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Enhanced extracellular recombinant keratinase
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Keratinase has a great commercial value owing to its applications in the enzymatic dehairing of goatskins. In
this study, we adopted a combined strategy to enhance the extracellular recombinant keratinase activity in
Bacillus subtilis SCK6. First, nine signal peptides were screened to enhance the expression of extracellular
keratinase. The recombinant strain with SP ;s exhibited the highest extracellular keratinase activity of
739.03 U per mL, which was two-fold higher activity of the wild type. Second, based on the multiple
sequence alignment with the bacterial alkaline proteases, the mutant (M123L/V1491/A242N) was
introduced into the keratinase. Comparing with the wild type of keratinase, the mutant M123L/V149l1/
A242N showed an increase in the extracellular keratinase activity, which was about 1.2-fold higher
activity of the wild type. Finally, the keratinase expression vector with SPj,x and mutant M123L/V1491/
A242N was constructed, and the extracellular keratinase activity reported at 830.91 U per mL was a 2.2-
fold activity of the wild type. Then, the mutant keratinase was purified and characterized. The mutant
exhibited properties similar to those of the wild type at an optimal temperature of 60 °C and pH 10.0.
Conclusively, the extracellular expression of keratinase was enhanced via a combined strategy, and the
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Introduction

Keratinolytic proteases are a new generation of proteolytic
enzymes with an ability to degrade the recalcitrant keratin
proteins, such as feathers, horns, hooves, nails, and wool.*
These enzymes have been gaining importance in the last few
years for several potential applications such as in dehairing of
hides, textiles and keratin waste management, and association
with the hydrolysis of keratinous substrates.”? Keratinolytic
proteases are one of the excellent biocatalysts to hydrolyze the
disulfide bond-rich proteins of hair and inflict little damage to
leather. Biological treatment with keratinolytic proteases could
largely reduce the quantity and toxicity of wastewater effluent
from the leather industry.?

Bacillus subtilis and Escherichia coli are the two major hosts
for cloning and overexpression of alkaline proteases.* B. subtilis
is among the most widely used hosts for protein production in
biotechnology owing to its high efficiency of secretion into the
cell medium, high safety, clear inherited backgrounds and
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mutant keratinase demonstrated properties similar to that of the wild type of keratinase.

mature fermentation technology.>® The most commonly used
method to enhance the extracellular expression of proteins is
the optimization of the signal peptide. Yao et al.” reported that
the extracellular o-amylase activity with an optimal signal
peptide (SPyq) was 3.5-fold greater than that of the control
after screening the 173 signal peptides of B. subtilis. Similarly,
the a-amylase-producing strain with the best-performing signal
peptide (SPp) yielded a maximum of 1487.85 U per mL amylase
after a 48 h cultivation, and it was about 68.4% higher than that
of the strain with the native signal peptide.® Similar results were
found by Degering et al. when the signal peptides with the 173
signal peptides of Bacillus subtilis and the 220 signal peptides of
Bacillus licheniformis were screened, and the subtilisin BPN-
producing strain B. licheniformis H402 with the SPggiioos3s
resulted in a 9-fold increase in activity in the medium super-
natant when compared with the wild-type SP.° Song et al. re-
ported that the extracellular B-mannanase activity with the
optimal signal peptide (SPrips) and 72 h of fermentation was
533 £ 32 U per mL after the screening of four signal peptides of
Sec pathway and two signal peptides of the Tat pathway.'® In
addition, the optimization of the signal peptide was also done
to enhance the extracellular production of proteins, such as -
asparaginase,' B-galactosidase' and xylanase.®

Although enhancing the extracellular production of protein
by signal peptide optimization was feasible, it was difficult to
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predict the secretion efficiency of different proteins with the
same signal peptide and the specific signal peptide for the
secretion efficiency of specific proteins. Moreover, there were
only a few reports to describe the change in the mature protein
to enhance the extracellular expression of enzyme. Directed
evolution and site-directed mutagenesis were the most
commonly used methods for the modification. Yao et al
described that a recombinant B. subtilis containing an o-
amylase with double mutation K82E/S405R showed an o-
amylase activity, which was 2.1-fold greater than that of the wild
type.” Feng et al. reported that after the deletion of the N-
terminal 25-residues, the activity of r-asparaginase with the
signal peptide ASN was 100% higher than that of the intact."*
However, most of the mutants were constructed by improving
the catalytic properties, such as activity,* thermostability,'>*°
cold adaptation'** and substrate specificity,'® with regard to
the modification of the mature enzyme.

