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Subtilisin propeptide functions as an intramolecular
chaperone that guides precursor folding. Nattokinase, a
member of subtilisin family, is synthesized as a precursor
consisting of a signal peptide, a propeptide, and a subtilisin
domain, and the mechanism of its folding remains to be
understood. In this study, the essential residues of nattoki-
nase propeptide which contribute to precursor folding
were determined. Deletion analysis showed that the con-
served regions in propeptide were important for precursor
folding. Single-site and multi-site mutagenesis studies con-
firmed the role of Tyr10, Gly13, Gly34, and Gly3S. During
stage (i) and (ii) of precursor folding, Tyr10 and Gly13 would
form the part of interface with subtilisin domain. While
Gly34 and Gly3S5 connected with an a-helix that would stabil-
ize the structure of propeptide. The quadruple Ala mutation,
Y10A/G13A/G34A/G35A, resulted in a loss of the chaperone
function for the propeptide. This work showed the essential
residues of propeptide for precursor folding via secondary
structure and Kinetic parameter analyses.
Keywords  intramolecular  chaperone; propeptide;
subtilisin; essential residues; nattokinase
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Introduction

When the Anfinsen’s dogma was presented, it was assumed
that the protein structure is determined by the protein’s
amino acid sequence [1]. However, the proper folding of
some proteins requires the assistance of molecular chaper-
ones, while the folding of other proteins requires their intra-
molecular chaperone (IMC) [2]. The discovery that an IMC
plays a crucial role in protein folding that leads to a function-
ally active conformation was based on studies of proteases,
such as subtilisin [3], a-lytic protease [4], and carboxypepti-
dase Y [5]. Unlike molecular chaperone, the IMC is encoded
in the primary sequence of the protein and is usually termed

a propeptide. Although it is not part of the functional
domain and does not contribute to protein function, it helps
the protein to form an active 3D structure [6].

The propeptide can function as a template that imparts
structural information to the subtilisin domain during precur-
sor folding in vivo and in vitro [7,8]. Therefore, point muta-
tions within the propeptide can alter the structure and
activity of subtilisin, even though the mutation is not a part
of the subtilisin domain. Because some human diseases are
caused by protein-memory mutation [9], it is important to
decipher the precise roles of an IMC in protein folding. In
particular, it is important to note that mutations in the IMC
can cause misfolding of the functional domain, resulting in
distortion of their function and leading to human diseases,
even if the primary structures of the functional domains are
identical.

The refolding pathway of subtilisin E in vitro was reported
by Yabuta et al. [3]. Propeptide-mediated protein folding
mechanism in subtilisin was established as following stages:
(1) the protease’s folding mediated by its cognate propeptide;
(i1) the autoprocessing of the peptide bond between the pro-
peptide and subtilisin, which results in structural reorganiza-
tion; and (iii) the propeptide’s degradation, which locks
the protease into a stable conformation [10]. The crystal
structures of the propeptide—subtilisin complexes have been
determined from subtilisin SBT-70 [11] and subtilisin E
[12]. Evidence has revealed that these two structures re-
present the propeptide—subtilisin complex at the beginning
of the stage (iii) when structural reorganizations are finished.
However, the interaction information between the propeptide
and subtilisin domains during stages (i) and (ii) is still
unknown. In addition, it seems difficult to study this inter-
action from the determined structure of propeptide—subtilisin
complex. Therefore, it may be an approach to focus on the
conserved residues of propeptide.

Nattokinase (NK) is synthesized as a precursor, which
consists of a signal peptide, a propeptide, and a subtilisin
domain. The 77-residue propeptide at the N-terminal end of
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subtilisin assists in the folding of its cognate subtilisin
domain and is termed as an IMC. Two 3D models of NK
[13] and the propeptide—NK complex [7] were previously
constructed. Site-directed mutagenesis and molecular
dynamic simulations were used to probe the importance of
the hydrogen bonds around the active site of NK [14]. In
addition, our earlier study demonstrated that specific interac-
tions between the propeptide and subtilisin domain are im-
portant for the precursor folding, and conserved regions of
the propeptide may be involved in the interactions [7,15].
Thus, certain residues in the conserved regions of the pro-
peptide play an essential role during the precursor folding,
and it is likely that these substitution mutations lead to
defects in the production of active subtilisin during the pre-
cursor folding. The determination of such residues in the
propeptide will further facilitate elucidation of the IMC-
mediated protein folding mechanism.

