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Achievement of renaturation of subtilisin BPN’ by a novel procedure using
organic salts and a digestible mutant of Streptomyces subtilisin inhibitor
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Abstract

The pro-sequences of proteases have been considered to be required for the refolding of denatured proteases. However, here we report achievement
of almost complete restoration of enzymatic activity of subtilisin BPN” in the absence of its pro-sequence. The presence of 2 M potassium acetate
in the folding medium enhanced the refolding efficiency of guanidine hydrochloride (GdnHCl)-denatured subtilisin BPN’ by up to 28%, and other
organic salts were also found to be useful, suggesting that general contribution of the bulky hydrophobic moieties of the salts to the formation of
a favorable environment required for folding. This finding will provide new insights into the folding mechanisms not only of proteases but also of
various other proteins. Almost complete restoration of enzymatic activity of denatured subtilisin in the organic salt solution was accomplished by
further addition of mutated Streptomyces subtilisin inhibitor (SSI), which had been converted to a digestible temporary inhibitor by removal of the
disulfide bridge near the reactive site.
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1. Introduction

Some proteins refold spontaneously in vitro to their
native states, some proteins do not once they have been
fully denatured. Subtilisin, a-lytic protease and car-
boxypeptidase Y are the notorious examples of the latter
case [1-4]. In vivo folding of subtilisin BPN’, a 275 amino
acid serine protease from Bacillus amyloliquefaciens, de-
pends on a 77 amino acid pro-sequence, succeeded by the
processing to delete the pro-sequence and to prepare the
active mature subtilisin BPN’ [1,5,6]. Recently, Eder et
al. made it possible to express an inactive pro-subtilisin
variant (pro-subtilisinS221A mutant) in Escherichia coli
and demonstrated that the pro-subtilisin variant unfolds
and refolds reversibly [7]. Further, they reported that, in
the absence of the pro-sequence, subtilisin could fold up
to the metastable intermediate state and that only addi-
tion of the pro-sequence led the intermediate to fold to
the final native state [8]. Recent reports from Inouye’s
groups [9-13] demonstrated that a denatured subtilisin
in 6 M guanidine hydrochloride (GdnHCI) was impossi-
ble to refold to a biologically active enzyme in the ab-
sence of its pro-sequence. Thus, it is believed at present
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that the fully denatured subtilisin can never be refolded
in the absence of the pro-sequence.

We have been examining the effects of various inor-
ganic or organic salts on the folding efficiency of
GdnHCl-denatured subtilisin BPN” in the absence of
pro-sequence, and found a striking evidence that the
fully denatured subtilisin BPN’ can renature quantita-
tively even in the absence of the pro-sequence [14]. First,
we observed that, when a denatured subtilisin in 6 M
GdnHCI was allowed to refold by dilution in 2 M potas-
sium acetate solutions, nearly 30% of the activity was
recovered. Second, we also demonstrated that almost all
the denatured molecules of subtilisin were stabilized as
tightly bound complexes with Streptomyces subtilisin in-
hibitor (SSI), a proteinaceous strong inhibitor of subtili-
sin [15], presumably after refolding in the presence of
potassium acetate. A quantitative refolding of subtilisin
possibly achieved in this medium, however, was unable
to be confirmed by enzyme activity measurement. In this
report, we examined the generality of organic salts for
enhancement of subtilisin BPN” folding in the absence of
the pro-sequence. Further, in an effort to attain the com-
plete renaturation of subtilisin BPN” as an active form,
we introduced a novel renaturation strategy by applying
a temporary inhibitor which is gradually degraded by the
renatured protease. Ultimately, we found that a supple-
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mentation of an excess amount of the digestible mutant
of SSI in the renaturation solution such as 2 M potas-
sium acetate led to the recovery of proteolytic activity of
subtilisin to almost 100%.

2. Materials and methods

2.1. Materials

Subtilisin BPN” was purchased from Nagase Biochemicals. The mu-
tated SSI, in which the disulfide bridge (Cys"-Cys'®) had been re-
moved by replacing these cysteine residues with serine residues, was
expressed in Streptomyces lividans and purified as described before
[16,17]. The inhibitory activity of mutant SSI toward subtilisin de-
creased gradually with increasing incubation time after mixing with
subtilisin due to proteolytic degradation of SSI (a temporary inhibitor)
[17]. Synthetic substrate, N-succinyl-L-Ala-L-Ala-L-Pro-L-Phe-p-ni-
troanilide, was purchased from Sigma. All other chemicals were of
analytical grade.

