteine-free alkaline serine protease produced
by various Bacillus species, has been extensively investi-
gated as a promising target for protein engineering (2-3).
For instance, many attempts have been made to enhance
its thermostability through the introduction of unnatural
intramolecular disulfide bond(s) {4-7). However, none of the
mutants produced in these experiments was dramatically
stabilized on the introduction of a de novo designed disul-
fide bridge, indicating that the finding of positions in folded
globular proteins which seem capable of accommodating an
unstrained disulfide bond is not a clear-cut task.

In previous work (8, 9), we introduced disulfide bonds
engineered based on structural similarity to aqualysin I of
Thermos aquaticus YT-1 (a thermophilic subtdlisin-type
serine protease containing two disulfide bonds) (10) into
subtilisin E of B. subtilis 1168. We found that the NH,-ter-
minal disulfide bond enhanced the thermostability without
any change in the catalytic efficiency (8), and that the
COOH-terminal disulfide improved the stability in polar
organic solvents, whereas the thermal stability was less
than that of the wild-type (9).
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In the process of these studies, it is noteworthy that a
single-Cys mutant subtilisin E as to position 161 (wild-type
Ser; S161C) was heat-stable relative to the wild-type en-
zyme (Takagi, H., unpublished observations). Recently,
Zhao and Arnold (22) also identified amino acid substitu-
tion S161C as one of the thermostable mutations in subtili-
sin E created through directed evolution, but they did not
provide a possible explanation for this increased stability.
In this study, we examined the mechanism underlying the
enhanced stability of the single-Cys mutant subtilisin E.

MATERIALS AND METHODS

Materials—A B. subtilis three protease-deficient strain
DB403 (trpC2 aprEr eprE~ nprE~), a gift from Dr. R.H. Doi,
and Escherichia coli strain JA221 (hsdM+ trpE5 leuB6 lacY
recAl IF'loci" lac+pro+) (12) were used as host cells for the
production of wild-type and mutant subtilisins E. Plasmid
pHY300PLK (Takara Shuzo, Kyoto) and the isopropyl-p-D-
thiogalactopyranoside (EPTG)-inducible pEN-IH-ompA vec-
tor (13) were used for the expression and secretion of sub-
tilisins E in R subtilis and E. coli, respectively. E. coli C600
(recA+ F- thi-1 thr-1 leuB6 lacYl tonA21 supEMK) was
used for the construction of expression plasmids for R sub-
tilis. All the enzymes for DNA manipulations were obtained
from Takara Shuzo. The subtilisin substrate iV-succinyl-L-
Ala-L-Ala-L-Pro-L-Phe-p-nitroanilide (AAPF) was pur-
chased from Sigma (St. Louis, USA).

Construction of Expression Plasmids—The replacement
of Serl61 and Ser 194 by Cys was performed by polymerase
chain reaction (PCR) with oligonudeotide primers, 5'-ATC-
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CGGAT*GCACAAGC-3' (primer 161+), 5'-GCTTGTGCA-
TCCGGAT-3' (primer 161-), 5'-GCAGGTTG*TGAGCTT-
GA-3' (primer 194+), and S'-TCAAGCTCAC'AACCTGC-S'
(primer 194-), respectively, using a Gene Amp PCR system
2400 (Perkin-Elmer Applied Biosystems, Foster City, USA).
The asterisks indicate the locations of mismatches. pIOE
(9), containing the wild-type subtilisin E gene inserted into
pHY300PLK, was used as a template DNA for site-directed
mutagenesis. In addition, primers 5'-CGGAATTCTAAAT-
AGAGAT-3' (the underlined sequence is the position of a
EcoW site) and 5'-GCCCTAGGGCTTGTGAAGATTTT-3'
(the underlined sequence is the position of a BamHl site)
were used to complete regions of the EcoRI restriction site
and the BamYQ. restriction site in pIOE, respectively. The
unique amplified band material of 1,437 bp was digested
with EcoRI and BamHl, and then ligated to the EcoBl and
BamHl site of pHY300PLK The mutations were confirmed
with a Model 377 DNA sequencer (Perkin-Elmer Applied
Biosystems) using dideoxy chain termination sequencing.
The resultant plasmids carrying the mutant subtilisin E
genes (S161C and S194C) were constructed in E. coli C600,
and designated as pIOC161 and pIOC194, respectively.
These plasmids were then introduced into B. subtilis
DB403 by electroporatdon (14).