Previously, a keratinase from Bacillus sp. LCB12, heterolo-
gously expressed by B. subtilis SCK6, was purified and charac-
terized. The characterization of the recombinant keratinase
revealed that this enzyme was a serine protease with an optimal
temperature of 60 °C and pH 10.0. The keratinase was used for
the enzymatic dehairing of goatskins and exhibited attractive
properties that might develop an efficient and eco-friendly
enzymatic dehairing of animal skins and/or hides method in
the leather processing industry.”* However, the extracellular
expression of keratinase was low. In this study, the signal
peptide optimization and site-directed mutagenesis were used
for improving the extracellular recombinant keratinase activity.

Materials and methods
Bacterial strains, plasmids and media

All of the strains and plasmids used in this study are summarized
in Table 1. For cloning, plasmid pMA0911 and Escherichia coli

Table 1 Strains and plasmids used in this study
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DH5a were used. Bacillus subtilis SCK6 was used as the heterolo-
gous expression host.”* Bacillus sp. LCB12 was previously isolated
from alkaline soil.> An LB-milk solid medium (tryptone 10 g L™,
yeast extract 5 g L', NaCl 10 ¢ L', non-fat powdered milk 20 g
L', agar20g L', pH 7.2-7.4) was used for the functional analysis
of recombinant B. subtilis SCK6. The recombinant B. subtilis SCK6
was incubated in a Luria-Bertani medium (tryptone 10 g L™, yeast
extract 5 g L', NaCl 10 g L™, agar 20 g L', pH 7.2-7.4) at 37 °C
and 200 rpm for the production of heterologous keratinase. When
applicable, antibiotics, such as 100 ug mL ™" ampicillin, 50 ng
mL " kanamycin and 1 ug mL ™" erythromycin, were used.

Plasmid construction and transformation

The expression vector pMA0911-keratinase was previously con-
structed.”® The keratinase gene without the signal peptide was
amplified from pMA0911-keratinase using the primers KF/KR
(Table 2), and the PCR products were digested using restriction
enzymes EcoR I and BamH 1. Then, the expression vector
PMA0911 with different signal peptides (SPync m, SPywe Ay SPxpr ks
SPypry SPyvg 0y SPywb Ny SPLip Ay SPamy x and SPyy,;, 4) was digested
using the restriction enzymes EcoR I and BamH 1. The purified
keratinase gene fragment was inserted into the corresponding
expression vector pMA0911 by using the Takara's DNA ligation kit
(Takara, Dalian, China). The ligation products were transformed
into E. coli DH5a cells. The positive clones were selected and
amplified. Then, the plasmids were extracted and sequenced by
Sangon Biotech (Shanghai, China). The recombinant plasmids
were transformed into B. subtilis SCK6 according to the previous
description.”® Then, the competent cells were spread on the LB-
milk solid medium with kanamycin (50 ug mL™") for the func-
tional analysis of the recombinant B. subtilis SCK6.

Site-directed mutagenesis

The site-directed mutagenesis of keratinase was performed as
described by Jakob et al.** The primers used in the site-directed

