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Abstract Keratinases are proteolytic enzymes capable of

degrading insoluble keratins. The importance of these

enzymes is being increasingly recognized in fields as

diverse as animal feed production, textile processing,

detergent formulation, leather manufacture, and medicine.

To enhance the thermostability of Bacillus licheniformis

BBE11-1 keratinase, the PoPMuSiC algorithm was applied

to predict the folding free energy change (DDG) of amino

acid substitutions. Use of the algorithm in combination

with molecular modification of homologous subtilisin

allowed the introduction of four amino acid substitutions

(N122Y, N217S, A193P, N160C) into the enzyme by site-

directed mutagenesis, and the mutant genes were expressed

in Bacillus subtilis WB600. The quadruple mutant dis-

played synergistic or additive effects with an 8.6-fold

increase in the t1/2 value at 60 �C. The N122Y substitution

also led to an approximately 5.6-fold increase in catalytic

efficiency compared to that of the wild-type keratinase.

These results provide further insight into the thermosta-

bility of keratinase and suggest further potential industrial

applications.
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Introduction

Keratin is an insoluble and fibrous structural protein that is

a constituent of feathers and wool. The protein is abun-

dantly available as a by-product from keratinous wastes,

representing a valuable source of proteins and amino acids

that could be useful for animal feeds or as a source of

nitrogen for plants [10]. However, keratin-containing

wastes have high mechanical stability and are difficult to

degrade by common proteases.

Keratinases are specialized proteolytic enzymes that

degrade keratins; most are classified as serine- or metallo-

proteases. Keratinases have been isolated and purified from

different bacteria, actinomycetes, and fungi [3]. Cloning

and expression of keratinase genes in a variety of expres-

sion systems have also been reported [9]. Recently, we

cloned the ker gene encoding Bacillus licheniformis

BBE11-1 keratinase and expressed the gene in Bacillus

subtilis WB600 under the strong PHpaII promoter harbored

in the pMA0911 vector [13]. However, the keratinase was

completely denatured after a 30-min exposure to 60 �C,

which limits the application of this enzyme. Thermostable

enzymes that would function at higher reaction tempera-

tures would decrease the possibility of microbial
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contamination, promote the disorganization of raw mate-

rials, and improve enzyme penetration [25]. The higher

operation temperature that would be possible using a

thermostable keratinase is clearly advantageous because of

a higher reactivity (higher reaction rate and lower diffu-

sional restrictions), enhanced stability, and higher process

yield (increased solubility of substrates and products and

favorable equilibrium displacement in endothermic

reactions).

The PoPMuSiC algorithm is a web server that predicts

the thermodynamic stability changes caused by single

site mutations in proteins, using a linear combination of

statistical potentials whose coefficients depend on the

solvent accessibility of the mutated residue. PoPMuSiC

has a good prediction performance, with a correlation

coefficient of 0.8 between the predicted and measured

stability changes in cross validation, after exclusion of

10 % outliers [7]. Moreover, it is very fast, allowing the

prediction of the stability changes resulting from all

possible mutations in a medium-size protein in less than a

minute. It has proved useful in the design of stabilized

point mutations of tobacco etch virus protease [5, 23],

pyruvate formate lyase [23] and feruloyl esterases [26].

PoPMuSic evaluates the stability changes resulting from

all possible mutations and returns a report containing a

list of the most stabilizing mutations or destabilizing

mutations, or the mutations that do not affect stability.

Stabilizing mutations (except the active site) can then be

chosen for further testing. On the other hand, we noticed

that the B. licheniformis BBE11-1 keratinase has high

homology compared with subtilisin E (75.4 %) and sub-

tilisin BPN0 (74.9 %) (Fig. 1), two enzymes that have

been intensively studied to improve their thermostability

[4, 15, 16, 18, 24, 27]. Asn218Ser [4] was generated by

random mutagenesis in subtilisin BPN0; the mutant dis-

played a 20-fold increase in the t1/2 value at 65 �C. The

Ser161Cys mutation [18] in subtilisin E produced a 2.9-

fold increase in the t1/2 value at 60 �C. Directed evolution

analyses [27] showed that Ser194Pro and Gly166Arg

were stabilizing mutations in subtilisin E. These empiri-

cal mutations could be an excellent guide and a useful

supplement in the PoPMuSiC algorithm to enhance the

thermostability of keratinase.