For gene expression in E. coli, the above mutant plas-
mids and a plasmid, pHI212 (15), harboring the wild-type
subtilisin E gene inserted into pEN-III-ompA, were digested
with Hmdlll and BamHI. The 0.8 kb fragment of pIOC161
or pIOC194 containing mutation S161C or S194C, respec-
tively, was then ligated to the large fragment of plasmid
pHI212.

Expression and Purification of Wild-Type and Mutant
Subtilisins E—Various subtdlisins E were expressed and
purified from the culture supernatant of B. subtilis DB403
or from the periplasmic fraction of E. coli JA221, as de-
scribed previously (8, 9). To purify the mutant subtilisins E,
a recombinant B. subtilis strain was grown at 37*C for 24 h
in Luria-Bertani medium containing tetracydine (20 \ugj
ml) (9).

Assaying of Subtilisin E Activity—For the synthetic pep-
tide substrate AAPF, assays were performed in 50 mM
Tris-HCl (pH 8.5) and 1 mM CaCLj at 37*C as described
previously (15). The amount of p-nitroaniline released was
measured as the absorbance at 410 nm, and the activity
was calculated as units/mg protein. One unit is defined as
the activity releasing 1 mmol of p-nitroaniline/min.

Immunoblotting and Amino Acid Sequence Analysis—
The purified subtilisins E were subjected to SDS-polyacry-
lamide gel electrophoresis (SDS-PAGE), and then either
stained with Coomassie Brilliant Blue or electrotransferred
to a poly(vinylidene difluoride) membrane. Recombinant
subtilisins E were detected by Western blot analysis using
a Vectastain ABC kit (Vector Laboratories, Burlingame,
USA) and an anti-mature subtilisin E polyclonal antibody.
Protein bands were also excised for NHj-terminal amino
acid sequence analysis by automated Edman degradation
with a Model 476A pulsed liquid protein sequencer (Perkin-
Elmer Applied Biosystems).

Mass Spectrometry—Mass spectrometric analyses were
carried out with a Voyager Elite mass spectrometer (Per-
Septdve Biosystems, Framingham, USA) using a 25 kV
accelerating voltage. Mass spectra were acquired by adding
the individual spectra from 32 laser shots. The samples

were run in the linear mode. The protein solutions were
diluted 1:1 (v/v) with the matrix solution, 10 mg/ml a-
cyano-4-hydroxycinnamic acid (Aldrich, Gillingham,
England) in 50% CH,CN in 0.1% TFA, and then allowed to
air-dry on the sample target before analysis. Cytochrome c
(12,384 Da; Wako, Osaka) and bovine serum albumin
(664,299 Da; Wako) were used as external standards.

Thermal Stability of Subtilisin E—To determine the
autolytic stability, the purified enzymes (25 ng/ml) in 10
mM sodium phosphate buffer (pH 6.2) containing 1 mM
CaClj were either treated or not treated with 5 mM dithio-
threitol (DTT) at room temperature for 30 min. The activity
remaining after heating for various times at 55-65'C was
determined at 37*C using AAPF as the substrate.

Molecular Modeling—Molecular modeling was perform-
ed with the computer programs Insight II and Homology
(Molecular Simulations, San Diego, USA). Modeling of sub-
tilisin E was based on the X-ray crystal structure of subtili-
sin E with propeptide (PDB codes 1SCJ) (16).