Strains/plasmids Properties Reference
Strains
E. coli DH50. F~, ¢80, lacZ AM15, A (lacZYA-argF) U169 endA1, recAl, Tiangen
hsdR17(r,, my ") supE44, A, thi™', gyrA96, relA1, phoA
B. subtilis SCK6 Erm®, his, nprR2, nprE18, AaprA3, AeglS102, BGSC 1A976
AbglIT/bgISRYV, lacA::PxylA-comK (ref. 21)
Bacillus sp. LCB12 Wild type 20
Plasmids
PMA0911-SPy,;, n-keratinase Kan' (B. subtilis), Amp" (E. coli), Ppapm This study
PMA0911-SPy, s-keratinase Kan' (B. subtilis), Amp" (E. coli), Ppapr This study
PMA0911-SP,py x-keratinase Kan® (B. subtilis), Amp" (E. coli), Ppapr This study
PMA0911-SPy,;, s-keratinase Kan® (B. subtilis), Amp" (E. coli), Ppapr This study
PMA0911-SPy,,. \keratinase Kan' (B. subtilis), Amp" (E. coli), Phapr This study
PMA0911-SPy, g-keratinase Kan® (B. subtilis), Amp" (E. coli), Ppapr This study
PMA0911-SPy,,-keratinase Kan' (B. subtilis), Amp" (E. coli), Ppapr This study
PMA0911-SPy,, o-keratinase Kan® (B. subtilis), Amp" (E. coli), Ppapr This study
PMA0911-SPyy,. 5-keratinase Kan' (B. subtilis), Amp" (E. coli), Phapr This study
PMAO0911-keratinase Kan' (B. subtilis), Amp" (E. coli), Ppaprr This study
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Table 2 Oligonucleotides used for the construction of plasmids and
site-directed mutagenesis

Primer Sequence

KF CCGGAATTC GCACAACCGGCGAAAAATGTTG

KR CGCGGATCC TTATTGCGCTGCCGCTTCTAC

M123LF CTGTCACTTGGCGGCGCGAGCGGCTCTAC

M123LR CCAAGTGACAGGTTAATCACATCCATGCCG

V149IF ATTGCCGCGGCGGGCAATAGCGGCTCAAGCGGC

V149IR CCCGCCGCGGCAATAACAACGACGCCGCGTGCATAAG
A242NF GTTGCTCAGATTCGGATGTTTAGAAAGAATCAGTGCTG
A242NR CCGAATCTGAGCAACAGCCAAGTTAGAAACAGACTGTCATC

mutagenesis are shown in Table 2. PCR was performed in a total
volume of 50 pL PCR buffer containing 10 pL 5x EVO buffer, 10
uL 5x PCR enhancer, 1 pL dNTPs (10 mM each), 2 pL 100 uM
each primer, 1 pL DNA template (pMA0911-keratinase ~80 ng),
23 pL dd H,0, 1 pL Phanta EVO HS super-fidelity DNA poly-
merase. The amplification procedure was as follows: initial
denaturation at 98 °C for 3 min, 20 cycles of denaturation at
98 °C for 15 s, annealing at 60 °C for 15 s, and extension at 72 °C
for 4.5 min. The PCR products were examined on a regular 1%
agarose gel and digested with Dpn I at 37 °C for 1 h. The enzyme
digestion products were transformed into E. coli DH5a cells.
The positive clones were selected and amplified. Then, the
plasmids were extracted and sequenced by Sangon Biotech
(Shanghai, China). The recombinant plasmids were trans-
formed into B. subtilis SCK6.

Production and purification of keratinase and its mutants

For the production of keratinase, the recombinant B. subtilis SCK6
was inoculated into the LB solid medium for 12 h at 37 °C. The
single colony was picked up and cultured in the LB liquid medium
for 12 h at 37 °C as seed cells. Then, the seed cells were inoculated
(2%, v/v) into the LB liquid medium for 48 h at 37 °C.

The fermentation broths were centrifuged at 10 000 rpm at
4 °C for 30 min to obtain a supernate. The supernate was
precipitated by the gradient ammonium sulphate fractionation.
The supernate was initially precipitated by ammonium sulfate
at 30% saturation (4 °C) to remove other proteins. Then, the
supernate was precipitated by ammonium sulfate at 50% satu-
ration (4 °C) to obtain the precipitated crude enzyme. The buffer
A (50 mM HAc-NaAc, 20 mM NaCl, pH 5.0) was used to resus-
pend the crude enzyme, and the insoluble substances were
removed via centrifugation. The supernatant was loaded on an
SP-sepharose fast flow column that was pre-equilibrated with
buffer A. The proteins were separated by a linear gradient of
NaCl 0-1 M. The active fractions were pooled and stored at
—20 °C for further analysis.

SDS-PAGE analysis

The fermented centrifugal supernatant sample was precipitated
by 0.4 M trichloroacetic acid, and then washed using precooled
ethyl alcohol absolute. The SDS-PAGE was performed in a 12.5%
(v/v) polyacrylamide gel (Baihe technology, Chengdu, China).