NK is a potent fibrinolytic enzyme from Bacillus subtilis
natto and was first found in the traditional Japanese soybean
food natto [16]. Recently, the non-hydrogen NK structure
was determined at 1.74 A resolution, which was carried out
by cultivating B. subtilis natto in deuterated medium [17].
NK has potent fibrinolytic activity, dissolves fibrin directly,
and enhances the production of both plasmin and other clot-
dissolving agents, including urokinase. Therefore, NK is a
promising agent that can be administered orally for thrombo-
lytic therapy. In addition, its activity is enhanced in the plas-
ma, leading to a longer half-life with oral administration [18].
The mutation of some essential residues may improve the
properties of NK to broaden its use in medical applications.

Here, the relationship was described between the crucial
residues of the propeptide and the secondary structure and
the catalytic efficiency of subtilisin. This is a report to deter-
mine four essential residues during precursor folding in vivo
of the precursor, via secondary structure and kinetic param-
eter analyses.

Materials and Methods

Materials
The substrate  succinyl-Ala-Ala-Pro-Phe-p-nitroanilide
(suc-AAPF-pNA) was purchased from Sigma (St Louis,
USA). The BCA protein assay reagent kit was obtained from
Pierce (Rockford, USA). The Ni-NTA column was obtained
from Invitrogen (Carlsbad, USA), and the DEAE-Sepharose
Fast Flow column was purchased from Amersham
Biosciences (San Francisco, USA). Polyvinylidene difluor-
ide (PVDF) and enhanced chemiluminescence western blot-
ting detection reagents were obtained from Millipore
Corporation (Billerica, USA).

B. subtilis var. natto was used as the source of genomic
DNA. Escherichia coli BL21(DE3) was the host bacterial
strain for the pET-26b(+4) vector expression system. The
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gene encoding the precursor NK (propeptide and mature
protease) was inserted into the plasmid pET-26b(+4) as
described previously [7].

Production of residue-truncated propeptide

and site-directed mutagenesis

Residue-truncated propeptide single-site and multi-site muta-
genesis were performed by the overlap extension method [19].
All the precursor genes were confirmed by DNA sequencing.

Protein expression, purification, and measurement

The recombinant plasmids were introduced into E. coli
strain BL21(DE3) [20] and transformants were grown in
Luria—Bertani broth supplemented with 50 pg/ml kanamy-
cin. When the absorbance at 600 nm (4¢q) reached 1.0, the
gene expression was induced by adding isopropyl-1-thio-3-
p-galactopyranoside (final concentration of 0.7 mM). After
20 h at 20°C, the cells were harvested by centrifugation and
washed twice with a wash buffer containing 50 mM
NaH,PO, and 300 mM NacCl, pH 8.0. The cells were resus-
pended in washing buffer and then disrupted by sonication
on ice. The suspension was centrifuged at 10,000 g for 1 h
at 4°C, and the supernatant was used for purification con-
ducted at 4°C. Proteins were purified by column chromatog-
raphy using a Ni-NTA column and a DEAE-Sepharose Fast
Flow column. After purification to homogeneity, the protein
concentration was determined using the BCA protein assay
reagent Kkit.

Sodium dodecyl sulfate—polyacrylamide gel
electrophoresis and immunoblot analysis

Sodium dodecyl sulfate—polyacrylamide gel electrophoresis
(SDS—PAGE) was performed using a 12% (w/v) polyacryl-
amide separating gel with a 5% (w/v) stacking layer accord-
ing to the procedure of Laemmli [21].

For immunoblotting, the proteins separated by SDS—
PAGE were electrically transferred onto a PVDF membrane.
Membranes were soaked in blocking buffer (5% non-fat dry
milk) overnight at 4°C and then incubated with mouse anti-
His-tag monoclonal antibody at 37°C for 1.5 h, followed
by horseradish peroxidase-conjugated goat anti-mouse IgG
(H+L) at 37°C for 45 min. Detection was performed using
enhanced chemiluminescence western blotting detection
reagents.

