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The aim of the review was to analyze the current ideas on keratinases, a group of proteolytic
enzymes that catalyse the cleavage of keratins, which are highly stable fibrous proteins.
Representatives of various taxonomic groups of microorganisms, including fungi, actinomycetes and
bacteria, are keratinase producers. Modern classification of keratinases according to the MEROPS
database is given. It based on the similarity of the amino acid sequences, which also reflects the
evolutionary interactions between proteolytic enzymes. The MEROPS database combines the
proteases into 62 clans and 264 families now. The studies of physical and chemical properties of
keratinases indicate that the enzymes are active in a wide range of temperature and pH values, with
the optimal action at neutral and alkaline pH and ¢ = 40-70 °C. It was shown that microbial
keratinases were predominantly the metallo-, serine- or metallo-serine proteases. They are usually
extracellular, and their synthesis is induced by keratin substrates. The review discusses the practical
use of keratinases. These enzymes have been successfully applied in bioconversion of keratin wastes
to animal feed and nitrogenous fertilizer, as well as in leather, textile, detergent, cosmetic,
pharmaceutical industries. Keratinases are also applicable as pesticides and in the production of
nanoparticles, biofuel, biodegradable films, glues and foils. In addition, keratinases are used in the
degradation of prion proteins which are able to cause anumber of human and animal neurodegenerative
diseases of spongiform encephalopathy.
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The keratins are unsoluble fibrillar
proteins that make up the external protective
surfaces in vertebrates and are the structural
components of wool, hoof, horns, hair, nails
and feathers [1, 2]. Keratins are known for
their complex degradation and high stability
caused by the firm stabilization of their
polypeptide chains, tightly packed with
hydrogen bonds and hydrophobic interactions
[3]. Moreover, the disulfide bonds cross-
linking the chains contribute to their stability
and tolerance to the degrading effect of the
usual proteases such as pepsin, trypsin and
papain [4, 5].

The term “keratin” (derived from Greek
“kera”, meaning “horn”) was for the first
time used in 1850 to describe matter from the

hard, firm tissues forming animal horns and
hooves [6].

According to the secondary structure,
keratins are grouped in two types:

1) a-keratins contain residues of all
amino acids and differ from other fibrillar
proteins by their high content of cysteine.
Their polypeptide chains are o-helices.
The primary structure of the a-keratin
polypeptide chains is not periodic. The
o-keratins are insoluble and elastic due to
the presence of numerous disulfide bonds
between polypeptide chains. The protein
molecular weight is 10-50 kDa. The main
structural element of the mammalian
a-keratin is a protofibril with a diameter of
2 nm, formed by three interwoven supercoiled
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a-spiral segments of polypeptides with not-
coiled chain ends. The a-keratins are part
of the nails, horns, and hooves of mammals
(hard keratin which contains 18-22%
cysteine), hair, wool, skin (soft keratin,
contains up to 14% cysteine) [1, 7];

2) PB-keratins are harder and shaped
as several zigzag-like polypeptide chains
(B-folded sheets), usually anti-parallel to
each other, which is stabilized by hydrogen
bonds and hydrophobic interactions. These
proteins contain much less cysteine, but are
rich in amino acids such as glycine, alanine,
and serine (a characteristic repeat of the
“GSGAGA” sequence). Unlike a-keratin, the
transverse disulfide bonds are absent between
adjacent polypeptide chains of B-keratin, and
the peptide fibrils are more flexible but not
elastic. These proteins are found in feathers,
beaks and claws of birds, in porcupine needles,
in claws and scales of reptiles, in turtle shells
and arthropod exoskeletons. The molecular
mass of B-keratin varies from 10 to 22 kDa [1,
8, 9] (Fig. 1).

The food industries, especially the meat
market, slaughterhouse and wool industry,
produce millions of tones of biomass that
contains keratin [1, 10]. Millions of tons of
feathers are emitted into the environment as a
by-product of the poultry processing enterprises,
which makes serious problems as a pollutant,
as well as sources of the H5N1 virus [11]. The
human population constantly increases on
the planet causing the intensive development
of these industries, which, in turn, causes
a steady increase in the amount of keratin-

containing waste. These figures are over 40
million tons per year for countries such as the
USA, Brazil, and China. Today, one of the main
methods of utilization of these wastes is their
burning. However, the method has a number
of shortcomings: it is considerably costly, and
burning the waste releases a significant amount
of harmful gases in the atmosphere, which is
dangerous to the environment [1].

Another method of utilizing feathers
is the chemical treatment under pressure,
which reduces their stiffness and increases
digestibility. This method, however, is also
highly expensive, and involves a breakdown
of thermosensitive amino acids tryptophan
and lysine [11]. Therefore, it is nowadays very
important to develop a highly efficient and
cheap way of processing keratin-containing
raw materials. Alternatively, this issue can be
solved by the enzyme biodegradation, which
not only improves the nutritional value of
feathers, but also offers mild conditions for
the production of valuable products. Microbial
keratinases (E.C. 3.4.21 / 24 / 99.11) are a
group of proteolytic enzymes that meet these
requirements because they are capable of
decomposing complex and rich keratin waste
into more easily digestible components [1, 11,
12]. The ability to synthesize these enzymes is
found in some insects (moth larvae), as well as
in microorganisms including bacteria, fungi,
and yeasts, which can be isolated from keratin-
containing waste [2, 3, 11, 13].

It has been found that the keratin-
containing by-products contain 15-18%
nitrogen, 2—-5% sulfur, 3.2% minerals, 1.27%

Fig. 1. Structure of keratin: a —Hierarchy of a-keratin showing the assembly from:
two polypeptide chains (i) to a fibrous structure (iv); b — p-keratin with a pleated sheet shape that consists
of antiparallel chains with R-groups that extend between sheets; ¢ — TEM micrograph of a-keratin from
a sheep horn displaying the composite structure of a crystalline keratin core within an amorphous keratin
matrix [9]
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fats and 90% protein. Hence, the rich in
keratin organic waste can be a natural source
of protein. Natural keratin, obtained from
biomass, does not contain harmful chemicals
and can be directly used for the production
of various cosmetics, creams, shampoos,
hair conditioners and biomedical products.
Monomer units of natural keratin, penetrating
the skin and cuticle of hair, can nourish them
without any side effects [1].

Keratinases from microorganisms are also
used to make protein supplements, animal
feeds, skin treatments, and in detergents.
And the keratinase produced by the action of
cleavage products used in the production of
nitrogen fertilizers, glue and foil, biofilms,
as well as plastics [1, 10, 11, 14]. In addition,
the promising direction is using keratinases
in the degradation of prions for the treatment
of bovine spongiform encephalopathy in
order to prevent the prion-containing waste
from contaminating the environment [5,
10, 15]. Keratinases can also be used as an
active component of pesticides to combat root
nematodes that cause the formation of galls,
thickenings at the roots of plants [16, 17].

Consequently, the growing interest in
microbial keratinases in various industries
leads to the search for new keratinolytic
producers of enzymes with properties that are
commensurate with commercial needs.

Keratinase classification. Proteases are
widespread, being involved in many biological
reactions occurring both in the cell and in the
body as a whole, and they play an important
role in the circulation of nitrogen in nature.
Their general action mechanism is that of the
hydrolytic enzymes cleaving peptide bonds
from the ends of the polypeptide chain (exo-
protease) or within the chain (endo-proteases)
[5]. According to the amino acid sequence in
the active centers of enzymes and the catalytic
action mechanism associated with it, these
enzymes are grouped into asparagine, cysteine,
glutamine, aspartate, metal, serine, threonine,
mixed proteases, and those with an unknown
catalytic action mechanism [14].

In the Enzyme Nomenclature (1979), the
keratinases of Streptomyces and Trichophyton
were named as E.C. 3.4.99.11 and 3.4.99.12
according to the type of catalyzed reaction
[12, 13]. However, the intense development
of molecular biology caused the improvement
of the classification system. Based on the
similarity of the amino acid sequences, which
also reflects the evolutionary interactions
between proteolytic enzymes, the MEROPS
database united the proteases into 62 clans

and 264 families now (http://merops.sanger.
ac.uk/cgi-bin/family index?type=P#S) [5,
14]. The classification of keratinases according
to the MEROPS database is given in Table.

The authors [18, 19] classified the
keratinase of Meiothermus taiwanensis WR-
220 and the islandizin enzyme synthesized by
Fervidobacterium islandicum, as belonging to
the clan SB, family S8.

Depending on the nature of the active
center, microbial keratinases can be serine
proteases, metal proteases and serine metal
proteases. The exception is yeast keratinases,
which are asparagine proteases [14].

Metal and serine peptidases are
endoproteases that cleave peptide bonds
inside the polypeptide chain. Serine proteases
are a functionally rich and diverse group of
proteolytic enzymes with nucleophilic serine
residues (Ser) in the active center. The latter
attacks the carbonyl part of the peptide bond to
form an intermediate compound (acyl-enzyme
intermediate). To date, there are more than
333000 serine proteases that are classified
in 53 families and 16 clans. Based on the
structure, serine proteases are divided into two
categories: trypsin-like and subtilisin-like. The
enzymes of subtilisin subfamily are completely
inhibited by phenylmethylsulfonyl fluoride
(PMSF) and chymostatin [14].

In metal proteases, a nucleophilic attack on
the peptide bond can be transmitted through
the water molecules coordinated by the two-
valent metal ion (usually Zn (II), sometimes
Co (II), Mn (II)) or the bimetallic center of the
enzyme (two ions Zn (II) or one Zn (II) ion and
one Co (IT) or Mn (II) ion). Depending on the
amount of metal ions required for the catalysis,
metalloproteases are divided into two groups:
the first group requires two metal ions, and
the other one needs only one. To date, there
are about 294000 metalloproteases, united in
73 families and 15 clans [5]. Catalytic activity
of metalloproteases is suppressed by chelating
agents and heavy metals [14].

The microbial keratinases of Actinomadura
keratinilytica Cpt29 [12, 20], Streptomyces
sp. 1382 [21], Actinomadura viridilutea
DZ50 [22], Purpureocillium lilacinum
[23], Aspergillus parasiticus [24], Bacillus
pumilus GRK [25], Bacillus licheniformis
RPk [26], Thermoactinomyces sp. YT06 [27],
Brevibacillus brevis [28], Caldicoprobacter
algeriensis [29] are serine proteases.