This journal is © The Royal Society of Chemistry 2019
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Fig. 1  SDS-PAGE analysis of extracellular keratinase of the
recombinant strains with different signal peptide. 1: wild-type; 2: SPyp,
£ 3. SPypri 4: SPywe a; 51 SPLip Al 6: SPwap a7 M: marker.
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Fig. 2 The extracellular keratinase activities of the recombinant strains

with different signal peptide. 1: wild-type; 2: SPypr £; 3: SPypr 4: SPywe Al
5:SPiip ar 6: SPwap A M: marker.

Enzyme activity assays

The keratinase activity was determined using the keratin ob-
tained from wool as the substrate, and the reactions were
proceeded in accordance with the previous description.*® One
unit of keratinase activity was defined as the amount of
enzyme that caused the release of 1 pg tyrosine per min at
60 °C.

Effect of pH and temperature on the enzyme activity and
stability

The optimum pH of keratinase and the mutant enzyme was
measured using 50 mM glycine-NaOH (pH 8.5-12.0) and by
using keratin as the substrate. In order to determine the optimal
temperature of keratinase and the mutant enzyme, the samples
were used to hydrolyze keratin at different temperatures ranging
from 30 to 80 °C in 50 mM glycine-NaOH (pH 10.0).

RSC Adv., 2019, 9, 33337-33344 | 33339
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Results and discussion
Host and vector selection

B. subtilis and E. coli are the two major hosts used for cloning
and overexpression of alkaline proteases.* Compared with E.
coli, B. subtilis showed higher advantages in producing proteins,
such as its high efficiency of secretion into the cell medium
(high product yields 20-25 g L"), well-characterized secretion
pathways, high safety (nonpathogenic and free of exotoxins and
endotoxins), clear inherited backgrounds and mature fermen-
tation technology.>*****

Therefore, B. subtilis SCK6 (Erm®, his, nprR2, nprE18, AaprA3,
AeglS102, AbgIT/bgISRV, lacA::PxylA-comK), a protease-deficient
strain, was used as the host for keratinase production. The
shuttle plasmid pMA0911 was used as the expression plasmid for

Keratinase (MG738728)
Subtilisin J (P29142)
Subtilisin E (P04189)
Subtilisin BPN' (P00782)
DHAP (AY458140)

Alkaline protease (CAE48424)
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keratinase production.”® The fragment of the target protein was
inserted between the promoter Pyp.; and T4 terminator,
obtaining the recombinant expression plasmid pMA0911-
keratinase. Subsequently, a series of recombinant expression
plasmid pMA0911-keratinases with nine different signal peptides
were constructed to facilitate the target protein secretion.

Optimization of the signal peptides for enhancing
extracellular keratinase production

As predicted in a previous report,* the open reading frame
(ORF) of keratinase from Bacillus sp. LCB12 consisted of an N-
terminal signal peptide (29 amino acids), the propeptide (76
amino acids) and the mature keratinase (274 amino acids)
(Fig. S1%). There are four typical secretion pathways in B.
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Fig.3 Protein sequence alignment of keratinase and other proteases by ESPript 3.0. “a.”" represents a helix; "B" represents B sheet; the substitution
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Fig.4 The extracellular keratinase activities of the recombinant strains
by site-directed mutagenesis. (1) Wild type; (2) M123L; (3) V149I; (4)
A242N; (5) M123L/V149I; (6) M123L/A242N; (7) V1491/A242N; (8)
M123L/V1491/A242N.

subtilis, such as the general secretory (Sec) pathway, the twin-
arginine translocation (Tat) pathway, the pseudopilin export
pathway for competence development, and the pathways using
the ATP-binding cassette (ABC) transporters, particularly the
general secretory (Sec) pathway and the twin-arginine (Tat)
translocation pathway. We had selected five signal peptides
(SPync s SPywe a) SPnpr 5 SPypr and SPy,, o) from the Sec
pathway and four signal peptides (SPywb ny SPrip Ay SPamy x, and
SPwap ) from the Tat pathway for improving the extracellular
expression of keratinase (Table 3). The keratinase gene frag-
ment without itself signal peptide from Bacillus sp. LCB12.
Then, the recombinant expression plasmids were transformed
into the B. subtilis SCK6, and the recombinant strains were
incubated in the LB-milk solid medium for the functional
analysis of the recombinant strains. After 12 h of cultivation at
37 °C, five recombinant strains with different signal peptides
(SPxpr By SPypr, SPywe a, SPrip a and SPyw,, ) showed clear
hydrolysis ring of milk on the plate (Fig. S2t).