In this study, PoPMuSiC-2.1 was applied to predict

the thermostability of keratinase from B. licheniformis

BBE11-1. The effects of three amino acid substitutions

were experimentally investigated. One mutant, N122Y,

increased the thermostability and catalytic efficiency of

keratinase. Combined with three other previously-descri-

bed mutations from subtilisin E and subtilisin BPN0

(N160C, A193P, N217S), the four amino acid substitu-

tions provide the means to enhance keratinase

thermostability.

Materials and methods

Bacterial strains, plasmids and materials

The strain B. subtilis WB600 and the vector pMA5 [28]

were used for the expression of keratinase. Bacillus

licheniformis BBE11-1 (GenBank accession no. JQ894491)

was used as the source of genomic DNA. Escherichia coli

JM109 purchased from TaKaRa (Dalian, China) was used

as the host for plasmid construction. The pMD19-T vector

used for ker gene cloning was purchased from TaKaRa

(Dalian, China). PrimeSTAR HS DNA polymerase,

restriction endonucleases, PCR reagents, Genomic

Extraction Kit and MutanBEST kit used for site-directed

mutagenesis were purchased from TaKaRa (Dalian,

China). DNA sequencing was performed by Sangon

(Shanghai, China). Keratin (from wool) used as a substrate

was purchased from J&K (Beijing, China). Folin-Ciocal-

teu’s phenol reagent was purchased from Sangon (Shang-

hai, China). All other chemicals and reagents were of

analytical grade. The N-succinyl-L-Ala-Ala-Pro-Phe-p-

nitroanilide (AAPF) was purchased from Sigma-Aldrich

(Shanghai, China).

Selection and construction of point mutations

Homology modeling of wild-type and mutant keratinase

(Fig. 2a) from B. licheniformis BBE11-1 was performed

using the crystal structure of B. licheniformis strain

Subtilisin Carlsberg (PDB 3unxA, 1.26 Å resolution) [8]

as the template by the SWISS-MODEL protein-modeling

sever (http://swissmodel.expasy.org/) [1]. The models had

99.27 % sequence identity with the template. We used the

PoPMuSiC-2.1 algorithm to search for amino acid sub-

stitutions that could possibly improve the thermostability

of keratinase. The active sites were not allowed to be

changed by the algorithm. Based on the values of the

folding free energy change (DDG) predicted by the PoP-

MuSiC algorithm, the amino acid substitutions were

predicted to have the most stabilizing effect and the cor-

responding mutations were introduced into Ker by site-

directed mutagenesis. Meanwhile, the other four muta-

tions (Asn217Ser, Ala193Pro, Asn160Cys, Gly165Arg)

that appreciably enhanced the thermostability of subtilisin

E and subtilisin BPN0 were also introduced into Ker by

site-directed mutagenesis. The number of hydrogen bonds

in the enzyme was calculated by Discovery Studio 2.5

(Fig. 2).

Site-directed mutagenesis

Site-directed mutagenesis was performed using the Mu-

tanBEST kit. The one-step PCR method was carried out by
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PrimeSTAR HS DNA polymerase using the plasmid ker/

pMD19-T as the template DNA and oligonucleotide

primers. The sequences of the mutagenic primers are

shown in Supplementary materials (Table 1). The PCR

products were treated with blunting kination enzyme and

Ligation Solution I (TaKaRa, Dalian, China), ligated into

circular plasmids, and then transformed into E. coli JM109.

The successful introductions of the desired mutations were

confirmed by DNA sequencing.

Construction of expression vector

Ker was amplified for the pMD 19-T-keratinase vector and

the Nde I and Bam HI cloning sites were introduced into

the primers to permit ligation into the pMA5 vector. The 50

primer was 50-GGAATTCCATATGATGAGGAAAAAGA

GTTTTTGG and the 30 primer was 30-CGCGGATCCT-

TATTGAGCGGCAGCTTCG. The ligation mixture was

used to chemically transform competent E. coli JM109.

Fig. 1 Protein sequence alignment of keratinase from B. licheniformis
BBE11-1 (KB), subtilisin E and subtilisin BPN0 by PRALINE. Amino

acid sequence alignment was performed by PSI-BLAST pre-profile

processing (Homology-extended alignment) available from the

PRALINE online resource portal (http://www.ibi.vu.nl/programs/

pralinewww/)
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The plasmids isolated from these transformants were con-

firmed by DNA sequencing and the plasmid with the cor-

rect sequences was designated pMA5-ker. Bacillus subtilis

WB600 was chosen as the host and was transformed by the

pMA5-ker plasmid. After 12 h of incubation at 37 �C on

LB agar containing 20 lg/mL kanamycin, transformants

were confirmed by colony PCR and DNA sequencing, and

were used for further expression and purification.