Keratinases synthesized by Acinetobacter and
Bacillus subtilis MTCC (9102) are metalloproteases
[30, 31], while the enzyme of Bacillus parabrevis is
a serine-metalloprotease [32].
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Keratinases classification (MEROPS)

Name Main name MEROPS ID
Clan SB >> Subclan (none) >> Family S8 >> Subfamily A
Keratinase Subtilisin >> S08.001; Catalytic type — serine;
(Bacillus sp.) Carlsberg Subclass 3.4 (Peptidases) >> Sub-subclass 3.4.21 (Serine
endopeptidases) >> Peptidase 3.4.21.62
Keratinase (Doratomyces Keratinase Clan SB >> Subclan (none) >> Family S8 >> Subfamily A
. (Doratomyces ) N .
microsporus) ; >> S08.148; Catalytic type — serine
microsporus)
Keratinase K1 Keratinase K1 Clan SB >> Subclan (none) >> Family S8 >> Subfamily A
(Stenotrophomonas (Stenotrophomonas - N .
s o >> S08.110; Catalytic type — serine
maltophilia) maltophilia)
Keratinase K2 Subfam.ily HEA Clan SB >> Subclan (none) >> Family S8 >> Subfamily A
(Stenotrophomonas unassigned . . :
o - >> S08.UPA; Catalytic type — serine
maltophilia) peptidases
Clan MA >> Subclan MA(E) >> Family M4 >> Subfamily
Keratinase Ker P Pseudolvsin (none) >> M04.005; Catalytic type — metallo;
(Pseudomonas aeruginosa) y Subclass 3.4 (Peptidases) >> Sub-subclass 3.4.24
(Metalloendopeptidases) >> Peptidase 3.4.24.26
Keratinase KerSMF Subfam.ily SBA Clan SB >> Subclan (none) >> Family S8 >> Subfamily A
(Stenotrophomonas unassigned . . :
o - >> S08.UPA; Catalytic type — serine
maltophilia) peptidases
Keratinase Sfo2 SFase-2 Clan PA >> Subclan PA(S) >> Family S1 >> Subfamily E
p endopeptidase >>S01.431; Catalytic type — serine
Keratinase Streptomyces Slﬂ)lf:;rsliih;lféA Clan PA >> Subclan PA(S) >> Family S1 >> Subfamily A
albidoflavus 518 >> S01.UPA; Catalytic type — serine
peptidases
KerSMD Keratinase K1 Clan SB >> Subclan (none) >> Family S8 >> Subfamily A
(Stenotrophomonas (Stenotrophomonas ) N .
o o >> S08.110; Catalytic type — serine
maltophilia) maltophilia)

Interestingly, Bacillus halodurans PPKS-2
synthesizes two keratinases which are
different by the catalytic type: keratinase 1 is
a disulfide reductase, keratinase 2 is a serine
protease [33].

Consequently, most of the investigated
keratinases are serine proteases, the synthesis
of which is suppressed by phenylmethylsulfonyl
fluoride (PMSF) and chymostatin [14].

Keratinase producers. Keratinolytic
enzymes are synthesized by many bacteria,
including actinomycetes, as well as fungi.
Among the latter, a significant role is played
by skin fungi, which in saprophytic state are
able to digest keratin in vitro and use it as a
substrate, and some can penetrate into the
tissue (in vivo) and cause dermatomycosis in
humans and animals [7].

There are two types of fungi that inhabit
keratin substrates:

« keratinolytic fungi, which affect the keratin
substrate directly and cleave the molecules;

- keratinophilic fungi, which use the
matter that is naturally linked to keratin, or the
products of keratin destruction under the effect
of other fungi [7].
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Keratinases are produced by both
pathogenic and non-pathogenic fungi:
Alternaria, Arthrographis[34], Aspergillus [24,
35], Beauveria, Chrysosporium, Cladobotryum,
Cladosporium (C. sphaerospermum) [34],
Doratomyces (D. microsporus) [3, 36],
Geomyces, Gymnoascus, Malbranchea,
Microsporum, Mucor, Myceliophthora
[34], Paecilomyces (P. marquandii) [36],
Pectinotrichum [34], Penicillium (P. citrinum)
[87], Purpureocillium [23], Renispora
[84], Scopulariopsis [7], Sporendonema,
Trichophyton [34]. The pathogenicity and
virulence of some fungi are closely related
to the ability of the producers to break down
both hard and soft types of keratin. However,
only non-pathogenic keratinolytics are of an
industrial importance, because of the risk of
infection with pathogenic strains.

Among the Gram-positive bacteria, the
ability to synthesize keratinases and cleave
keratin is found in the genera Arthrobacter
[38], Bacillus [12], Kocuria [39], Lysobacter
[12], Microbacterium [8], Nesternokia [12],
etc. However the most common producers
of keratinases are the representatives of



Reviews

the genus Bacillus, namely B. subtilis and
B.licheniformis[26]. Although keratinolysis is
detected in other species of the genus Bacillus:
B. altitudinis [40], B. halodurans [33],
B. tequilensis [41], B. pumilus [25], B. cereus,
and B. thuringiensis [42]. Several genera of
the Gram-negative bacteria also can synthesize
keratinases: Acinetobacter [30], Alcaligenes
[43], Caldicoprobacter[29], Chryseobacterium,
Fervidobacterium [8, 14], Klebsiella [44],
Stenotrophomonas, Thermoanaerobacter [8,
14, 45], Vibrio, Xanthomonas [8].

The keratinolytic activity is also found
in several actinomycetes: Actinomadura
(A. keratinilytica, A. viridilutea) [20, 22],
Nocardiopsis [10], Streptomyces pactum,
S. graminofaciens, S. albidflavus, S. flavis [10].

Recently, researchers became interested
in thermophilic and hyperthermophilic
organisms that synthesize keratinases with
unique properties. The temperature optimum
of those enzymes is within the range of
80-100 °C: Aeropyrum, Fervidobacterium
[46], Microbisporaaerata [10], Pyrococcus
[46], Streptomyces gulbarguensis, S.
thermoviolaceus, S. thermonitrificans [10],
Thermoactinomyces [27], Thermoanaerobacter,
Thermococcus [46], etc. These enzymes are
promising for research, since they can be used
in high-temperature processing of keratin-
containing raw materials.

Keratinase synthesis regulation. Microbial
keratinases are predominantly extracellular
enzymes that are synthesized in the culture
medium containing keratin as an inducer [4,
22,41, 47]. Although there are microorganisms
capable of producing intracellular keratinase,
in particular Trichophyton gallinae [48]. The
geophilic microscopis fungi Arthroderma
quadrifidum, A. curreyi and Chrysosporium
pruinosum can synthesize both extracellular
and cellular keratinases [14].

The microbial production of enzymes is
a complicated and highly regulated process
that depends on the growth phase of the
microorganism. Production of keratinase is
most intense at the end of the exponential or in
the stationary phase of growth [5, 11, 49].

Most keratinases are inducible enzymes,
although some are expressed constitutively
[5, 14]. Adding keratin or keratin-containing
substances in the culture medium is important
for the induction of keratinase synthesis. The
most common source of carbon and nitrogen is
chicken feathers[20, 25, 39], both alone and in
combination with yeast extract [26], a mixture
of chicken feathers and keratin [24, 38], hair
keratin [37]. However, non-keratin substrates

such as soy flour [47], starch [49], sucrose
[27], and dextrose [560] can also induce the
synthesis of these enzymes. If glucose is used
as a carbon source, the synthesis of certain
keratinases is suppressed, which is associated
with the phenomenon of catabolite repression
[8, 47]. However, there is no repression of the
keratinase synthesis in A. parasiticus enzyme
in the presence of a mixture of 1% glucose with
1% keratin [24], similarly to the keratinase of
B. thuringiensis Bt407 [49].

The keratinase synthesis is also influenced
by the presence of organic or inorganic
nitrogen sources. Keratin-containing
substrates may serve as a source of nitrogen
[25]. Still, researchers sometimes use extracts
of yeast extract [24, 26, 49] or a combination
of inorganic nitrogen (potassium nitrate [38],
sodium nitrate [27]) or peptone [50, 51] or
tryptone to extract a significant amount of
enzyme [51].

Another important factor influencing
the production of enzymes, in addition to the
content of nutrient medium, is the cultivation
conditions: the optimum growth temperature
of the producer, the initial pH value of the
medium, the intensity of mixing and the
amount of seed material [8, 14].

Temperature is the determining factor
in the synthesis of enzymes. However, the
optimum synthesis temperature depends
on whether the culture is mesophilic or
thermophilic. Most keratinolytic fungi
are mesophiles producing keratinases at
temperatures 26 °C [37], 28 °C [23], or 30 °C
[24, 35]. Bacterial keratinases are usually
synthesized at a temperature of 25 °C [39],
37°C[25, 26, 33, 38, 50], 50 °C[29]. However,
there are thermophilic and hyperthermophilic
bacteria Thermoanaerobacter and
Fervidobacterium that secrete keratinases in
the medium at elevated temperatures, 65 °C
[62] and 70 °C[12], respectively.

Also an equally important parameter in
the synthesis of keratinases is the initial pH
of the nutrient medium. Most of investigated
keratinases were produced at neutral [38,
49, 50, 51] or alkaline [25, 27, 33, 51] pH
values. Although the fungi P. marquandii,
D. microsporus [36], A. parasiticus [24] and
bacterium B. subtilis KD-N2 [53] synthesized
keratinases in weakly acidic media with pH
values of 6.0 and 6.5, respectively.

The amount of inoculum introduced into
the nutrient medium is an important factor
affecting cell growth and the formation of the
target product. The amount of seed material
used in different studies usually varies from
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1% to 5% [24, 25, 38]. Additionally, if
inoculum portion was up to 10%, that was
optimal for the synthesis of keratinase by B.
subtilis KD-N2 in a hair-containing medium
[63], while 50% inoculum was needed for the
keratinase synthesis by B. subtilis MTSC9102
[560] on horns as a substrate at solid phase
culturing.

Most microbial producers of enzymes are
aerobic and need oxygen for their growth
and development. Lack of oxygen can lead to
adverse changes in the enzyme composition
and loss of the target product, or even kill
the organism. Oxygen requirements during
enzymatic processes are provided by aeration
and mixing [8]. The degree of aeration for
the synthesis of keratinase is: 100 rpm [36],
120 rpm [49], 140 rpm [35], 150 rpm [38,
51], 180 rpm [27], 200 rpm [23, 25, 26],
220 rpm [37].

Microbial production of keratinases is
carried out by submerged (SmF) [8, 29, 54]
or solid -state fermentation (SSF) [50, 55,
56]. Using SPA has several advantages over
SmF: the enzymes are cheaper, the minimum
energy costs, the stability of output product,
the lower cost of water, and better oxygen
circulation [8]. The SmF method, in contrast to
SSF, makes it possible to automate the process
parameters needed for the optimum growth.