Determination of kinetic parameters

Kinetic parameters were measured using the chromogenic
substrate suc-AAPF-pNA in 10 mM phosphate-buffered
saline (PBS), pH 8.0, and 4% (v/v) dimethyl sulfoxide
(DMSO) [22] in a final volume of 0.25 ml. The reaction was
initiated by the addition of the enzyme. The absorbance of
the p-nitroaniline produced during the incubation was mea-
sured at 405 nm. Enzyme concentrations were determined to
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permit calculation of the turnover number (k.,) from the
relationship kcye = Vinax/[enzyme]. The Michaelis—Menten
constant (K,,) and V.« values were determined from the
initial rate measurements of suc-AAPF-pNA hydrolysis.

Circular dichroism studies

All circular dichroism (CD) measurements were conducted
using a J-810 automatic spectropolarimeter (Jasco, Tokyo,
Japan). The spectra were measured over a wavelength range
0f 260 to 190 nm using a 1 mm pathlength cell. The concen-
tration of purified proteins was maintained at 100 wg/ml. All
spectral measurements were performed in 10 mM PBS, pH
7.0. Each spectrum is an average of three scans. The
a-helical content of proteins was calculated by analyzing the
spectrum [23].

Fluorescence measurements

Fluorescence measurements were performed using an
F-4500 fluorescence spectrometer (Hitachi, Tokyo, Japan).
The purified proteins were excited at 295 nm, and the emis-
sion was monitored from 300 to 500 nm. The protein con-
centrations were maintained at 10 pg/ml. Each spectrum is
an average of three scans.

Results

Sequence alignments among subtilisin propeptides
Comparison of the amino acid sequence of the NK propep-
tide with those of several different subtilisins revealed that
the overall sequence identity is low, but three regions
(Tyr10-Lys15, Gly34—Ala46, and Leu59—Asp71) dis-
played significant sequence conservation (Fig. 1).

From the propeptide—subtilisin complex structure [7], the
propeptide domain is made up of four antiparallel -strands
(named B-strand I, 11, III, and IV, containing residues Lys8—
Lys15, Gly34—Phe4l, Asn45—Leu51, and Ser64—Ala74,
respectively) and two a-helices (formed by Ser23—Lys33
and Glu53—Lys60). In addition, (3-strands are formed by
conserved regions and two a-helices are formed by non-
conserved segments.

Conserved regions within the propeptide for precursor
folding in vivo

Previous studies [7] have shown that the propeptide of NK
functions as an IMC that helps the folding of the subtilisin
domain in vivo. The conserved regions may be critical for
this process. In this study, to determine whether the con-
served regions of the propeptide are important for folding, a
mutant without 9 N-terminal amino acids (AN9) and a
mutant without 15 N-terminal amino acids (AN15) were pro-
duced and their secondary structures and kinetic parameters
of these mutants were measured. The secondary structure
(Supplementary Fig. S1) and kinetic parameters (Table 1)
of the AN9 mutant were almost the same as those of wild-
type (WT) subtilisin. After protein purification, AN15 was
not obtained due to the low yield. However, the crude
extracts of AN15 showed weak subtilisin activity using the
chromogenic substrate suc-AAPF-pNA (data not shown),
and there were precursor band and mature protein band for
AN15 in western blotting (Fig. 2B).

The region from Tyr10 to Lys15 belongs to B-strand I of
conserved region, whereas the region from Alal to Lys9 is a
non-conserved segment. These results suggested that the
conserved regions of the propeptide are important for the
precursor folding in vivo.

The effect of single-site mutants on precursor folding
Previous study indicated that the importance of residue is
consistent with residue conservation, it was expected that
these conserved hydrophobic residues of the propeptide
would be responsible for precursor folding [7]. As shown in
Fig. 1, the hydrophobic amino acids Tyr10, Gly13, Gly34,
Gly35, and Pro63 in the three conserved regions are iden-
tical among different subtilisins. Single and combinational
site-directed mutagenesis of these residues to Ala were per-
formed, respectively. Secondary structures and kinetic para-
meters of recombinant propeptide mutants were measured.
After purification to homogeneity (Fig. 2A), secondary
structures of these proteins were analyzed using CD
(Fig. 3A,C) and fluorescence studies (Fig. 3B,D). As shown
in Fig. 3A,C, CD measurements indicated that Y10A,
G13A, and G35A had different secondary structures from