Expression, purification of keratinase

To confirm the expression of keratinase, the different

mutated transformants with pMA5-ker plasmids were cul-

tured in a 250 mL shake flask containing fermentation

medium (yeast extract, 5 g/L; peptone, 10 g/L; NaCl, 10 g/L;

glucose, 10 g/L; MgSO4, 0.1 g/L) at 37 �C for 48 h. The

culture broth was centrifuged at 8,0009g for 10 min, and

Fig. 2 The model structure of

keratinase, local model of the

mutation sites and the catalytic

residues in keratinase (a). The

model structure of keratinase

was constructed with the crystal

structure of Subtilisin Carlsberg

(PDB 3unxA, 1.26 Å

resolution). The a helices and b
sheets are shown in red and

cyan, respectively. The active

site (Asp32, His63, 220Ser) is

shown in ‘‘Ball and stick’’

representation. The mutant

positions are shown in ‘‘sticks’’.

S1 binding pocket: a distinct,

large and elongated cleft,

surrounded at the sides and

bottom by the backbone

segments 124–127 and

151–154, at the bottom end by

residue 165 and at the rim by

residues 155 and 128 [17]. The

distances (Å) from the Tyr122

to active site (Asp32, His63,

220Ser) in keratinase are shown

(b). The oxygen atoms are in

red, the nitrogen atoms in light
blue, the carbon atoms in yellow
green, and the sulfur atoms in

yellow (color figure online)
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the keratinase was concentrated by ultrafiltration using

10 kDa membrane (Pellicon� XL filter; Millipore corpo-

ration, USA). The enzyme solution was then injected into

the AKTA purifier (GE Healthcare, USA) through Phenyl

Sepharose Fast Flow columns (5 mL) for hydrophobic

interaction chromatography (HIC) (GE Healthcare, USA).

After eluting the unbound proteins, a gradient elution was

performed using ammonium sulfate (from 1 to 0 M), and

the fractions were collected for the activity assay and SDS-

PAGE analysis.

Determination of enzymatic activity and kinetic

parameters

The keratinase activity was determined according to the

modified method of Yamamura et al. [22]. A portion

(0.5 mL) of the enzyme solution was incubated with

1.5 mL of 1 % keratin in 50 mM Gly/NaOH buffer (pH

10.5) at 40 �C for 15 min. The reaction was terminated

with 2 mL of 6 % trichloroacetic acid (TCA), and then

allowed to stand for 10 min. After centrifugation (Tomy

MRX-152, Japan) (15,0009g; 10 min), the supernatant

(0.5 mL) was mixed with Bradford reagent (1:1 dilution)

and 2.5 mL of 0.5 M Na2CO3 at 40 �C for 15 min. The

keratinase activity was measured at 660 nm with a spec-

trophotometer (Beckman DU640, USA), and expressed in

keratin units. One unit is defined as an increase of 0.01 OD

value at 660 nm in 15 min.

The thermal inactivation half-life (t1/2) at 60 �C was

determined by the residual keratinase activity versus

incubation time that was deduced by linear regression [21].

The half-inactivation temperature (T50) was defined by the

temperature at which the enzyme lost 50 % activity, when

the purified enzymes were incubated at temperatures

ranging from 58 to 68 �C (1 �C interval) for 10 min.

The kinetic parameters including Km and Vmax were

calculated from a double reciprocal (Lineweaver–Burk)

plot [12] using synthetic peptides of AAPF in a

concentration range of 100–600 mM at 40 �C in assay

buffer containing 50 mM glycine-NaOH (pH 10.5).

Results and discussion

Identification of stabilizing residues and expression

of mutants in B. subtilis

According to the PoPMuSiC algorithm tool, all possible

stabilizing point mutations in the keratinase were displayed

based on the differences in folding free energy between the

wild-type and mutant proteins. The three most stabilizing

point mutations (Asn122Tyr, Gly177Cys, Gly201Trp) were

chosen based on an Internet search. The evaluation of

folding free energy changes calculated in silico caused by

Asn122Tyr, Gly177Cys, and Gly201Trp single-site muta-

tion was -2.33, -1.39, and -1.47 kcal/mol, respectively.