Thus, the selection of the appropriate
nutrient medium and cultivation conditions
can not only increase the yield of enzymes,
but also produce preparations with certain
properties. Thus, the authors [567] investigated
ten microbial isolates on their ability to
produce keratinases. The most active isolate,
identified as B. licheniformis ALW1, exhibited
25.2 U/ml keratinase activity. After the
optimization of cultivation conditions, the
biosynthesis of keratinase increased almost
three times to 72.2 U/ml.

Fungal producer Aspergillus sp. DHET7
[11] was selected among the 15 keratinolytic
strains isolated from the poultry farm soil. It
showed the highest keratinase yield of 199 =
4.2 U/ml when incubated for 4 days at 30 °C
and pH 6.0 on a 2% chicken feathers substrate.
The addition of 0.5% sucrose as a supporting
source of carbon increased the keratinase
yield to 226 = 5.4 U/ml, while introducing
the additional sources of nitrogen to the
medium did not affect the enzyme synthesis.
The authors [11] have shown that the best
substrates for the keratinases synthesis
are goat hair (452 = 12.3 U/ml), turkey
feathers (435 = 9.2 U/ml) and sheep wool
(322 = 13.4 U/ml). The obtained results
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promote using Aspergillus sp. DHE7 in
the environmentally friendly process of
bioconversion of keratin waste.

Quite often, keratinase genes are cloned
in host cells in order to increase the enzyme
output, which is necessary for the its
commercialization. Thus, more than 50%
of industrially important keratinases are
produced by heterologous expression in the
host cells, which are specially adapted for the
intensive production of target enzymes. E.
coli is commonly used as an expression system
for recombinant proteins [58]; however, the
limiting factors in obtaining the enzyme using
that host are the accumulation of inactive
compounds [59], as well as the need for folding
of pro-keratinase in vitro, which essentially
affects the yield of the final active product. If
expression in the host cells does not provide
the proper folding of the proteins, additional
procedures are needed to form disulfide bonds
[5]. Therefore, other microorganisms, including
representatives of different species of the genus
Bacillus can be used as host cells [60], in which
the introduction and expression of numerous
copies of keratinase genes leads to the increased
enzyme output. However, the use of those
producers may be limited by plasmid instability.
In addition, certain Bacillus species synthesize
alot of other enzymes inherent in that producer
(amylase, mannanase, cellulase), which can
negatively affect the process of separation
and purification of the target product [5].
Quite often, Pichia pastoris yeasts are used
as an expression system for the production of
keratinases, providing an appropriate medium
for posttranslational modifications and folding
of eukaryotic keratinases [59]. These single-
celled eukaryotes are easily cultured and
manipulated, so they are successfully used to
expression many proteases of bacteria, fungi
and mammals [5].

Physical and chemical factors are also used
to obtain mutants with elevated keratinase
activity. Thus, a mutant Streptomyces
radiopugnans KR 12 strain was obtained as
a result of UV irradiation. Its keratinolytic
activity was thrice increased compared to wild
strain [61].

Chemical agents such as ethyl-
methylsulfonate (EMC), N-methyl-N’-nitro-
N-nitroso-guanidine (MNNG), or ethidium
bromide, can also be used to induce random
mutations in the DNA molecule [5]. For
example, the use of MNNG resulted in the
production of a mutant B. subtilis strain KD-
N2, whose keratinase activity was 2.5 times
greater than that of wild strain [62].
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Four amino acid substitutions (N122Y,
N217S, A193P, N160C) were introduced into
the keratinase of B. licheniformis BBE11-1 using
site-directed mutagenesis, which made it possible
to increase its catalytic activity by 5.6 times in
comparison with wild-type keratinase [63].

Physical and chemical properties
of keratinases

Molecular weight of keratinases. Most
keratinases isolated from bacteria, fungi, and
actinomycetes are monomeric enzymes with
molecular weight varies from 14 to 240 kDa
[12, 14, 29]. The lowest molecular weights of
15-20 kDa and 18 kDa are characteristic of the
Streptomyces sp. 1382 [21] and Streptomyces
albidoflavus [5, 64] keratinases, respectively.
Keratinases isolated from bacteria, including
actinomycetes, are characterized by the
following molecular weight ratios: 43 kD
in B. altitudinis RBDV1 [40], 30 and 66
kDa in B. halodurans PPKS-2 [33], 32 kDa
in B. licheniformis RPk [26 ], 28 kDa in B.
tequilensis Q7 [41], 28 kDa in Brevibacillus
parabrevis [32], 25 kDa in Acinetobacter
[30], 33 kDa in Caldicoprobacter algeriensis
[29], 19.5 kDa in A. viridilutea DZ50 [22 ], 29
kDa in A. keratinilytica Cpt29 [20], 35 kDa
in Thermoactinomyces sp. YT06 [27]. Four
fractions with keratinase activity have been
isolated from Micrococcus luteus with the
following molecular weights: 62 kDa, 139 kDa,
185 kDa and 229 kDa, respectively [62]. The
highest molecular weight, 240 kDa, is found
for the keratinase of Kocuria rosea [14]. High
molecular weights are usually characteristic
of keratinases synthesized by thermophiles
or which are metalloproteases [29, 36, 53].
Thus, an anaerobic thermophilic bacterium
Thermoanaerobacter sp. 1004-09, isolated
from hot springs of the rift zone of Baikal,
synthesizes keratinase with a molecular weight
of 150 kDa [53].

Some bacterial producers of keratinases
synthesize multimeric proteins [14, 29]. For
example, B. licheniformis ER-15 keratinase
is a dimeric enzyme with subunits of 28 and
30 kDa [65]. And three keratinolytic enzymes
(K1, K2 and K3) of 48 kDa, 36 kDa and 17 kDa,
respectively, were obtained as a result of the
3-stage purification from Stenotrophomonas
maltophilia BBE11-1[66].

Fungal keratinases usually have low
molecular weights of 20 to 40 kDa: 21 kDa in
P. citrinum [54], 37 kDa in Purpureocillium
lilacinum [23], 36 kDa in A. parasiticus [35],
33 kDa in P. marquandii, and 30 kDa in
D. microsporus [36]. Although it is noted that

keratinases synthesized by pathogenic fungi
(for example, keratinase 2 of Trichophyton
mentagrophytes) have a molecular weight of
up to 440 kDa [5].

pH- and thermal optimum, pH- and thermal
stability of keratinases

Thermal optimum, pH optimum, as well
as thermostability of enzymes are important
characteristics that determine the possibility
of their further application.

Most of microbial keratinases achieve the
highest activity in the alkaline or neutral
pH values of 7.0-9.0: keratinase of B. alti-
tudinis RBDV1 [40], B. parabrevis [32],
B. brevis [28], Bacillus sp. P45 [67], Bacillus
thuringiensis Bt407 [49] at pH 8.0; keratinase
of B. tequilensis Q7 [41], C. algeriensis [29],
A. parasiticus [35] at pH 7.0; keratinase of
B. licheniformis RPk [26] at pH 9.0. However,
some enzymes are optimally active outside this
values, even at extreme alkaline or slightly
acidic pH [29]. Thus, keratinase of B. subtilis
MTCC (9102) exhibits maximum activity
in a weakly acidic pH of 6.0 [31]. Several
keratinolytic enzymes are notably stable in a
wide range of pH [23, 29, 52, 60]. The enzyme
of A. keratinilytica Cpt29 is active at pH of
3.0 to 10.0, with the optimum pH of 10.0
[20]; keratinases obtained from B. halodurans
PPKS-2 are active at pH of 7.0-13.0 with
the optimum pH of 11.0 [33]. The protease
synthesized by Streptomyces sp. AB1 is stable
at pH 4.0-11.0 for 96 hours with the optimum
pH of 11.5 [68]. The maximum activity at a
pH of 11.0 was also detected by keratinases of
A. viridilutea DZ50 [22], Acinetobacter [30], B.
licheniformis ER-15[65]. The pH of 10.0-10.5
was optimum for keratinases, synthesized by
the recombinant strain B. subtilis WB600 [60]
and Meiothermus taiwanensis WR-220 [18].
The highest value of the pH optimum in the
alkaline region of 12.5 is characteristic for
keratinase of Nocardiopsis sp. TOA-1[69].

The optimum temperature of keratinase
activity is very diverse and often depends on
the producer and temperature conditions of
the producer growth [29, 38, 60, 64]. Quite
often, though, the maximum activity of an
enzyme is observed at a temperature higher
than the optimum conditions for the growth
of a microorganism [26, 33, 35]. Thus, the
keratinase of A. viridilutea DZ50 exhibits
maximum activity at a temperature of 80 °C,
while the producer growth temperature is
45 °C[22]; enzyme synthesized by Nocardiopsis
sp. TOA-1, which grows at 30 °C, has a
temperature optimum at 60 °C[69].
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Enzymes of thermophilic microorganisms
A. keratinilytica Cpt29, Streptomyces sp.
strain AB1, A. viridilutea DZ50, B. altitudinis
RBDV1 have a temperature optimum at 70 °C
[20], 75 °C [68], 80 °C [22], and 85 °C [40],
respectively, whereas mesophilic cultures
exhibit maximum activity at 40 °C[28, 31, 38,
60]. The lowest optimum temperature of 30 °C
is characteristic for enzymes synthesized by
B. tequilensis Q7 [41] and P. citrinum
[564] and the highest for keratinases of
hyperthermophilic microorganisms isolated
from marine hydrothermal sources that
exhibited maximum activity at a temperature
of 100 °C and above [18, 46].

Many keratinases exhibit maximum
activity at a temperature of 50-55 °C,
particularly those of M. luteus [70], A. para-
siticus [35], Acinetobacter [30], C. algeriensis
[29], Bacillus sp. P45 [67], B. thuringiensis
Bt407 [49]. Certain enzymes exhibited
thermal optimum at a temperature of 60 °C,
such as produced by B. licheniformis RPk
[26], B. parabrevis [32], Thermoanaerobacter
1004-09 [52], Nocardiopsis sp. TOA-1 [69].
Keratinases, active at high temperatures, are
used in various industries and in medicine.

The enzyme thermostability is an important
characteristic for most biotechnological
processes. Hence, thermophilic and
hyperthermophilic microorganisms are of
particular interest as a potential source of
new thermostable enzymes. There are several
advantages in using thermostable enzymes
in industrial processes: reducing the risk
of microbial contamination, reducing the
viscosity and mixing speed, increasing the
solubility of the substrate and the diffusion
rate[19, 46].

The thermal activity and thermal stability
of most keratinases is found to increase in
the presence of Ca?" ions [13, 26, 28, 49], and
those of several other enzymes in the presence
of Mg?' [13, 40, 71] or Mn?" ions [20, 40, 70].
Interestingly, Ca?’ ions did not affect the
activity of keratinase Thermoanaerobacter
sp. 1004-09, but significantly increased its
thermal stability from 10 min to 13 h at a
temperature of 94 °C[52].