Then, the five recombinant strains were incubated into the
LB liquid medium. After 48 h of fermentation, the extracellular

View Article Online
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Fig. 5 SDS-PAGE analysis of the extracellular keratinase of the
recombinant strains by site-directed mutagenesis. (1) Wild type; (2)
M123L; (3) V149I; (4) A242N; (5) M123L/V149I; (6) M123L/A242N; (7)
V1491/A242N; (8) M123L/V1491/A242N.

keratinase activity was determined. SDS-PAGE was used for the
analysis of the extracellular production of keratinase, and the
prominent bands corresponding to the size of 30 kDa were
observed, which were consistent with the theoretical molec-
ular weight of the mature keratinase (Fig. 1). Among the three
Sec pathway signal peptides, SPywe o Was the most efficient one
with a secretion efficiency of 380.19 U per mL, slightly higher
than the wild type, while the other signal peptides (SPypr r and
SPyp,,) showed a low secretion efficiency (Fig. 2). Moreover,
SPrip 4 and SPy;p 4 showed high secretion efficiency and SPy;,
A showed the highest extracellular keratinase activity with
739.03 U per mL, a 1.95-fold higher activity of wild-type (Fig. 3).
SDS-PAGE results of the supernatant samples also showed that
the two the Tat-dependent signal peptides, SPy;, , and SPyy;p 4,
could efficiently secrete keratinase into the culture medium
(Fig. 1). Thus, we concluded that keratinase tended to be
highly secreted under the direction of Tat-pathway signal
peptide SPyjp a.

Site-directed mutagenesis for enhancing the extracellular
recombinant keratinase activity

In order to modify the alkaline protease, various methods, such
as DNA shuffling, site-directed mutagenesis based on the

Table 3 Comparison of the different signal peptide sequences used for the keratinase production in B. subtilis®

Signal peptide Amino acid sequence Charge N-region® Hydrophobic amino acid®
Ywb N MSDEQKKPEQIHRRDILKWGAMAGAAVAIGASGLGGLAPLVASA 2 29
Ync M MAKPLSKGGILVKKVLIAGAVGTAVLFGTLSSGIPGLPAADA 4 32
Lip A MKFVKRRITALVTILMLSVTSLFALQPSAKA 4 19
Ywe A MLKRTSFVSSLFISSAVLLSILLPSGQAHA 2 18
Amy X MVSIRRSFEAYVDDMNIITVLIPAEQKEIM 1 16
Npr E MGLGKKLSVAVAASFMSLSISLPGVQA 2 19
Vpr MKKGIIRFLLVSFVLFFALSTGITGVQAAPA 3 23
Yvg O MKRIRIPMTLALGAALTIAPLSFASA 3 19
Wap A MKKRKRRNFKRFIAAFLVLALMISLVPADVLA 8 21

“ The cleavage sites of signal peptides were underlined. ? The net charge of the N-region was calculated with the amino acids aspartate and
glutamate defined as —1; arginine and lysine defined as +1 and any other amino acid defined as 0.  The hydrophobic amino acids of each
signal sequence was calculated with amino acids G, A, V, L, I, M, F, W and P defined as hydrophobic; any other amino acid being characterized

as hydrophilic.

This journal is © The Royal Society of Chemistry 2019
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Fig. 6 The extracellular keratinase activities and SDS-PAGE analysis of extracellular keratinase of the recombinant strains. (a) (1) Wild type, (2)
SPLipa. (3) SPLipa with mutant (M123L/V1491/A242N); (b) M: marker; (1) wild type, (2) SPyjp A, (3) SPLip A With mutant (M123L/V1491/A242N).

multiple sequence alignment and the directed evolution, were
used.’**® Based on the multiple sequence alignment of the
bacterial alkaline proteases (Fig. 3), we constructed seven
mutants (M123L, V1491, A242N, M123L/V1491, M123L/A242N,
V1491/A242N, and M123L/V1491/A242N), and the recombinant
strains were fermented at 37 °C for 48 h.