> v HED>—FD V>
. s %3 &
Subtilisin_NK Il AGKS.STEKKYIVGFHOTMSAMSSAKKKDVISEKGGKVOKOFKYVNAARAATLDEKAVKELKKDPSVAYVEEDHIAHEY 77
Subtilisin_E | AGKS.STEKHYIVGFHQTMSAMSSAKKKDVISEHGGKVQKQFKYVNAAAATLDAKAVKELKQDPSVAYVEEQHIAHQY 77
Subtilisin Bpn' | AGSNGAQEKKYIVGFHOTMSTMSAAKKKDVISEKGGKVQKQFKYVDAASATLNEKAVKHLKKDPSVAYVEEQHVAHAY 78
Carlsberg L s KOYIVGFHS. .GVKTASVKKDIIKEYGGKVDKQFRIINARKAKLDKEALKHVKNDPDVAYVEEOHVAH. . 67
Bacillus_pumil 1 .......... YIVGFHA. . SATTNSSKKQAVTQNGGKLEKQYRLINAARQVKMSEQAAKKLEHDPSIAYVEEQQHKAEAY 66
SA_protease | R —— KHYLIGFHTG.IDSNA...KKSVTITAGGSVLHEFQYMNVLHIELPEKAVANLKNNPNVEFIEHNAEVQTY 66
Bacillus_sp. L csesinames KHYLIGLHYTGPSIAKA...DTMVSTLYGGTVEHEFKHMNVLHITLPEVAAAALEKNPLVEYVEENVEMQTT 67
SB_protease KHYLIGFHKN.VGAND. . .KQTVONLYGGQINHQFQFMNVLEVTLPEQAVNALEKNPNVAYIEENVKMHA. 66

Figure 1. Sequence alignment of propeptides from various subtilisins showing three conserved regions

Amino acids in squares represent conserved

residues, and the ranges of the secondary structures are indicated. The identical residues in conserved regions are indicated by arrows.
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Table 1 Kinetic constants® and «-helix contents of WT subtilisin and mutants

Enzymes ket S7H K (uM) kea/ K (S~ mM ™) a-helix content (%)
WT 8.26 (+0.51) 155 (+4) 53.3 36.30
AN9 8.15 (+0.36) 159 (+3) 51.3 36.06
Y10A 0.80 (4 0.06) 137 (43) 5.83 41.68
GI3A 1.53(+0.14) 178 (+4) 8.60 39.66
G34A 3.79 (£ 0.23) 134 (+2) 283 36.63
G35A 1.35(+0.12) 167 (+3) 8.08 49.74
P63A 8.33 (+0.36) 174 (+5) 47.9 36.97
Y10A/G35A 0.013 (+0.003) 1.22 (+0.03) 0.0107 17.81

#Kinetic constants were measured with the chromogenic substrate suc-AAPF-pNA in 10 mM phosphate buffer, pH 8.0, 4% (v/v) DMSO at (25 + 0.2)°C.

Figure 2. The purification of WT subtilisin and mutants
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(A) SDS—PAGE analysis of purified WT subtilisin and mutants. Purified proteins were

applied to a 12% polyacrylamide gel, and after electrophoresis, the gel was stained with Coomassie Brilliant Blue. Protein standards (in kilodaltons) were
applied. (B) Western blot analysis of purified WT subtilisin and mutants. Protein standards (in kilodaltons) were applied.

that of WT subtilisin, whereas the secondary structures of
G34A and P63A were only slightly different and almost
identical, respectively, to that of WT subtilisin. This is in ac-
cordance with the fluorescence study results (Fig. 3B,D).
The mutation causes a blue shift in the fluorescence maxima
of Y10A, G13A, G34A, and G35A, with a simultaneous de-
crease in the fluorescence intensity. However, the spectrum
of P63A was similar to that of WT subtilisin. These results
showed that Y10A, G13A, and G35A had different second-
ary structures from that of WT subtilisin, whereas the sec-
ondary structures of G34A and P63A were only slightly
different from WT subtilisin.

As shown in Table 1, the catalytic efficiencies (k../Ky,) of
Y10A, G13A, and G35A were reduced ~10 folds whereas
that of G34A was ~2 folds less compared with WT subtilisin.
However, there was just a slight decrease in the catalytic effi-
ciency (kea/Ky) of P63A compared with WT subtilisin. The
results of kinetic analysis were in accordance with the sec-
ondary structure analyses.