The keratinase of Meiothermus taiwanensis
WR-220 is known to contain two calcium
binding sites [18] (Fig. 2). The elimination of
Ca®" ions from such site causes a significant
reduction in the thermostability of enzymes.
The role of Ca?' ions may be related to the
stabilization of the activated keratinase
form and the protection of its structure from
autolysis [29, 49].
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There also are thermolabine keratinases.
For example, keratinase of Bacillus sp. P45
showed maximum activity at 55 °C, but it
had low thermal stability and was completely
inactivated after 10 min at 50 °C[67].

Investigating the influence of temperature
on the activity of various keratinases, it was
shown that they exhibit activity both in the
wide [18, 20, 31, 40, 52, 60, 68], and narrow
values of temperatures [54].

Substrate specificity. Microbial
keratinases isolated from different sources
are characterized by different properties
depending on the producer. Keratinases
synthesized by fungi, actinomycetes, and
bacteria are capable of cleaving a wide range
of substrates from soft keratin (e.g., corneous
layer [65]) to hard keratin of feathers [20, 27,
39, 43, 44, 65, 66, 70], wool [2, 30, 32], human
hair [36] and animal hair, hoof [66], horn [13],
azokeratin [68], keratin azure [28, 67, 68, 70].
Also, certain keratinases degrade collagen [13,
71], elastin [28, 59], gelatin [13, 28, 60, 70],
albumin [28, 60, 71], hemoglobin [28, 65],
fibrin [65], and azocasein [28, 35].

Keratinase substrate specificity depends
on the chemical properties of the substrates.
Since keratin consists of 50—-60% hydrophobic
and aromatic amino acids, keratinases
predominantly cleave peptide bonds containing
P1 hydrophobic and aromatic amino acid
residues in P1 position [4, 59]. The study of
hydrolysis using an oxidized insulin B-chain
as a substrate showed that the keratinases
of Thermoanaerobacter sp. 1004-09 and
P. aeruginosa KP1 and KP2 selectively
hydrolyze the bonds formed by phenylalanine,
valine, tyrosine or leucine [72]. Substrate
specificity of these keratinases was determined
using synthetic substrates, such amino
acid derivatives as p-nitroanilides (pNA),
p-nitrophenyl esters (ONp), and derivatives
of 7-amino-4-methylcumarin (AMC). The
residues in the P2 and P3 positions also play
a role. The keratinase KerS14 of B. subtilis
predominantly cleaves peptide bonds with Arg
in position P1, Gly and Ala in position P2, Gln
or Glu at position P3 [14].

Study of the ability of R. marquandii
and D. microsporus keratinases to hydrolyze
various substrates showed that the enzymes
cleaved o-keratin of skin and nails, to a lesser
extent that of hair and wool, but could not
cleave chicken feathers B-keratin. It was
established that the presence of reducing
agents stimulated the enzymatic hydrolysis of
keratin. When 1mM dithiothreitol was added,
the keratinase activity of R. marquandii and
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Fig. 2. Crystal structure of rMtaKer:

a — Stereoview of three mature rMtaKer monomers is shown in the asymmetric unit. The trimers are
named chain A (orange/cyan), chain B (blue), and chain C (yellow); b — The core structure of mature rMtaKer
is made of a seven-stranded parallel  sheet flanked by six a-helices (orange) and five B-sheets (cyan). The
calcium ions are shown as green spheres and two intramolecular disulfide bridges are highlighted in yellow.
The catalytic triad (Asp, His, and Ser) is labeled by green sticks and the oxyanion hole residues are marked
by magenta sticks; ¢ — Structure of the 1Ca-binding site forms a pentagonal bipyramidal geometry with
five residues and one water molecule (red ball); d — Structure of the second Ca-binding site is coordinated to
three residues and two water molecules; e — The end part of the C-terminus (Tyr-Glu-Asn-Leu-Tyr) from C
chain binds at the substrate-binding cleft (S1-S4) on the B chain of rMtaKer as shown in gray. The substrate
is displayed as a yellow stick model; f — Tyr282 seals the hydrophobic pocket of S1 site and several hydrogen
bonds are also observed along the pocket surfaces and around the active site [18]
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D. microsporus increased two and three times,
respectively [36]. This is due to the ability of
reducing agents to decrease the amount of
disulfide bonds in keratin threads, thereby
promoting the access of enzymes to the
substrate for proteolytic attack [36].

Keratinase produced by P. citrinum PC-54-91
VILAR cleaves a-keratin and almost does not
hydrolyze collagen [54].

Keratinase, synthesized by B. pumilus FH9,
showed broad substrate specificity, splitting
both soluble and insoluble substrates. The
enzyme showed the highest proteolytic activity
on casein, serum bovine albumin, gelatin,
collagen, and to a lesser degree was able to
hydrolyze feathers, wool and horns [13].

Hence, there are keratinases with a narrow,
and with a broad substrate specificity [13, 28,
66, 70].

Practical use of keratinases. Microbial
enzymes make up a significant proportion of
industrial catalysts, of which about 65% of
the market is occupied by hydrolases. Among
the latter, there is a very important group of
proteases with a wide range of applications [5].
The increased commercial interest in microbial
enzymes is due to the fact that microorganisms
are their inexhaustible source due to their
natural diversity, ease of cultivation, safety

at work and the ability to genetically change.
In addition, microbial enzymes also have many
advantages over chemical compounds and animal
enzymes, such as high activity, broad substrate
specificity, and ability to biodegrade[1, 4, 10].

Keratinases, due to their broad substrate
specificity and the ability to split the substrate
resistant to hydrolysis, are used in many
industrial processes (Fig. 3).

Annually, a very large amount of keratin
waste is formed worldwide. The main
environmental pollutants are poultry, leather
and textile industries, and a lot of waste in
the form of feathers, hair, bristles, horns
and hooves is obtained from livestock and
slaughterhouses [14, 17, 45].

However, there are some restrictions
on the use of keratin waste in the European
Union (EU). Following the outbreak of bovine
spongiform encephalopathy (BSE) in the
United Kingdom, the European Union and
the United States of America introduced
strict rules regarding the use of animal by-
products, namely grouping them into three
categories in accordance with the level of
risk of transmission of pathogens and toxic
substances. Only keratin waste of the third
category can be processed and used for the
production of feed.

Fig. 3. Schematic representation of current and potential applications of microbial keratinases [10]
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According to the Regulation (EC) No
1774/2002 of the European parliament, the third
waste category includes the products of animal
origin that 1) are obtained from animal carcasses,
2) are not used for human consumption, 3) will
not transmit pathogens to humans and animals.
A large amount of waste produced by animal
processing plants can be used as a substrate for
bioenergy and high-value products if these wastes
are pre-treated properly [14].

In 2012, around 8.5 billion tons of bird
feathers were produced worldwide [5]. Bird
feathers consist of keratin (predominantly
B-keratin) and contain a significant amount
of serine, glutamic acid, proline and a small
amount of methionine, histidine and lysine.
One of the ways to process feather waste is
transforming them into flour which can then
be used as raw material in the production of
biofuel, as an ingredient of bioplastics and as
a feed for animals. The traditional method of
treating feathers involves high temperature
and pressure, is energy-intensive and causes
the loss of several essential amino acids
(methionine, lysine, histidine and tryptophan).
An alternative method is to treat feathers with
keratinases and obtain hydrolysates, which,
in their nutritional value and digestibility,
exceed the products obtained by chemical and
mechanical processing [3, 5, 14, 46]. High-
quality amino acids thus obtained can be added
to feed birds, ruminants, pigs and fish [5, 47].

Another way to dispose of keratin waste
is composting, during which organic keratin
waste is gradually converted into inorganic
nitrogen (ammonium and nitrate) and sulfur
(sulfate), which can then be easily absorbed by
plants [14]. However, this process is very long-
term because of the stability of the substrate
to the action of most proteolytic enzymes. At
first, within one to four weeks, bacteria and
actinomycetes develop within the compost and
are gradually replaced by fungi. Keratinolytic
strains are detected around the sixth week,
their growth correlates with mineralization
of nitrogen and sulfur. To accelerate and
intensify the process of composting, it is
possible to inoculate compost with keratinases
of microorganisms [14]. Various studies have
shown that the addition of B. licheniformis
and Streptomyces sp. greatly improved the
degradation of chicken feathers compost and
obtaining valuable products that can later be
used in agriculture [14].

In laboratory conditions, many
microorganisms were shown to break down
chicken feathers and other keratin-containing
products [20, 28, 44, 55, 65, 67].

BioResource International (BRI) produces
enzyme preparations Versazyme® and
Valkerase® containing keratinases of B.
licheniformis and used to degrade the keratin
waste [72].

The hydrolysed feathers can also be used
to produce biohydrogen or as fertilizers in
organic farming promoting the slow release
of nitrogen, improving plant growth, and
enhancing the activity of microorganisms in
the soil, structuring it, and also increasing the
moisture-retaining capacity of the soil [5].

Thus, hydrolyzates of bovine horns and
hooves produced using P. marquandii can be
utilized as fertilizers because they contain a
significant amount of amino acids (with the
exception of proline and tryptophan), and
significantly differ from other fertilizers
by a positive effect on plant growth. The
hydrolyzates obtained as a result of P. wooson-
gensis TKB2 splitting the bird feathers
contribute to seed germination and seedlings
growth [14, 47].

The transformation of keratin waste
into biofuel is a far-reaching direction for
producing clean energy that can partially
meet the global demand for energy. Feather
hydrolyzate produced by B. lichenifomis
keratinase can then be used by Thermococcus
litoralis culture to obtain biogas [3, 14, 46].

The keratinases are most widely used in
the leather industry, which is one of the oldest
and fastest growing industries in the world,
important in the modern economy. At the same
time, it represents one of the world’s largest
sources of pollution, since skin treatment
requires the use of toxic substances hazardous
to the environment, including workers of such
enterprises [5, 14, 42, 73]. The production of
leather involves several stages, one of which
is the removal of epidermis, hair, and wool.
That is done with chemical reagents (alkali,
sulfides) which destroy disulfide bonds in the
molecules of structural proteins and sadly
pollute the surrounding nature. The use of
keratinases is an alternative solution (Fig.
4), which leads to a decrease in the level of
environmental pollution, and improves the
quality of the final product. The enzymes
significantly reduce the time and cost of
“dehairing”, simplify the general scheme
of leather treatment and the final product
is of higher quality. Proteolytic enzymes
are increasingly used to soften the leather
and in preparing it to the tanning process.
Keratinases can remove animal hair, but they
should not exhibit collagenase activity in order
not to damage the leather. The enzymes most
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often used in the leather industry are produced
by Bacillus sp., Pseudomonas stutzeri,
Cladicoprobacter algeriensisi, Acinetobacter
sp., Paenibacillus woosongensis, Vibrio
metschnikovii, Microbacterium sp. kr10 and
various fungal species: Aspergillus tamarii,
Penicillium chrysogenum and Trichoderma
harzianum [5, 14]. For example, the keratinase
of Bacillus safensis LAU 13 fully dehairs the
goat skin in 12 hours without obvious damage
compared to the chemical method which does
not allow for complete dehairing and involves
leather damage [47]. The keratinase of
B. brevis US575 effectively dehairs the skins of
rabbits, sheep and cows [28].