2.2. Protein denaturation and renaturation

Subtilisin BPN’ (0.1 mg/ml) was denatured in 6 M GdnHCI solution
at pH 2.0 for 2 h at room temperature. We adopted a low pH level for
unfolding in order to suppress the otherwise proceeding autoproteolytic
digestion during unfolding. Refolding was initiated by mixing the dena-
tured enzyme solution at 100-fold dilution with the refolding solution
containing various salts at several concentration levels, raising the re-
sultant pH level to 6.5. Protein concentrations in the renaturation
solutions were around 1 ug/ml. These low protein concentrations were
adopted to minimize protein aggregation in the renaturation solution.
To study the effectiveness of the presence of SSI on the renaturation,
certain excess amounts of the mutated SSI were added to the renatura-
tion mixture consisting of, e.g. 2 M potassium acetate. After incubation
at either 4°C or 15°C for indicated periods, the enzyme activity was
assayed spectrophotometrically by use of the substrate N-succinyl-L-
Ala-L-Ala-L-Pro-1-Phe-p-nitroanilide [18]. The recovered activity of
subtilisin was calculated on the basis of enzyme activity as a percentage
relative to that of native subtilisin at an equimolar concentration. All
experiments were performed at least in triplicate and their averages are
presented.

2.3. HPLC analyses
Involvement of autoproteolytic digestion of subtilisin during unfold-

Table 1
Effects of various salts on the recovery of denatured subtilisin.

Salt Concentration (M)  Recovered activity (%)
LiCl 2 0.0
NaCl 2 6.8
KCl 2 7.2
RbCl 2 2.0
MgCl, 2 0.0
CaCl, 2 0.0
Na,SO, 2 0.0
CH,COOK 2 28.0
CH,;COONa 2 23.5
(CH,CO0),Mg 2 27.9
(CH,C00),Ca 1.6 35.1
HCOOK 2 16.3
CH,CH,COOK 2 46.0
CH,COOK
1 15.2
H,COOK

The concentration of subtilisin in renaturation solutions (pH 6.5) was
1.0 #g/ml. The samples were incubated at 4°C for 24 h and then assayed
for subtilisin activity. Details are presented in section 2.
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ing or refolding was monitored by the reverse-phase high-performance
Hquid chromatography (HPLC) on a Vydac C, column (5.4 mm x
21 em) eluted by 0.1% trifluoroacetic acid with a linear gradient from
0 to 50% acetonitrile for 40 min, followed by a 50-80% acetonitrile
gradient for 10 min. The flow rate was 1.0 ml/min. Both subtilisin and
autoproteolytic fragments were detected by the absorbance at 220 nm.

3. Results and discussion
3.1. Effectiveness of organic salt solutions for
renaturation of subtilisin without pro-sequence

The folding of denatured subtilisin has been exten-
sively studied by trapping folding intermediates
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Fig. 1. Time course of the reverse-phase HPLC pattern of the subtilisin
and autoproteolytic fragments during refolding in the presence of 2 M
potassium acetate. Denatured subtilisin in 6 M GdnHCI was diluted
50-fold with 2 M potassium acetate at a resultant pH of 7.5 and at 4°C.
The concentration of subtilisin in renaturation solution was 2.0 ug/ml.
Aliquotes of the renaturation solution were subjected to reverse-phase
HPLC analysis at the indicated incubation times (0, 1, 2 and 15 h).
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[4,7,8,12] or by generation of several mutants of subtili-
sin BPN’ [6,19,20], combined with structural analyses by
CD and NMR. Up to now, it has been considered that
a success, if any, in refolding of GdnHCl-denatured sub-
tilisin requires the presence of pro-sequence of subtilisin
[7,8,10,12,13]. We have examined the effects of various
inorganic or organic salts on the folding efficiency of
GdnHCl-denatured subtilisin BPN’ in the absence of the
pro-sequence, and reported recently that a high concen-
tration of potassium acetate was remarkably effective
[14]. To verify the generality of organic salts for the
enhancement of subtilisin folding, we examined the ef-
fects of several organic salts and inorganic salts on
renaturation of the denatured subtilisin. Table 1 summa-
rizes the recovered activity of GdnHCl-denatured subtil-
isin BPN” after 24-h incubation at 4°C in the solution
containing various salts at high concentrations. In addi-
tion to potassium or sodium acetate, which had been
shown to be effective as folding mediators, various salts
of organic acids were also found to be useful. Propionate
was found to be more effective than acetate or formate.
Detailed mechanisms of the contribution of the concen-
trated salt, especially those of organic salts with bulky
hydrophobic moiety, are not yet clear. However, since
efficient refolding requires a high concentration of or-
ganic salt and propionate is more effective than acetate,
it seems reasonable that the bulky organic anion may
exert an interaction with the cationic residues in the re-
folding subtilisin molecule, thereby inhibiting the forma-
tion of unfavorable ionic bondings and, at the same time,
facilitating the formation of a hydrophobic core in the
molecule driven by intrinsic strong hydrophobic interac-
tions. It is likely that kinetically trapped folding interme-
diates of proteases detected in the absence of their pro-
sequences [4,7,8] are misfolded species resulting from
unfavorable ion-pairing of charged groups in the mole-
cule before a hydrophobic core can form. Our results
indicate that contribution of organic anions to the pre-
vention of such unfavorable interactions is more appro-
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priate than that of inorganic anions, maybe due to the
presence of bulky hydrophobic moiety. The notable en-
hancement of the refolding efficiency of subtilisin in the
presence of organic salts may thus be due to such specific
interactions of subtilisin and organic salt. We have also
observed refolding acceleration by organic salts in an-
other protein, thermolysin (unpublished data), and thus
the new concept described here will provide new insights
into the mechanisms of protein folding.