RESULTS

Structure of the S161C Mutant Subtilisin E under Oxi-
dizing Conditions—The wild-type and mutant subtilisin E
genes were expressed in B subtilis DB403, followed by
purification from the culture fluid to give a single band on
SDS-PAGE. Interestingly, a new band corresponding to a
higher molecular mass (-100 kDa) than that of the mature
protein was observed for the S161C mutant under nonre-
ducing conditions without the use of p-mercaptoethanol (fJ-
ME) as a reducing agent (Fig. 1A). Further, Western blot
analysis showed that the new band arose from subtilisin E
(Fig. IB). The percentage of the -100-kDa protein was
judged to be approximately 16% on densitometric estima-
tion of the amounts obtained on SDS-PAGE. Similar re-
sults were obtained for the culture supernatant of the re-
combinant B subtilis without further purification and for
the enzymes purified from the E. coli periplasmic fraction.
The NHj-terminal amino acid sequence of the higher
molecular mass protein was AQSVPYGISQIKAP-, which
coincides with that of the mature subtilisin E. These re-
sults suggest that the S161C mutant enzyme was in part
spontaneously oligomerized under oxidizing conditions.

Matrix-assisted laser desorption and ionization mass
spectra of the wild-type and mutant enzymes were ob-
tained to accurately determine the molecular masses of the
proteins (Fig. 2). In the case of the S161C mutant subtilisin
E, a prominent peak (molecular mass, 55,838 Da) was ob-
served in addition to that of a monomer with an apparent
molecular mass of 27,879 Da, and was assigned as a dimer
in solution. These results suggest that an oligomeric pro-
tein from the S161C mutant enzyme may contain the disul-
fide-linked dimeric structure.

Further, free sulfhydryl (SH) groups were determined
according to the method of Ellman (17) using 5,5'-dithio-
bis(2-nitrobenzoic acid) under denaturing conditions (6 M
urea). No free SH groups were detected in the S161C
mutant subtilisin E, suggesting the spontaneous modifica-
tion of SH groups with small SH compounds and the for-
mation of an intermolecular disulfide bond in the mutant
enzyme (data not shown). The monomeric form of the
S161C mutant enzyme had an apparent molecular mass of
27,879 Da, which was larger than the 352 Da observed for
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Fig. 1. The wild-type and S161C mutant
subtilising E detected on (A) SDS-PAGE
and (B) immunoblotting with anti-sub-
tilisin E antiserum. Both enzymes were pu-
rified from the culture fluid of B. subtilis
DB403. Arrowheads indicate the positions of
the dimer (upper) and monomer flower) of
subtilisin E. Tb limit the autolysis that accom-
panies denaturation, the enzymes were inac-
tivated with phenylmethanesulfonyl fluoride
before being boiled in the SDS solution. For
the samples in the left two lanes, the SDS so-
lution also contained 1 mM (3-ME as a reduc-
ing agent ^-ME was omitted from the non-
reducing samples in the other two lanes.
Three micrograms of protein was loaded in
each lane. SDS-PAGE was performed in a
15% polyacrylamide gel. The gel for SDS-
PAGE was stained with Coomassie Brilliant
Blue. Molecular mass standards are shown at
the left.

200 -
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Fig. 2. Matrix-assisted laser desorption
and ioniration mass spectrum of the wild-
type (black) and S161C mutant (red) sub-
tilising E. Arrowheads indicate the peaks of
the monomer (left) and dimer (right) of subtili-
sin E.

the wild-type enzyme (27,527 Da; Fig. 2). Judging from the
difference in molecular weight between the two enzymes, it
can therefore be presumed that glutathione (5-L-glutamyl-
L-cysteinylglycine) (307 Da) is a candidate small SH com-
pound, which is linked through a covalent bond to the SH
group in the S161C mutant enzyme.

Molecular Modeling of the Mutant SubtUisins E—Based
on the three-dimensional structure of subtilisin E {16), the
solvent-accessible surface area of each residue was calcu-
lated by means of computational modeling. The solvent-
accessible surface area of Serl61 was estimated to be 67.7
A2, indicating that the Cys residue at position 161 is
located on the protein surface and can be modified at a free
SH group or form an intermolecular disulfide bond sponta-
neously. To further analyze the role of an engineered sur-
face Cys residue in subtilisin E in the enzymatic properties,
we focused on Serl94, which would be in the same environ-
ment as Serl61 (the solvent-accessible surface area of
Serl94 was 75.2 A2), and constructed a single-Cys mutant,
S194C, by means of site-directed mutagenesis. Judging
from the findings on SDS-PAGE and the detection of free
SH groups, the S194C mutant subtilisin E also in part
forms a higher molecular mass protein (-100 kDa) under
oxidizing conditions and has no free SH groups, which is in
good agreement with the results regarding the S161C
enzyme (data not shown).