At one of the stages of leather treatment,
chromium sulphate (CrSO,) is used to stabilize
it. The compound is only partially bound and
most of it gets into sewage. The permissible
level of Cr in sewage in most countries of the
world is less than 2 mg/l, so it is necessary
to increase the absorption rate of Cr in the
processing. Adding keratin hydrolyzate (2—
3% w/w) of horn flour makes it possible to
reduce Cr in sewage from 35% to 10% . The low
molecular weight keratin peptides contained in
the hydrolyzates react with Cr to form the Cr-
keratin complex, which, when interacting with
collagen, enhances absorption of Cr [14].

As part of complex proteolytic
preparations, keratinases are used in soaking,
liming and softening of skins. Patented
special preparations for “dehairing” consist
of a mixture of enzymes isolated from
micromycetes, streptomycetes and bacteria of
the genus Bacillus [37].

Keratinases, particularly those
isolated from B. licheniforms, B. cereus,
Chryseobacterium L99 and Pseudomonas
sp., are important in the textile industry,
since they can improve the fiber resistance to
shrinkage and staining [47, 60]. Applying an
enzyme complex of keratinase, cutinase, lipase
and transglutaminase can greatly improve the
process of wool processing [72].

The most promising direction is using
keratinases in the detergent industry, because
most of the enzymes are alkaline proteases
stable at relatively high temperatures
and sufficiently tolerant of surface active
compounds [20, 25, 32, 35, 67]. Being
substrate specific, keratinases are able to
remove contamination over a short period
of time without damaging the structure
and strength of the fibers. They are used to
hydrolyze the keratin derivatives on collars
and cuffs[10, 14]. The alkaline keratinase of P.
woosongensis TKB2 effectively removes blood

Fig. 4. Two unhairing strategies (lime sulfide and keratinase) used in beamhouse process. Though those two
strategies share similar unhairing mechanism of reducing S-S bond to dissolve hair protein, lime sulfide
attacks the hair shaft outside the skin, while keratinolytic protease attacks the hair root to produce shaft
free skins:

a — whole hair in skin without treatment; b — unhairing with lime sulfide and hair shaft was still
remaining in the hair pit; ¢ — unhairing with keratinase and skins are free from hair shaft [73]
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stains from surgical clothes, and egg yolk
and chocolate from ordinary clothing. And B.
thuringiensis TS2 keratinase degrades not only
blood stains and egg yolk, but also effectively
removes hair from goat skin [3].

Keratinases can also be applied in the
detergent industry in the treatment of
wastewater, generated by the laundry washing
and containing a large amount of keratin waste
and dirt [3, 5, 14]. The commercial product
BioGuard Plu, manufactured by RuShay Inc., is
used to clean drainage pipes and septic tanks[72].

Also, keratinases are widely used in the
biomedical, pharmaceutical and cosmetic
industries, in the preparation of vaccines, the
production of bioactive peptides, therapeutic
serums, the creation of cosmetic products
(nutritional creams, lotions, anti-dandruff
shampoos); callus removal, degradation of
keratinized skin, its epilation, removal of
keratin in the treatment of psoriasis and acne
[3, 5,10, 14, 72].

Proteos Biotech produces commercial
preparations: Keratoclean® Hydra PB,
Purel00 Keratinase, Keratoclean Sensitive PB
and Keatopeel PB for callus removal and acne
treatment [72].

Keratinases are used to cleave dead skin
cells, improve blood circulation and thoroughly
and deeply cleanse it, prepare skin for
absorption of nutrients: masks, creams, as well
as ampouled preparations and serums, which
are extremely useful for dry and sensitive skin
[1,42].

The hair consists mainly of keratin (90% )
and a small amount of lipids (1-9%). Keratin
hydrolyzates are effective restorers in the hair
care process. Most of the keratin hydrolysates
used for this purpose are chemically
hydrolyzed or thermally treated hooves, horns
and wool, although recently using of microbial
keratinases has become popular. Treatment of
chicken feathers with keratinolytic enzymes of
S. maltophilia resulted in hydrolyzates which
had a positive effect on the hair, as evidenced
by the strength, shine, softness of both normal
and damaged hair [14, 46].

The two most common diseases for which
keratinase are used are onychomycosis and
psoriasis. The nail plate consists essentially
of 80% of “hard” keratin and 20% of soft
keratin. For effective local nail treatment,
it is necessary to relax the hard nail plate
keratin. For example, P. marquandii keratinase
increases the delivery of preparations by partial
hydrolysis of nail plates [14]. FixaFungus and
Preteos Biotech produce FixaFungus ™ and
Kernail-Soft PB, used to treat nails [72].

The keratinase ability to hydrolyse
keratin can also be used to heal wounds.
The avascular nature of the wounds in the
third degree of burns can interfere with the
effective diffusion of systemic antimicrobial
agents in the wound where the number
of microorganisms is usually very high.
Enzymatic treatment of the wound increases
the penetration of local antibiotics and
stimulates wound healing [3, 14].

In addition, the alkaline keratinases of
B. pumilus and Staphylococcus auricularis
are known to inhibit the formation of
biofilms by 86% and 50%, respectively,
and also remove 0.4013 g and 0.3823
g of silver from 1 g of X-ray and photo
film, respectively. Alkaline proteases of
Aspergillus versicolor and B. subtilis ATCC
6633 also provide a good recovery of silver
from X-ray films [14, 47].

New applications of keratinases are
associated with the removal of ear sulfur,
whitening of pearls, purification of contact
lenses and the participation of microbial
keratinases in the formation of silver
nanoparticles [14, 47].

Several groups of researchers studied
the potential of keratinases as agents of
biocontrol. Keratinase produced by S.
maltophilia R13 was effective against
several fungal pathogens, including
Fusarium solani, F. oxysporum, Mucor
sp. and A. niger, which cause diseases of
valuable plants and cultures. Keratinase
synthesized by Thermoactinomyces also
showed antimicrobial properties in relation
to plant pathogens. Keratinase of Bacillus
sp. 50-3, as already mentioned, is effective
against agricultural pests such as nematodes
[16, 17]. Also, this enzyme can be used
against mosquitoes that are the carriers of
many tropical diseases [14].

In recent years, the attention of scientists
and physicians in different countries of the
world is tied to such unusual animal proteins
as prions. Prion is a nerve cell protein,
necessary for its vital functions and normal
functioning, which as a result of mutations
becomes neurotoxic and capable of killing
these cells, that is, it becomes an infectious
unit. In this case, the PrPC cell prion protein
structurally converts into an incorrect
fold form, known as PrP5¢. The usual PrP®
protein is approximately 45% a-helix and
only 3% pB-sheets, and the abnormal PrPSs
conformer is about 30% o-helix and 45%
B-sheets. Such prion can cause a number of
neurodegenerative diseases in humans and
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animals with the formation of spongiform
encephalopathy, which also belong to a group
of slow infections and are characterized
by damage to the central nervous system
(CNS), muscle, lymphoid and other systems,
and always lethal. The prevalence of prion
diseases increases with each passing year.
The prion can enter the environment in
several ways: improper disposal after
death, wrongly done disposal of biological
materials, or sewage at slaughterhouses
and in hospitals, as well as in case of waste
processing of bone flour of infected animals.
The basic methods used to eliminate prions,
such as combustion, thermal and alkaline
hydrolysis, are very rigid and energy-
consuming and negatively affect medical
instruments. Since the prion structure is
highly similar to pB-keratinous feathers,
keratinases are capable of hydrolyzing it
[14, 72], which provides an environmentally
friendly and sustainable alternative for
prion degradation. Various studies have
been carried out on the use of microbial
keratinases isolated from Bacillus sp.,
Streptomyces sp., Nocardiopsis sp. TOA-
1 and thermophilic microorganisms such
as Thermoanaerobacter, Thermosipho and
Thermococcus sp. for the degradation of
prions[3, 5, 14].

Keratinase produced by B. licheniformis
PWD-1 can degrade the brain tissue of
cattle infected with bovine spongiform
encephalopathy and sheep scrapie in the
presence of a detergent and at elevated
temperatures (> 100 °C) [10]. Thirty two
microbial strains were isolated on feather meal
agar from primary effluent and farmyard
wastes [45]. One of the isolates, a Gram positive
bacterium, demonstrated significant keratinase
activity (11.00 = 0.71 U/ml). The isolate
was identified by 16S rDNA and designated
as Bacillus licheniformis N22. The growth
conditions for optimum keratinase synthesis in
a minimal growth medium (MGM) were found
to be pH 8.5, 50 °C, 1.1 % (w/v) feather meal
substrate and at incubation time of 32 h. The
molecular weight of purified keratinase was ~28
KDa as measured by SDS-PAGE and confirmed
by MALDITOF-MS. Optimum keratinase
activity was obtained at pH 8.5 and 50 °C.
This keratinase fully degraded recalcitrant
melanised feather in 48 h, and also digested
MET scrapie prion at 65 °C in 2 h to levels of
PrP* undetectable by Western blot analysis. In

40

aremarkable synergistic enzymatic preparation
composed of keratinase and biosurfactant
derived from Pseudomonas aeruginosa
NCIMB 8626, MET7 scrapie prion was degraded
to undetectable levels at 65 °C in 10 min.
Interestingly biosurfactant alone showed no
detectable activity on ME7 scrapie prion. Time-
course degradation analysis showed progressive
attenuation of PrPSc signal at 50 °C over time.
Test of residual infectivity by standard cell
culture assay showed that this enzymatic
method completely destroyed standard sheep
scrapie prion (SSBP/1) at 65 °Cin 1 h. The mean
survival time of mice challenged with enzyme
digested inoculum significantly increased from
278 =9 days to 334 + 42 days compared to those
inoculated intraperitoneally with neat ME7
scrapie (p = 0.008 at 95 % confidence interval).
Furthermore, 47 % of all the mice in enzyme-
digested group lacked detectable levels of PrP.
These results suggest a substantial reduction
in the infectious titre or complete destruction
of MET7 prion infectivity by the enzymatic
preparation. Therefore, this mild enzymatic
treatment method has potential applications for
prion decontamination.