These results indicated that the hydrophobic residues
Tyrl0, Glyl13, and Gly35 are the most important amino
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acids in the conserved regions for precursor folding and that
Gly34 cooperatively contributed to precursor maturation.
However, Pro63 had no significant contribution to precursor
folding.

Characterization of the secondary structures and kinetic
parameters of multi-site mutants

To determine whether there is cooperation among the im-
portant residues (Tyrl0, Glyl13, Gly34, and Gly35) of the
conserved regions during the precursor folding, the multi-
site mutants Y10A/G35A, Y10A/G13A/G35A, and Y10A/
G13A/G34A/G35A were produced and the secondary struc-
tures and Kinetic parameters of these mutants were deter-
mined.

After protein purification (Fig. 2A), the secondary struc-
ture of Y10A/G35A was determined by CD (Fig. 4A) and
fluorescence studies (Fig. 4B). Figure 4 showed that Y10A/
G35A had a different secondary structure from that of WT
subtilisin. The double mutation caused a blue shift in the
fluorescence maxima and a simultaneous decrease in the
fluorescence intensity. As shown in Table 1, Y10A/G35A
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Figure 3. CD spectra and intrinsic fluorescence emission spectra of WT subtilisin and single-site mutants
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In (A) and (B), the WT subtilisin is

represented by a solid line, Y10A is represented by a dotted line, G13A is represented by a dashed line, and G35A is represented by a dashed and dotted line.
In (C) and (D), the WT subtilisin is represented by a solid line, P63A is represented by a dotted line, and G34A is represented by a dashed line. On CD
spectra measurement, a concentration of 0.1 mg/ml was used for all proteins. For intrinsic fluorescence emission spectra measurement, the final
concentration of each protein was 10 pg/ml, and the excitation wavelength used was 295 nm.
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Figure 4. The spectra of the WT subtilisin and mutants (A) CD spectra of WT subtilisin and Y10A/G35A. A concentration of 0.1 mg/ml was used for
proteins. (B) Intrinsic fluorescence emission spectra of the WT subtilisin and mutants. The final concentration of each protein was 10 pg/ml, and the
excitation wavelength was 295 nm. The WT subtilisin is represented by a solid line, Y10A/G35A is represented by a dotted line. Data were collected as
described in the Materials and Methods section.

suc-AAPF-pNA (data not shown). In Fig. 2B, the bands of
precursor and mature protein (AN9, ANI15, Y10A/G35A,
Y10A/GI13A/G35A, and Y10A/G13A/G34A/G35A) were
compared in a gel (western blotting of bacterial liquid).

reflected a reduction of 3—4 orders of magnitude in catalytic
efficiency. The Y10A/G13A/G35A mutant was not ob-
tained due to low yield. However, the crude extracts showed
weak subtilisin activity towards the chromogenic substrate
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There was no precursor band for AN9, and no mature protein
band for Y10A/G13A/G34A/G35A.

These results indicated that the folding of AN9 was success-
ful, the folding of Y10A/G13A/G34A/G35A was blocked, and
the folding of ANI15, Y10A/G35A, and Y10A/G13A/G35A
were influenced due to the weakened processing activity.

Discussion

In this study, we investigated the processing of the NK pre-
cursor in vivo. Crucial residues (Tyr10, Gly13, Gly34, and
Gly35) of the subtilisin propeptide were determined during
precursor folding in vivo. This knowledge could further fa-
cilitate elucidation of the IMC-mediated protein folding
mechanism. Although NK was analyzed as a model, it is
likely that similar mechanisms exist for all subtilisins.

Based on our 3D models, the structure of NK alone has
the same root-mean-square value of 0.28 A as the NK—pro-
peptide complex (Fig. 5). This is also in accordance with
other subtilisins. According to the crystal structures of subti-
lisin SBT-70 [11] and subtilisin E [12], the subtilisin
SBT-70 complex was formed by the addition of a separately
produced propeptide domain, and the subtilisin E complex
was refolded. These two structures have the same
root-mean-square value of 0.44 A [12]. The structure of NK
alone clearly fits well with these subtilisin domains in the
complex.