All the mutants (Asn122Tyr, Gly177Cys, Gly201Trp,

Asn217Ser, Ala193Pro, Asn160Cys, and Gly165Arg) were

transformed into B. subtilis WB600 and expressed at the

aforementioned conditions. Sodium dodecyl sulfate–poly-

acrylamide gel electrophoresis (Fig. 3) revealed a major

protein band of about 30 kDa after purified (Table 2),

consistent with that of our previous report [13].

Characterization of keratinase mutants

The wild-type and mutant keratinases were purified and

their thermostability was tested. The G165R, G177C, and

G201 W mutations were the neutral to wide-type and had

half-lives of thermal inactivation (t1/2) of approximately

9.0 min at 60 �C (Table 3). However, the other four amino

acid substitutions (N217S, A193P, N160C, and N122Y)

enhanced the thermostability of keratinase (Table 4). Of

Fig. 3 SDS-PAGE of purified wild-type and mutant keratinase. Lane
M molecular weight marker; lanes 1–6 wild-type, N122Y, N160C,

A193P, N217S, N122Y/N160C/A193P/N217S

Table 1 Oligonucleotide primers used for site-directed mutagenesis

Directed mutation Nucleotide sequence (50 ? 30)a

Asn122Tyr GATGTTATCAAT(TAC)ATGAGCCTTGGG

Gly177Cys GCTGTTGGT(TGC)GCGGTAGACTCT

Gly201Trp CTCCTGGC(TGG)GCAGGCGTATAC

Asn217Ser CATTGAAC(TCA)GGAACGTCAATGGC

Ala193Pro GTGGGAGAC(CCA)GAGCTTGAAGTCA

Asn160Cys CTTCAGGAAAC(TGC)ACGAATACAATTG

Gly165Arg CAATTGGC(CGT)TATCCTGCGAAATAC

a Nucleotides underlined correspond to the codons chosen for

mutation. Nucleotides in parentheses replace the underlined

nucleotides
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these mutations, the N122Y substitution mutant best

enhanced the half-life time at 60 �C, from 9 to 23 min.

Moreover, the half-inactivation temperature (T50) for this

mutant enzyme was increased by 3 �C. The N217S,

A193P, and N160C substitutions did not substantially

enhance thermostability, similar to previous reports [18,

27], and produced an enzyme half-life that was 1.5–2.1

times higher than the half-life of the wild-type enzyme.

Combination studies with the four beneficial substitutions

(N122Y, N217S, A193P, N160C) demonstrated that the

corresponding quadruple mutant displayed synergistic or

additive effects with an 8.6-fold increase in the t1/2 value at

60 �C.

Keratinase from B. licheniformis belongs to the subtili-

sin family ([64 % identity with subgroups of true

subtilisins) with the essential catalytic triad residues (D32,

H63, S220) [17]. After the structural basis of thermosta-

bility from subtilisin was systematically studied, the rea-

sons for the enhancement of thermostability caused by

mutants could be empirically explained. According to the

model, the N217S, A193P, N160C, and G165R mutations

are located on the protein surface. G165R is located at the

bottom region of the distinct, elongated cleft known as the

S1 pocket, and is partially exposed. No activity was

detected in the G165R substitution, but this mutant in

subtilisin E (G166R) stabilized the enzyme [27]. N217S

presumably increases thermostability by improving

hydrogen bonding parameters of the 201–218 b-pair, as

this substitution allows the anti-parallel strands to move

closer together, allowing slightly shorter and stronger

hydrogen bonds. Such a thermostabilizing mechanism was

found in subtilisin BPN0 (N218S) [4]. The A193P mutation

probably reduces the entropy of the flexible loop. Earlier

research showed that thermophilic and extremely thermo-

philic enzymes have more proline residues in their loop/

coils than does a mesophilic enzyme [2]. Introduction of

proline at an appropriate site, such as the second sites of b
turns, first turns of a helices, and the flexible loops in

proteins, could improve protein thermostability [20].

Sequence comparisons of subtilisins from mesophilic and

hyperthermophilic organisms detected mutation N160C

only in a mesophilic enzyme from Drosophila melano-

gaster. However, how a single-Cys mutant enzyme

enhanced the thermostability is unclear (Table 4).