Currently, three commercial keratinase
enzyme preparations are used to degrade
infectious prion proteins: Versazyme® (BRI),
Purel00 Keratinase ™ (Proteos Biotech),
and Prionzyme ™ (Genencor International).
Prionzyme ™ removes prions from medical
and dental instruments with its effective
enzymatic decontamination technology [72].

Thus, in recent years, interest in
the study of keratinases has increased
significantly. This, above all, is due
to the annual growth of poultry farms
and livestock production, as well as the
continuous expansion of the use of these
enzymes. The keratinase preparations today
are quite expensive (such as the keratinase
produced by Merck) and can not meet the
growing needs of these enzymes. In Ukraine,
only one keratinase preparation, ENZIM
(ENZIM Group, Corporation, Ladyzhyn,
Vinnytsia Region) is available, but there
is no information on the basic physico-
chemical characteristics of this enzyme.
Therefore, the search for new producers of
keratinases and study of their properties
are an important area of scientific research,
which has not only a fundamentally scientific
aspect but also a significant ecological and
biotechnological potential.



Reviews

10

11.

12.

REFERENCES

. Sharma S., Gupta A. Sustainable management

of keratin waste biomass: applications and
future perspectives. Braz. Arch. Biol. Technol.
2016, V. 59, e16150684.

. Gunes B. G., Akkoyun O., Demir T., Bozaci E.,

Demir A., Hames E. E. Microbial keratinase
production and application to improve the
properties of wool fabrics. Int. J. Textile Sci.
2018, 7(2), 43-47. https://doi.org/10.5923/j.
textile.20180702.02

. Sahni N., Sahota P. P., Phutela U. G. Bacterial

keratinases and their prospective applications:
a review. Int. J. Curr. Microbiol. App. Sci.
2015, 4 (6), 768—783.

. Brandelli A., Daroit J. D., Riffel A. Biochemi-

cal features of microbial keratinases and their
production and applications. Appl. Microbiol.
Biotechnol. 2010, 85 (6), 1735-1750. https://
doi.org/10.1007/s00253-009-2398-5

. Vidmar B., Vodovnik M. Microbial keratinases:

enzymes with promising biotechnological
applications. Food Technol. Biotechnol.
2018, 56 (3). https://doi.org/10.17113/
ftb.56.03.18.5658

. Bragulla H. H., Homberger D. G. Structure

and functions of keratin proteins in simple,
stratified, keratinized and cornified epithelia.
J. Anat. 2009, 214 (4), 516—-559. https://doi.
org/10.1111/j.1469-7580.2009.01066.x

. Pupkova M. A. Definition of keratinolytic

activity of fungi: (review). Probl. Med. Mycol.
2010, 12 (2), 53—58. (In Russian).

.Sahoo D. K., Thatoi H. N., Mitra B., Mon-

dal K.C., Mohapatra P. K. Microbial
Biotechnology: Volume 1. Applications in
Agriculture and Environment. Advances
in microbial keratinase and its potential
applications. Patra J. K., Vishnuprasad C. N.,
Das G. (Eds.). Springer Verlag, Singapore.
2018, P. 105-134.

. Naleway S. E., TaylorJ. R. A., Porter M. M.,

Meyers M. A., McKittrick J. Structure and
mechanical properties of selected protective
systems in marine organisms. Mater. Sci. Eng.
C. 2016, V.59, P.1143-1167.

. Sharma R., Devi S. Versatility and commercial
status of microbial keratinases: a review. Rev.
Environ. Sci. Biotechnol. 2018, 17 (1), 19—-45.
https://doi.org/10.1007/s11157-017-9454-x
El-Ghonemy D. H., Ali T. H. Optimization
of physico-chemical parameters for hyper
keratinase production from a newly isolated
Aspergillus sp. DHE7 using chicken feather
as substrate-management of biowaste. .
Appl. Pharm. Sci. 2017, 7(9), 171-178.
https://doi.org/10.7324/JAPS.2017.70923
Gopinath C. B., Anbu P., Lakshmipriya T.,
TangT.H.,ChenY., Hashim U., Ruslinda A. R.,
Arshad M. K. Biotechnological aspects
and perspective of microbial keratinase

13.

14.

15.

16

17.

18.

19.

20.

21.

production. Biomed. Res. Int. 2015, V.
2015, P. 140726-140736. https://doi.
org/10.1155/2015/140726

Abdel-Naby M. A., El-Refai H.A., Ibrahim M. H. A.
Structural characterization, catalytic, kinetic
and thermodynamic properties of keratinase
from Bacillus pumilus FH9. Int. J. Biol.
Macromol. 2017, 105 (1), 973-980. https://
doi.org/10.1016/j.ijbiomac.2017.07.118.
Purchase D. The handbook of microbial
bioresources. Microbial keratinases:
characteristics, biotechnological applications
and potential. Gupta V. K., Sharma G. D.,
Tuohy M. G., Gaur R. (Eds.). CAB International
Publishing, Wallingford. 2016, P. 634—-674.
Langeveld J.P., WangdJ.J.,Van de Wiel D. F.,
Shih G.C., Garssen G.J., Bossers A., Shih J.C.
Enzymatic degradation of prion protein in
brain stem from infected cattle and sheep.
J. Infect. Dis. 2003, 188 (11), 1782-1789.
https://doi.org/10.1086,/379664

Yue X.Y., Zhang B., Jiang D. D., Liu Y. J.,

Niu T. G. Separation and purification of a
keratinase as pesticide against root-knot
nematodes. World J. Microbiol. Biotechnol.
2011, 27 (9), 2147-2153. https://doi.
org/10.1007/s11274-011-0680-z

VermaA., Singh H., Anwar S., Chattopadhyay A.,
Tiwari K. K., Kaur S., Dhilon G. S. Microbial
keratinases: industrial enzymes with waste
management potential. Crit. Rev. Biotechnol.
2017, 37 (4), 476—491. https://doi.org/10.1
080/07388551.2016.1185388

Wu W.-L., Chen M.Y., Tu I-F., Lin Y.-C.,
Kumar N.E.,Chen M.Y., Ho M.-C., Wu S.-H.
The discovery of novel heat-stable keratinases
from Meiothermus taiwanensis WR-220
and other extremophiles. Sci. Rep. 2017,
7(1), 4658—4669. https://doi.org/10.1038/
$41598-017-04723-4

GoddeC.,Sahm K., Brouns S.dJ., Kluskens L. D.,
van der Oost J., de Vos W. M., Antranikian G.
Cloning and expression of islandisin, a new
thermostable subtilisin from Fervidobacterium
islandicum, in Escherichia coli. Appl. Environ.
Microbiol. 2005, 71 (7), 3951-3958. https://
doi.org/10.1128/AEM.71.7.3951-3958.2005
Habbeche A., Saoudi B., Jaouadi B.,
Haberra S., Kerouaz B., Boudelaa M.,
Badis A., Ladjama A. Purification and
biochemical characterization of a detergent-
stable keratinase from a newly thermophilic
actinomycete Actinomadura keratinilytica
strain Cpt29 isolated from poultry compost.
J. Biosci. Bioeng. 2014, 117 (4), 413-421.
https://doi.org/10.1016/j.jbiosc.2013.09.006
Ivanko O.V.,Varbanets L. D. Purification and
physico-chemical properties of Streptomyces
sp. 1349 collagenase and Streptomyces sp.
1382 keratinase. Mikrobiol. Zh. 2004, 66 (2),
11-24. (In Ukrainian).

41



BIOTECHNOLOGIA ACTA, V.12, No 2, 2019

22.

23.

24.

25.

26.

27.

28.

29.

30.

42

Ben Elhoul M., Zaral Jaouadi N., Rekik H.,
Omrane Benmrad M., Mechri S., Moujehed E.,
Kourdali S., El Hattab M., Badis A., Bejar S.,
Jaouadi B. Biochemical and molecular
characterization of new keratinoytic
protease from Actinomadura viridilutea
DZ50. Int. J. Biol. Macromol. 2016, V. 92,
P. 299-315. https://doi.org/10.1016/j.
ijbiomac.2016.07.009

Cavello I. A., Hours R. A., Rojas N. L.,
Cavalitto S. F. Purification and
characterization of a keratinolytic serine
protease from Purpureocillium lilacinum
LPS # 876. Proc. Biochem. 2013, 48 (5—
6), 972-978. https://doi.org/10.1016/j.
procbio.2013.03.012

Anitha T. S., Palanivelu P. Production and
characterization of keratinolytic protease(s)
from the fungus Aspergillus parasiticus. Int.
J. Res. Biol. Sci. 2012, 2 (2), 87-93.
Ramakrishna R.M ., Sathi R. K., RanjitaC.Y.,
Bee H., Reddy G. Effective feather
degradation and keratinase production by
Bacillus pumilus GRK for its application
as bio-detergent additive. Biores. Technol.
2017, V. 243, P. 254-263. https://doi.
org/10.1016/j.biortech.2017.06.067
Fakhfakh N., Kanoun S., Manni L.,
Nasri M. Production and biochemical and
molecular characterization of a keratinolytic
serine protease from chicken feather-
degrading Bacillus licheniformis RPk. Can.
J. Microbiol. 2009, 55 (4), 427-436. https://
doi.org/10.1139/w08-143

Wang L., Qian Y., Cao Y., Huang Y.,
Chang Z., Huang H. Production and
characterization of keratinolytic proteases
by a chicken feather-degrading thermophilic
strain, Thermoactinomyces sp. YTO06.
J. Microbiol. Biotechnol. 2017, 27 (12),
2190-2198. https://doi.org/10.4014/
jmb.1705.05082

Jaouadi N. Z., Rekik H., Badis A., Trabelsi S.,
Belhoul M., Yahiaoui A. B., Ben Aicha H.,
Toumi A., Bejar S., Jaouadi B. Biochemical and
molecular characterization of a serine keratinase
from Brevibacillus brevis US575 with promising
keratin-biodegradation and hide-dehairing
activities. PLoS One. 2013, 8 (10), 1-17.
https://doi.org/10.1371/journal.pone.0076722
Bouacem K., Bouanane-Darenfed A., Zaral
Jaouadi N., Joseph M., Hacene H., Ollivier B.,
Fardeau M. L., Bejar S., Jaouadi B. Novel
serine keratinase from Caldicoprobacter
algeriensis exhibiting outstanding hide
dehairing abilities. Int. J. Biol. Macromol.
2016, V. 86, P. 321-328. https://doi.
org/10.1016/j.ijbiomac.2016.01.074
ZhangR. X.,Gongd.S., Zhang D. D., SuC.,
Hou Y. S., Li H., Shi J. S., XuZ.H. A
metallo-keratinase from a newly isolated

31.