Sequence alignments among different subtilisins revealed
that three regions, Tyr10—Lys15, Gly34—Ala46, and Leu59—
Asp71, displayed significant amino acid sequence conserva-
tion. The folding of AN9 was successful, and the folding of
AN15 was influenced due to the weakened processing

activity. These results suggested that the conserved regions
of the propeptide are important for the precursor folding.

The hydrophobic residues Tyr10, Gly13, Gly34, Gly35,
and Pro63 in the three conserved regions are highly con-
served. As it was expected that these hydrophobic residues
in the propeptide would be responsible for precursor folding,
single-site mutants and multi-site mutants were constructed.
The results indicated that the hydrophobic residues Tyrl10,
Gly13, and Gly35 are the most important amino acids in the
conserved regions for precursor folding and that Gly34 co-
operatively contributed to precursor maturation. However,
Pro63 had no significant contribution to precursor folding.

Tyr10 and Glyl3 are located in -strand I that form the
interface of propeptide—subtilisin complex (Fig. 6).
Mutation to Ala would alter the interfacial interactions
between the two domains, directly leading to the structural
alterations of two a-helices of subtilisin domain. Trp106 and
Trp113 are on one of the a-helices, and they play a signifi-
cant role in fluorescence spectrum and subtilisin activity in
subtilisin E [24]. In addition, W106Y, W113Y, and W106Y/
W113Y all show blue shifts in fluorescence spectra [24].
Therefore, mutation of Gly13 to Ala would cause the alter-
ation of Trp106 and Trp113 that leads to a blue shift in fluor-
escence spectra.

Gly34 and Gly35 are on the starting of 3-strand II that
interacts with the two a-helices formed by the subtilisin
domain (Fig. 6). Mutation of Gly35 with Ala causes an add-
itional hydrogen bond formed by the O of [1e30 and the N of
Ala35 (Supplementary Fig. S2). Ile30 is involved in the
formation of one a-helix which would stabilize the structure
of propeptide, and it is important for precursor folding of
subtilisin E [8]. Simultaneously, substitution of Gly34 and

Figure 5. The structure of propeptide—subtilisin complex overlapped by that of mature subtilisin

give a root-mean-square value of 0.28 A.
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The structure of subtilisin and that in the complex
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Figure 6. The structure for propeptide and the interface between propeptide and subtilisin domains Propeptide are displayed in square. On the

propeptide, Tyr10, Gly13, Gly34, and Gly35 are labelled by residue name.

Gly35 with Ala would disturb the interactions between
[B-strand II of propeptide and a-helices of subtilisin domain.
Trp106 and Trp113 are on one of the a-helices. Therefore,
the alterations would lead to the alteration of Trpl106 and
Trp113. As studies on subtilisin E [24], G34A and G35A
have a blue shift in fluorescence spectra.

A single Ala substitution of these residues affected the
subtilisin conformation (Fig. 3) and caused an ~10-fold re-
duction in the catalytic efficiency (Table 1). The double Ala
substitution mutant, Y10A/G35A, had a dramatically altered
conformation (Fig. 4) and showed a significant loss (3—4
orders of magnitude) of catalytic efficiency (Table 1).
Furthermore, maturation of the quadruple Ala substitution
mutant, Y10A/G13A/G34A/G35A, was blocked during pre-
cursor folding in vivo. These results revealed that these
multi-site mutations would result in a loss of the chaperone
function for the propeptide. In addition, it seems that these
hydrophobic residues cooperate for the chaperone function
of the propeptide.

Generally, mutants have a lower a-helix content than WT
protein. As the study on subtilisin E [24], decrease in the
a-helix content of subtilisin could be due to loosening of the
secondary structure. However, G13A and G35A have
increased helical contents that would lead to an altered struc-
ture of IMC. This result is similar to that of a mutant of cucu-
misin (Y37A) [25]. To explain this phenomenon clearly,
further structural studies are needed.

It is interesting to note that the yield of active subtilisin
could be determined by the interaction between the propep-
tide and the subtilisin domains and the catalytic efficiency of
mature subtilisin, such as AN15, Y10A/G13A/G35A, and
Y10A/G13A/G34A/G35A. During the precursor folding,

mutation of essential residues on the propeptide alters the
formation of some hydrogen bonds, which are necessary for
the maturation of active subtilisin. Therefore, conformation
change would alter the catalytic efficiency and lower the
yield of active subtilisin.
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Supplementary data are available at ABBS online.
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