Thermostability is associated with an increase in the

packing density of the hydrophobic core and a decrease in

internal cavities [6]. Residue 122 is located in the b4 sheet

approximately 6 Å from the Asp32, His63, and Ser220

triad of catalytic residues. One of the possible causes of

this thermostability is the higher hydrophobicity of tyrosine

compared to asparagine, an additional aromatic residue

compared with asparagines, which could contribute to a

more compact core. To further explain the reasons for the

enhanced thermostability by multiple substitutions, we

used the PIC server (http://pic.mbu.iisc.ernet.in/index.html)

and Discovery Studio 2.5 software to analyze intramolec-

ular interactions of the wild type and mutant type. The PIC

is a program that reveals canonical interactions such as

hydrogen bonds, hydrophobic interactions, and electro-

static interactions that are well known as the dominant

structural factors responsible for protein thermostability

[19]. Although N122Y, A193P, S160C and N217S dis-

played reduced ionic interactions compared with the wild

type enzyme, the substitutions could result in the addition

of six new putative hydrophobic interactions, one new

putative cation-pi interactions, and 11 new putative

hydrogen bonds. Among them, N122Y added three new

putative hydrophobic interactions. An earlier report

Table 2 Purification of recombinant keratinase

Fraction Protein

(mg)

Specific

activity

(U/mg)

Yield

(%)

Purification

(fold)

Supernatant 140 2285.71 100 1.0

10 kDa cutoff 110 4818.18 50 2.1

Phenyl sepharose FF 50 9560.22 50 4.2

Table 3 Thermostability of wild-type keratinase and mutants pre-

dicted by the PoPMuSiC algorithm

Keratinase DDGa (kcal/mol) t1/2
b (min) T50

c (�C)

Wild-type – 9 ± 0.2 59

N122Y -2.33 23 ± 0.3 62

G177C -1.39 9 ± 0.2 59

G201 W -1.47 10 ± 0.2 59

a Folding free energy changes between wild-type and variants were

estimated with the PoPMuSiC algorithm
b Half-life of thermal inactivation at 60 �C was measured
c Half-inactivation temperature was measured after heat treatment for

10 min at 58–68 �C

Table 4 Thermostability of wild-type keratinase and variants

Keratinase t1/2
a (min) T50

b (�C)

Wild-type 9 ± 0.2 59

N217S 19 ± 0.5 61

A193P 14 ± 0.7 60

N160C 16 ± 0.3 61

N217S/A193P/N160C 38 ± 1.1 63

N217S/A193P/N160C/N122Y 78 ± 1.5 66

a Half-life of thermal inactivation at 60 �C was measured
b Half-inactivation temperature was measured after heat treatment for

10 min at 58–68 �C
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showed that hydrophobic interactions contribute 60 ± 4 %

and hydrogen bonds contribute 40 ± 4 % to protein sta-

bility [14], which may be the reason for the enhanced

thermostability of the N122Y mutant.

Kinetic parameters were determined using full term for

AAPF (Table 5). All the amino acid substitutions,

excepting N122Y, did not significantly change the apparent

Michaelis constant (Km) or catalytic turnover frequency

(kcat). The B. licheniformis keratinase showed a preference

for aromatic or hydrophobic amino acid residues at the P1

position of synthetic pNa substrates [3], which interact with

the S1 binding site. It is likely that the N217S, A193P, and

N160C mutations are not close to the active site, and that

the S1 binding site is sufficient to influence catalytic effi-

ciency. However, the N122Y mutant enzyme displayed a

5.6-fold increased catalytic efficiency (kcat/Km) compared

to the wild-type enzyme. This demonstrates the essential

role of N122Y in the kinetic behavior of the B. lichenifor-

mis BBE11-1 keratinase. The increase in efficiency with

regard to mutation N122Y can be ascribed mainly to the

improved substrate affinity generated by this substitution

by an aromatic residue [11].

As shown in Fig. 2b, N122Y has a relatively suitable

distance (220Ser) to permit intramolecular interactions

with the active site (Asp32, His63, 220Ser). This could be

the reason for the changed catalytic efficiency. Finally, the

corresponding N122Y/N217S/A193P/N160C quadruple

mutant displayed a 4.1-fold increased catalytic efficiency

(kcat/Km) as compared to the wild-type enzyme.

Conclusions

The PoPMuSiC algorithm was applied to predict amino

acid substitutions to investigate the enhancement of the

thermostability of the keratinase produced by B. licheni-

formis BBE11-1. Modification of subtilisin E and subtilisin

BPN0 identified four beneficial substitutions (N122Y,

N217S, A193P, and N160C). A corresponding quadruple

mutant displayed synergistic or additive effects with an

8.6-fold increase in the t1/2 value at 60 �C. The N122Y

substitution also led to an approximately 5.6-fold increase

in catalytic efficiency compared to that of the wild-type

keratinase. Further insight and improvement of the

enhanced thermostability of keratinase would be aided by

molecular dynamics simulations.
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