32.

33.

34.

35.

36.

37.

38.

39.

Acinetobacter sp. R-1 with low collagenase
activity and its biotechnological application
potential in leather industry. Bioproc.
Biosyst. Eng. 2016, 39 (1), 193—-204. https://
doi.org/10.1007/s00449-015-1503-7

Balaji S., Senthil Kumar M., Karthikeyan R.,
Kumar Ramadhar, Kirubanandan S.,
Sridhar R., Sehgal P. K. Purification and
characterization of an extracellular keratinase
from a hornmeal-degrading Bacillus subtilis
MTCC (9102). World J. Microbiol. Biotechnol.
2008, V. 24, P. 2741-2745. https://doi.
org/10.1007/s11274-008-9782-7

Zhang R. X.,Gongd.S.,SuC., Zhang D. D.,
TianH.,DouW.F.,LiH.,ShiJ.S.,XuZ. H.
Biochemical characterization of a novel
surfactant-stable serine keratinase with
no collagenase activity from Brevibacillus
parabrevis CGMCC 1079. Int. J. Biol.
Macromol. 2016, V. 93, P. 843—-851. https://
doi.org/10.1016/j.ijbiomac.2016.09.063
Prakash P.,JayalakshmiS. K., Sreeramulu K.
Purification and characterization of extreme
alkaline, thermostable keratinase, and
keratin disulfide reductase produced by
Bacillus halodurans PPKS-2. Appl. Microbiol.
Biotechnol. 2010, 87 (2), P. 625-633.
https://doi.org/10.1007/s00253-010-2499-1
Gordonova I. K., Nikitina Z. K. Cladosporium
sphaerospermum keratinase biosynthesis
regulation. Probl. Biol. Med. Pharm. Chem.
2015, N 8, P. 14-18. (In Russian).

Anitha T. S., Palanivelu P. Purification
and characterization of an extracellular
keratinolytic protease from a new isolate
of Aspergillus parasiticus. Prot. Expr.
Purif. 2013, 88 (2), 214—-220. https://doi.
org/10.1016/j.pep.2013.01.007

Gradisar H., Friedrich J., KrizajI., Jerala R.
Similarities and specificities of fungal
keratinolytic proteases: comparison of
keratinases of Paecilomyces marguandii and
Doratomyces microsporus to some known
proteases. Appl. Environ. Microbiol. 2005,
71 (7), 3420-3426. https://doi.org/10.1128/
AEM.71.7.3420-3426.2005

Nikitina Z. K., Gordonova I. K. Exogenous
regulation of productivity of Penicillium
citrinum — keratinase producer. Probl. Biol. Med.
Pharm.Chem. 2016, N 9, P. 8-11. (In Russian).
Barman N. C., Zohora F. T., Das K. C.,
Mowla M. G., Banu N. A., Salimullah M.,
Hashem A. Production, partial optimization
and characterization of keratinase enzyme
by Arthrobacter sp. NFH5 isolated from soil
samples. AM B Express. 2017, 7 (1), 181-188.
https://doi.org/10.1186/s13568-017-0462-6
Laba W., Zarowska B., Chorgzyk D., Pudio A.,
Piegza M., Kancelista A., Kope¢ W. New
keratinolytic bacteria in valorization of
chicken feather waste. AM B Express. 2018,



Reviews

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

8 (1), 9-22. https://doi.org/10.1186/
$13568-018-0538-y

Pawar V. A., Prajapati A. S., Akhani R. C.,
Patel D. H., Subramanian R. B. Molecular
and biochemical characterization of a
thermostable keratinase from Bacillus
altitudinis RBDV1. Biotechnology. 2018,
8(2), 107-113. https://doi.org/10.1007/
$13205-018-1130-5

Zaral Jaouadi N., Rekik H., Ben Elhoul M.,
Zohra Rahem F., Hila C. G., Ben Aicha H. S.,
Badis A., Toumi A., Bejar S., Jaouadi B. A
novel keratinase from Bacillus tequilensis
strain Q7 with promising potential for the
leather bating process. Int.dJ. Biol. Macromol.
2015, V. 79, P. 952-964. https://doi.
org/10.1016/j.ijbiomac.2015.05.038

Roohi Kuddus M. Keratin degrading
microbial keratinase as a tool for
bioremediation. J. Microbiol. Exp.
2017, 5(4), 00154-00155. https://doi.
org/10.15406/jmen.2017.05.00154

Yusuf I., Ahmad S. A., Phang L. Y.,
Syed M. A., Shamaan N. A., Abdul Khalil K.,
Dahalan F. A., Shukor M. Y. Keratinase
production and biodegradation of polluted
secondary chicken feather wastes by a newly
isolated multi heavy metal tolerant bacterium
Alcaligenes sp. AQ05-001. J. Environ.
Manage. 2016, 183 (1), 182—-195. https://
doi.org/10.1016/j.jenvman.2016.08.059
Ranjit G. Gurav, Dhanashri B. Mirajkar,
Akanksha V. Savardekar, Snehal M. Pisal.
Microbial degradation of poultry feather
biomass by Klebsiella sp. BTSUK isolated
from poultry waste disposal site. RJLBPCS.
2016, 1 (6), 279-289. https://doi.
org/10.26479/2016.0106.01

Singh I., Kushwaha R. K. S. Keratinases and
microbial degradation of keratin. Adv. Appl.
Sci. Res. 2015, 6 (2), 74—82.
Kanoksilapatham W., Intagun W. A Review:
biodegradation and applications of keratin
degrading microorganisms and keratinolytic
enzymes, focusing on thermophiles and
thermostable serine proteases. Amer. J. Appl.
Sci. 2017, 14 (11), 1016-1023. https://doi.
org/10.3844/ajassp.2017.1016.1023

Isiaka A. Adelere, Agbaje Lateef. Keratina-
ses: emerging trends in production and appli-
cations as novel multifunctional biocatalysts.
Kuwait J. Sci. 2016, 43 (3), 118-127.
Wawrzkiewicz K., Lobarzewski J., Wolski T.
Intracellular keratinase of Trichophyton
gallinae. J. Med. Vet. Mycol. 1987, 25 (4),
261-268.

Uttangi V., Aruna K. Optimization of
production and partial characterization of
keratinase produced by Bacillus thuringiensis
strain Bt407 isolated from poultry soil.
Int. J. Curr. Microbiol. App. Sci. 2018,

50.

51.

52.

53.

54.

55.

56.

57.

58.

7 (4), 596-626. https://doi.org/10.20546/
ijemas.2018.704.069

KumarR., BalajiS.,UmaT.S., Mandal A. B.,
Sehgal P. K. Optimization of influential
parameters for extracellular keratinase
production by Bacillus subtilis (MTCC9102)
in solid state fermentation using horn meal —
a biowaste management. Appl. Biochem.
Biotechnol. 2010, 160 (1), 30-39. https://
doi.org/10.1007/s12010-008-8452-4
Nigam V. K., Singhal P., Vidyarthi A. S.,
Mohan M. K., Ghosh P. Studies on kera
tinolytic activity of alkaline proteases from
halophilic bacteria. Int. J. Pharm. Bio. Sci.
2013, 4 (2), 389-399.

Kublanov I. V., Tsiroulnikov K. B., Kali-
berda E. N., Rumsh L. D., Haertlé T.,
Bonch-Osmolovskaya E. A. Keratinase
of an anaerobic thermophilic bacterium
Thermoanaerobacter strain 1004-09 isolated
from a hot spring in the Baikal rift zone.
Microbiol. 2009, 78 (1), 67-75. https://doi.
org/10.1134/S0026261709010093

Cai C., Zheng X. Medium optimization for
keratinase production in hair substrate by a
new Bacillus subtilis KD-N2 using response
surface methodology. J.Ind. Microbiol.
Biotechnol. 2009, 36 (7), 875—-883. https://
doi.org/10.1007/s10295-009-0565-4
Nikitina Z. K., Gordonova I. K. Purification,
clearining and some properties keratinolytic
enzyme, secreting by Penicillium citrinum.
Probl. Biol. Med. Pharm. Chem. 2013, 11 (9),
36—41. (In Russian).

Prakash P., Jayalakshmi S. K., Sreeramulu K.
Production of keratinase by free and
immobilized cells of Bacillus halodurans
strain PPKS-2: partial characterization
and its application in feather degradation
and dehairing of the goat skin. Appl.
Biochem. Biotechnol. 2010, 160 (7), 1909—
1920. https://doi.org/10.1007/s12010-009-
8702-0

Sahoo D. K., Halder S. K., Das A., Jana A.,
Paul T., Thatoi H. Keratinase production
by Bacillus weihenstephanensis PKD5 in
solid-state fermentation and its milk clotting
potential. Ind. J. Biotechnol. 2015, V. 14,
P. 200-207.

Abdel-Fattah A. M., El-Gamal M. S.,
Ismail S. A., Emran M. A., Hashem A. M.
Biodegradation of feather waste by
keratinase produced from newly isolated
Bacillus licheniformis ALW1. Genet.
Eng. Biotechnol. J. 2018. https://doi.
org/10.1016/j.jgeb.2018.05.005

Fang Z., Zhang J., Du G., Chen J. Rational
protein engineering approaches to further
improve the keratinolytic activity and
thermostability of engineered keratinase
KerSMD. Biochem. Eng. J. 2017, V. 127,

43



BIOTECHNOLOGIA ACTA, V.12, No 2, 2019

59.

60.

61.

62.

63.

64.

65.

66.

14

P. 147-153. https://doi.org/10.1016/j.
bej.2017.08.010

LinH.H.,Yin L. J., Jiang S. T. Functional
expression and characterization of keratinase
from Pseudomonas aeruginosa in Pichia
pastoris. J. Agric. Food Chem. 2009, 57 (12),
5321-5325. https://doi.org/10.1021/
jif900417¢

Liu B., Zhang J., Li B., Liao X., Du G.,
Chen J. Expression and characterization
of extreme alkaline, oxidation-
resistant keratinase from from Bacillus
licheniformis in recombinant Bacillus
subtilis WB600 expression system and
its application in wool fiber processing.
World J. Microbiol. Biotechnol. 2013, 29
(5), 825-832. https://doi.org/10.1007/
$11274-012-1237-5

Aly M. M., Tork S. High keratinase
production and keratin degradation by a
mutant strain KR II, from Streptomyces
radiopugnans KR 12. JABS. 2018, 12 (1),
18-25.