TABLE I. Specific activity and thermal stability of the wild-
type and mutant subtilisins E.

Eniyme

Wild-type

S161C

S194C

TYTT

-
+
_
+
_
+

Specific activity
(units/mg)

4,220
4,250
4,040
4,020
3,990
4,000

65'C

31
31
137
32
NT
NT

Half-life (min)

60*C

13
12
38
15
NT
NT

65'C

4.1
4.2
8.1
4.3
8.0
4.1

The Purified enzymes were treated with or without 5 mM DTT at
room temperature for 30 min. Specific activity and remaining ac-
tivity after heating for various times at the indicated tempera-
tures in the presence of CaCl, were determined at 37"C using suc-
dnyl-Ala-Ala-Pro-Phe-p-nitroanilide. The half-life due to autolytic
inactivation was determined from a semi-log plot of log10 [residual
activity] versus time. The variations in the values were less than
5%. NT, not tested.

Characteristics of the S161C and S194C Mutant Subtili-
sins E—As shown in Table I, the specific activities toward
AAPF as an authentic substrate for subtilisin of the mu-
tant subtilisins E were essentially equivalent to those of
the wild-type enzyme, regardless of whether or not they
were pretreated with 5 mM dithiothreitol (DTT) for reduc-
tion.

It has been shown for some serine proteases including
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Fig. 3. Temperature dependence of the relative
activity for hydrolysis of AAPF by the wild-
type (O) and S161C mutant (A) subtilisins E.
The S161C mutant was also pretreated with 5 mM
DTT (A). Relative activity was expressed as a per-
centage of the maximum activity. The variations in
the values were less than 5%.

0 40

subtilisin that reduced autolysis leads to an apparent in-
crease in instability (8,9,18). Subtilisin is well-known to be
inactivated irreversibly through autolysis at elevated tem-
peratures (4, 6, 8). To determine the autolytdc stability of
these enzymes, the rate of thermal inactivation was mea-
sured at 55-65'C in the presence of Ca2+ (Table I). The
half-life (tm) of the mutants was found to be 2-4 times
longer than that of the wild-type enzyme. When the en-
zymes were treated with 5 mM DTT for reduction, the
mutants exhibited a half-life nearly equivalent to that of
the wild-type enzyme. In addition, the relative activity
toward AAPF versus assay temperature was investigated
(Fig. 3). The S161C mutant subtilisin E showed an opti-
mum temperature of 55"C, which was 5*C higher than that
observed for the wild-type enzyme. Under reducing condi-
tions, however, the temperature pattern of the mutant was
found to decrease to that of the wild-type enzyme.

DISCUSSION

We previously examined the effect of novel disulfide bonds
engineered in subtilisin E on the basis of structural com-
parison with a thermophilic serine protease (8, 9). When
Serl61 alone in subtilisin E was replaced with Cys, the
rate of thermal inactivation (t^) increased relative to that
of the wild-type enzyme (Takagi, H., unpublished observa-
tions). Independently, Zhao and Arnold (11) used directed
evolution to convert subtilisin E into an enzyme function-
ally equivalent to its thermophilic homolog, thermitase,
and isolated the S161C variant after random mutagenesis
by error-prone PCR and in vitro recombination by the stag-
gered extension process (.19). However, the mechanism by
which amino acid substitution S161C enhances the thermo-
stability has not been elucidated. It is difficult to speculate
stabilizing mutation on the basis of structural comparisons
of subtilisins from mesophilic and thermophilic organisms,
because mutation S161C only exists in a mesophilic en-
zyme from DrosophUa melanogaster (11).