3.2. Achievement of renaturation of subtilisin using a
mutant SSI (temporary inhibitor)

A low refolding yield of subtilisin BPN’ even in the
presence of organic salts seems to be caused mostly by
autolysis of subtilisin itself, that is, proteolytic attack by
the folded ‘active’ molecule of subtilisin on the refolding
molecule, which is very sensitive to attack by protease,
since HPLC analysis of the reaction mixture has indi-
cated that the peak intensity of subtilisin decreases with
increasing incubation time, and many peaks of prote-
olytic fragments appear (Fig. 1). Therefore, inhibition of
proteolysis of refolding subtilisin appears to enhance the
refolding efficiency. We found previously that almost all
the molecule of denatured subtilisin formed tightly
bound complexes with SSI, presumably after refolding
in the presence of potassium acetate [14]. However, in
this case, an ‘active’ form of subtilisin could not be iso-
lated, due to complex formation with SSI. In these situa-
tion, a temporary inhibitor is considered to be suitable
for isolation of an ‘active’ form of subtilisin refolded in
the presence of organic salts, because it is an inhibitor
which is initially potent but is gradually degraded by
protease, as represented schematically in Fig. 2. Mutant
SSI, in which the disulfide bridge near the reactive site
had been removed [17], was used as a digestible tempo-
rary inhibitor. Fig. 3 shows the renaturation profiles of
subtilisin at 15°C in the presence of 1.5 M or 2 M potas-
sium acetate with a 24-fold molar excess of mutant SSI.
The recovered activity of GdnHCl-denatured subtilisin

Degraded

Subtilisin-SSI
Complex

Renatured
subtilisin

Fig. 2. A schematic representation of the renaturation strategy by use of the digestible mutant SSI. When denatured subtilisin is incubated in the
presence of the mutant SSI in 2 M potassium acetate, the mutant SSI binds to refolded or refolding subtilisin to form subtilisin-SSI complexes. The
complexes are quite stable initially, but the inhibitor is gradually digested by the complexed renatured subtilisin. Thus, active subtilisin is produced
in the renaturation solution. Once the subtilisin renatures and adopts its authentic three-dimensional structure, the rate of autolysis is quite slow.
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Fig. 3. A remarkable effect of mutant SSI on the renaturation of fully
denatured subtilisin in 1.5 M or 2.0 M potassium acetate. Denatured
subtilisin in 6 M GdnHCI was diluted 100-fold with 1.5 M or 2.0 M
potassium acetate with and without 10.0 ug/ml mutant SSI at a resul-
tant pH of 6.5 and at 15°C. The concentration of subtilisin in renatura-
tion solution was 1.0 u#g/ml. The recovered activity of subtilisin was
assayed after the indicated incubation time at 15°C. Given experimen-
tal conditions: 1.5 M (@) or 2 M (a) potassium acetate with mutant SSI,
and 1.5 M (0) or 2 M (a) potassium acetate without mutant SSI.

in the presence of mutant SSI increased gradually, reach-
ing almost 100% after S h of incubation, whereas that in
the absence of mutant SSI remained at about 30%.

Thus, we accomplished the almost complete renatura-
tion of denatured subtilisin BPN’ using organic salts at
high concentration and a temporary inhibitor. One pos-
sible contribution of a temporary inhibitor to the en-
hancement of refolding efficiency is inhibition of autoly-
sis of the refolding molecule, as described above. The
pro-sequence of protease has also been shown to func-
tion as an inhibitor [3,10,21]. However, the functional
structure of the pro-sequence was found to be formed
only after interaction with protease [7,12,22] and its ac-
tive center has not yet been specified, although the im-
portance of hydrophobic residues has been suggested
[11]. In contrast, mutant SSI lacking the disulfide bridge
near the reactive site was shown to inhibit subtilisin ini-
tially, as the wild-type SSI does, and thereafter to be
gradually degraded by subtilisin via a specific intermedi-
ate with a nick at the reactive site [17]. The interaction
of mutant SSI and subtilisin is thus specific and strong.
Such features would have resulted in almost complete
renaturation of subtilisin. Another possible contribution
of mutant SSI to the refolding process is a ‘template’
effect. In this hypothesis, the three-dimensional structure
of SSI, particularly that of the contact region, may in-
duce structural formation around the active site of subtil-
isin, and thus accelerate the refolding. Detailed under-
standing in this respect is a future problem.
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In any event, we have accomplished the almost com-
plete renaturation of GdnHCl-denatured subtilisin
BPN’, previously thought to be possible only in the co-
existence of the pro-sequence, by a novel procedure using
organic salts at high concentrations and a digestible tem-
porary inhibitor in the folding medium. In particular,
acceleration of folding by organic salts may provide new
insights into the folding mechanisms generally proposed
[23,24].
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