The extracellular keratinase activity of each enzyme was
evaluated at 60 °C. Fig. 4 shows that all of the variants have an
increased extracellular keratinase activity compared with that of
the wild-type enzyme. The extracellular activity of the double-
site variants was higher than that of the single-site variants,
and the three-site variants M123L/V1491/A242N showed the
highest extracellular activity with 500.58 U per mL, a value ~1.2-
fold greater than that of the wild type. As shown in Fig. 5, there
are no significant differences in extracellular expression
between the mutants.

100 W
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S 704
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50 T T T T
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pH

Then, the signal peptide optimization and the site-directed
mutagenesis were combined to enhance the extracellular
expression of keratinase. The pMA0911-keratinase with SPy;, o
and the three-site variants M123L/V1491/A242N was con-
structed. After 48 h of fermentation, the extracellular keratinase
activity was determined, and SDS-PAGE was used for the anal-
ysis of the extracellular production of keratinase. As shown in
Fig. 6, the recombinant strain demonstrates a secretion effi-
ciency of 830.91 U per mL, about 2.2-fold greater than that of the
wild-type. Besides, the production of keratinase was enhanced
from 38.6 mg L' to 84.5 mg L™ .

In the previous studies, the mutants (M123L and V149I)
showed a higher specific activity than that observed in the wild-
type.””*® M123 was conserved across the bacterial subtilisin and
located on the fifth B-sheet, which was part of the substrate-
binding pocket. The site V149 was closer to the active site in

w1l b
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Fig. 7 Effect of pH and temperature on the activity of keratinase and mutant. (a) Effect of pH on activity; (b) effect of temperature on activity.
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a 3D structure modeling of subtilisin BPN' (1GNV), and the
mutant V1491 might influence the local flexibility of the
substrate-binding pocket.””** The mutant A242 located at the
seventh a-helix (242-251), exposed to the surface of keratinase
molecule, and the mutant A242N increased the number of polar
amino acid residues of the a-helix improved the flexibility of
this region.

Biochemical characterization of keratinase mutant M123L/
V1491/A242N

The wild-type keratinase and its variant with SPy;, » and the
three-site variants M123L/V149I/A242N were recombinantly
produced in B. subtilis SCK6 and purified by ammonium sulfate
precipitation and cation exchange chromatography. The
optimum pH and the optimal temperature of keratinase and the
mutant were determined.

Fig. 7a shows the pH dependence of the proteolytic activity
profiles of purified wild-type and the mutants (M123L/V1491/
A242N) that are determined (pH range 8.5-12; 100 mM
glycine-NaOH buffer). The wild type and mutant showed an
equal pH dependence with a maximal activity at pH 10.0 and
maintained high activity at higher pH (9-12). The effect of
temperature on the keratinase activity of wild type and mutant
was determined in the range of 30-90 °C. The wild type and
mutant also showed a similar temperature dependence with
a maximal activity at 60 °C and maintained high activity (>60%)
in the range of 50 to 70 °C (Fig. 7b).

Conclusion

In this study, the signal peptide optimization and the site-
directed mutagenesis were adopted to enhance the extracel-
lular keratinase activity in Bacillus subtilis SCK6. In the process
of signal peptide optimization, nine signal peptides were
screened, among which SPy;,, showed the highest extracellular
keratinase activity of 739.03 U per mL, nearly two-fold activity of
the wild type. Then, based on the multiple sequence alignment
with bacterial alkaline proteases, three-site mutations (M123L/
V1491/A242N) were introduced into the keratinase, and the
mutant keratinase showed an increase in the extracellular ker-
atinase activity, a 1.2-fold activity of the wild type. Finally, the
signal peptide optimization and the site-directed mutagenesis
were combined to improve the extracellular expression of ker-
atinase. The keratinase expression vector with SPy;,, and the
mutant (M123L/V1491/A242N) was constructed and the extra-
cellular keratinase of the B. subtilis arrived at 830.91 U per mL,
a 2.2-fold activity of the wild type. Moreover, the production of
keratinase was enhanced from 38.6 mg L' to 84.5 mg L.
Then, the mutant keratinase was purified and characterized.
The mutant keratinase exhibited properties similar to those of
the wild type of keratinase.
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