We showed here that under oxidizing conditions two
forms of the S161C enzyme with apparent molecular
weights of 28 kDa and -100 kDa were detected on SDS-
PAGE (Fig. 1), and two peaks corresponding to molecular

masses of 27,879 Da and 55,838 Da were detected on mass
spectrometry (Fig. 2). There is no evidence, however, that a
portion of the S161C enzyme exists in a dimeric form in
solution. The ~100-kDa protein detected on SDS-PAGE
may represent an oligomeric protein, instead of a dimeric
structure. Although the results of mass spectrometry indi-
cate that a small amount of the S161C enzyme forms a
dimeric protein, probably due to an intermolecular disulfide
bond, one cannot judge whether or not the monomeric or
dimeric proteins associate with one another to form oligo-
meric proteins in solution. Further, based on the detection
of the free SH content with Ellman's reagent, the SH modi-
fication of a free Cys residue was supposed to occur in the
monomeric protein (data not shown).

From the X-ray crystal structure of subtilisin E, it is
known that two Ser residues at positions 161 and 194 are
located in flexible and variable loops on the protein's sur-
face. Hu et al. (20) reported that the conserved Ser49 on the
surface of subtilisin E was replaced by Cys and that the
mutant formed a disulfide-linked dimer, prosubtilisin,
spontaneously in vivo, thereby trapping a folding interme-
diate with no activity. The expressed protein was secreted
into an oxidizing environment, the periplasmic space of E.
coli. After purification and reduction with DTT, the result-
ing prosubtilisin monomer was found to be capable of
undergoing autoprocessing in vitro in renaturing medium
(20). In contrast, it would appear in our case that SH modi-
fication of the surface Cys residue with small SH com-
pounds such as glutathione rather than oligomer formation
via Cysl61 or Cysl94 easily takes place in the culture
medium of B. subtilis and in the periplasmic space of E.
coli, both being oxidizing environments.

The S161C and S194C mutant enzymes possess nearly
identical protease activity to that of the wild-type subtilisin
E. This is not unexpected, since these residues are pre-
sumed to be on the surface of subtilisin E and to be far
from the catalytic triad. Both single-Cys mutant subtilisins
E were found to be rather resistant to thermal autolysis
under oxidizing conditions (Table I). With regard to position
194, the replacement of Ser by Pro, not Cys, has already
been shown to have a small stabilizing effect, probably
through a reduction in the entropy of the flexible loop (11).
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In general, the surface structure of a protein is mainly
involved in the initial stage of unfolding on thermal inacti-
vation (21). Here, the question arises as to why both single-
Cys mutant enzymes enhance the thermostability under
oxidizing conditions. Although pure forms were not ob-
tained from the mixed solutions of monomeric and oligo-
meric forms for their characterization, we now consider the
following two possible mechanisms: (i) the SH modification
of the surface Cys residue on the binding of small SH com-
pounds such as glutathione reduces thermal unfolding or
autolysis, and inhibits the oxidative formation of cysteine
sulfonate, which may cause protein denaturation or inacti-
vation, and (ii) the oligomerization including an intermolec-
ular disulfide bond occurs between the monomeric and/or
dimeric proteins, whereby unfolded monomer forms are
unable to gain access to the substrate-binding pocket due to
steric repulsion.

To elucidate the mechanism further, attempts in vitro to
separate the higher molecular mass protein from the mono-
mer by means of gel filtration or ion-exchange column chro-
matography or to increase its content through chemical
oxidization are currently in progress. If the oligomeric (or
dimeric) proteins were not linked through the covalent
bonds such as disulfide bonds, it might not be possible to
obtain the pure forms in the equilibrium system. Also, it
would be of interest to determine the tertiary structure for
an understanding of the stabilization mechanism of the sin-
gle-Cys mutant subtilisin E under oxidizing conditions.

We wish to thank Ryoka Systems (Chiba) for their help in the com-
puter modeling. The technical assistance of Dr. T. Hibi in the mass
spectrometry is greatly appreciated.
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