Cai C., Lou B., Zheng X. Keratinase
production and keratin degradation by a
mutant strain of Bacillus subtilis. J. Zhejiang
Univ. Sci. B. 2008, 9 (1), 60-67. https://doi.
org/10.1631/jzus.B061620

Liu B., Zhang J., Fang Z., Gu L., Liao X.,
Du G., Chen J. Enhanced thermostability
of keratinase by computational design
and empirical mutation. J. Ind. Microbiol.
Biotechnol. 2013, 40 (7), 697-704.
https://doi.org/10.1007/s10295-013-
1268-4.

Bressollier P., Letourneau F., Urdaci M.,
Verneuil B. Purification and characterization
of a keratinolytic serine proteinase from
Streptomyces albidoflavus. Appl. Environ.
Microbiol. 1999, 65 (6), 2570-2576.

Laba W.,Choinska A., Rodziewicz A., Piegza M.
Keratinolytic abilities of Micrococcus luteus
from poultry waste. Braz.J. Microbiol. 2015,
46 (3), 691-700. https://doi.org/10.1590/
S1517-838246320140098

Tiwary E., Gupta R. Medium optimization
for a novel 58 kDa dimeric keratinase from
Bacillus licheniformis ER-15: Biochemical
characterization and application in
feather degradation and dehairing of
hides. Bioresours Technol. 2010, 101 (15),

67.

68.

69.

70.

71.

72.

73.

6103-6110. https://doi.org/10.1016/j.
biortech.2010.02.090

Fang Z., Zhang J., Liu B., Du G., Chen J.
Biochemical characterization of three
keratinolytic enzymes from Stenotro-
phomonas maltophilia BBE11-1 for
biodegrading keratin wastes. Int.
Biodeterior. Biodegradation. 2013, V. 82,
P.166-172. https://doi.org/10.1016/j.
ibiod.2013.03.008

Daniel J. Daroit, Ana Paula F. Corréa,
Jéferson Segalin, Adriano Brandelli.
Characterization of a keratinolytic
protease produced by the feather-degrading
Amazonian bacterium Bacillus sp. P45.
Biocatal. Biotransform. 2010, 28 (5), 370—
379. https://doi.org/10.3109/10242422.20
10.532549

Jaouadi B., Abdelmalek B., Fodil D., Ferra-
dji F. Z., Rekik H., Zaral N., Bejar S.
Purification and characterization of a
thermostable keratinolytic serine alkaline
proteinase from Streptomyces sp. strain
ABI1 with high stability in organic solvents.
Bioresours Technol. 2010, 101 (21),
8361-8369. https://doi.org/10.1016/j.
biortech.2010.05.066

Mitsuiki S., Ichikawa M., Oka T., Sakai M .,
Moriyama Y., Sameshima Y., Goto M.,
Furukawa K. Molecular characterization of
a keratinolytic enzyme from an alkaliphilic
Nocardiopsis sp. TOA-1. Enzyme Microb.
Technol. 2004, 34 (5), 482—489. https://doi.
org/10.1016/j.enzmictec.2003.12.011
Gupta S., Nigam A., Singh R. Purification
and characterization of a Bacillus subtilis
keratinase and its prospective application in
feed industry. Acta Biologica Szegediensis.
2015, 59 (2), 197-204.

Gupta R., Sharma R., Beg Q. K. Revisiting
microbial keratinases: next generation
proteases for sustainable biotechnology.
Crit. Rev. Biotechnol. 2013, 33 (2), 216—228.
https://doi.org/10.3109/07388551.2012.68
5051

FangZ.,YongY.C.,ZhangJ., DuG.,Chen.
Keratinolytic protease: a green biocatalyst
for leather industry. Appl. Microbiol.
Biotechnol. 2017, 101 (21), 7771-7779.
https://doi.org/10.1007/s00253-017-
8484-1



Reviews

KEPATHHOJITHYHI EHSUMU
MIKPOOPT'AHISMIB: ITPOAYIIEHTH,
®ISUKRO-XIMIYHI BJJACTHBOCTI.
BUKOPUCTAHHS IOJ BIOTEXHOJIOT'TI
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Mertoro oryssmy OyJi0 mpoaHaji3yBaTu cydacHi
YABJEHHS PO KepaTuHasu, TPyIy IPOTeoJiTHId-
HUX €H3UMiB, AKi KaTaJi3yoTh PO3MIENJeHHSI
BHUCOKOCTabiMbHNX (hiOPMHOBUX IPOTEIHIB — Ke-
parunis. IIpeacTaBHUKY PiBHUX TAKCOHOMIUHUX
IpyI MiKpoopraHisMiB, BKJIOUaOUU I'pudu, ak-
TUHOMIiIleTH i 6aKTepii, € MpoaAyIeHTaM1 KepaTu-
Has3. B oraani HaBemeHO cyyacHyY KJacudikariio
KepaTwmHas BiamoBigmo mo 6asu manux MEROPS.
BoHna r'pyHTyeTbCA Ha CXOXKOCTi aMiHOKUCIOTHUX
IOCJIiJOBHOCTEMH, II[0 TAKOK BiJoOpaskae eBOJIIO-
mifiHi B3aeMoil MisK MPOTEONIITHUUHUMYU eH31Ma-
mu. Baza ganux MEROPS 06’eguye nmporeasu B
62 xnanu i 264 pogunu. HocaigxenHs GisuKo-xi-
MiYHMX BJIACTHUBOCTEM KepaTWHAa3 CBigUaTh, IO
€H3UMU aKTUBHI B IIIUPOKOMY JAiama3oHi TeMIle-
patyp i 3Hauens pH, 3 onTUMAaJIbHOIO Ji€I0 3a Hell-
TpassHOro i ay:xxuoro pH i 40-70 °C. IToxkasamo,
10 MiKpoOHi KepaTuHas3! € IepeBaskHO MeTaso-,
cepuHOBUMHU ab00 MeTaJo-CepMHOBUMH IIpOTea-
saMu. Bonu 3a3Buyail mo3aKJiTHHHI, i iIX cuHTE3
iHAYKYy€eTbCA KepaTUHOBMiCHUMU cybCcTpaTaMu.
B orasaai o6roBoprooeThCAa IPaKTUUYHE 3aCTOCYBAH-
Ha KepaTtuHad. 11i eH3UMU yCITIIIIHO BUKOPUCTO-
BYIOTh y 0ioOKOHBepcii KepaTMHOBUX BiAXOIiB y
KOpMU JJIsT TBAPUH i a30THi 70OpuBa, a TaKOXK y
MIKipAHINA, TEKCTUJIbHIN, KOCMETUYHIN, MeqUUHI i1
Ta papManeBTUUHIN mpomucsoBocTi. KepaTtuna-
31 TaKOYK 3aCTOCOBYIOTh AK MEeCTUIUAU Y BUPOO-
HUITBI HAHOYACTUHOK, OiomanuBa, 0ioIIiBOK,
110 PO3KJIaZaloThes, KieiB i ¢poasru. Kpim Toro,
KepaTuHas3u BUKOPUCTOBYIOTh ¥ Aerpanarii mpio-
HOBUX IIPOTEeIHiB, AKi 3JaTHI CIPUUYNHUTHI HUSKY
HelipoJereHePaATUBHUX 3aXBOPIOBAHb JIOAWHU i
TBAPUH 3 YTBOPEHHSIM I'youacToi exiedasromnarii.

Knwuwosei cnosa: KepaTmHasu, OPOAYIIEHTH,
peryJdania cuuTesdy, GPisUKo-xXiMiuHi BIacTUBOCTI.

KEPATHHOJUTHYECKHUE OH3UMbI
MHKPOOPI'AHHUSMOB: IITPOAYIIEHTDI,
®U3NKO-XUMUYECKHNE CBOMCTBA.
IIPUMEHEHUE
AJIAd BUOTEXHOJOI'nn

E. B. Asduiox, JI. [I. Bapbaney

HHCTUTYT MUKDPOOUOJIOTUY U BUPYCOJIOTUN
um. [I.K. 3abosornoro HAH Ykpaunn:, Kues

E-mail: varbanets_imv@ukr.net

ITenpro 0630pa OBLIO TPOAHAJIU3UPOBATE CO-
BpeMeHHbIe INpeACTaBJIeHUA O KepaTuHasax,
IpyIilie TPOTEOJUTUUECKUX 9H3UMOB, KATaJU-
3UPYIOMIUX paciienjeHre BbICOKOCTAOUIbHBIX
(GuOPMHOBBIX MPOTEMHOB — KepaTuHOB. lIpen-
CTABUTEJU PABJIUYHBIX TAKCOHOMUUYECKUX I'PYIIII
MHUKPOOPraHM3MOB, BKJIOUYasA rpubbl, aKTUHO-
MUIETHI U 0aKTePUuU, ABJIAIOTCA MPOAYIIeHTaAMU
KepaTuHas. B 0630pe mpuBeJgeHa cCOBpeMeHHAasA
KJaccuUKaNUsad KepaTuHas B COOTBETCTBUU C
6asoil gaEEIXx MEROPS. Ona ocHOBaHa Ha CXOJ-
CTBe aMUHOKUCJOTHBIX IIOCJIeJOBATEJIbHOCTEMH,
YTO TaK’Ke OTPaKaeT 9BOJIIOIIMOHHEIE B3BANMO/Ie-
CTBUA MEXKIY NPOTEOJUTUYECKUMU SH3UMaMU.
Baza gamusix MEROPS o6bequHsaeT mpoTeassbl B
62 kiana u 264 cemeiictBa. Mccaenqopanusa Qusm-
KO-XMMHUUYECKUX CBOMCTB KepaTuHas IMoKa3bIBa-
IOT, YTO DH3WMBI AKTUBHBI B IIIMPOKOM IHAIAa30-
He TeMIlepaTyp u 3HaueHuit pH, ¢ onTuMaibHBIM
IeficTBUEM IIPU HeUTpaabHOM U IesounoM pH u
40-70 °C. ITokasaHo, YTO MUKPOOHbBIE KepaTu-
Ha3bl ABJAIOTCS MPEUMYINEeCTBEHHO MeTaJsJjio-,
CEepUHOBBIMU UJIV METAJJIO-CEPUHOBBIMU IIPOTEA-
samu. OHM OOBLIYHO BHEKJIETOUHBIE, M UX CHUHTE3
UHAYIIAPYeTCA KepaTUHOBLIMU cybcTpaTamMu. B
0030pe obOcy:KIaeTcss MPaKTUYeCcKOoe MpuMeHe-
HUe KepaTuHasd. OTU 9H3UMbI HAXOAAT IPUMeEHe-
HUe TIpU OMOKOHBEPCUU KEpPaTUHOBBIX OTXOIOB
B KOpMa JJIs JKUBOTHBIX, a30THBIE YIOOpEeHUs, a
TaK)Ke B KOJKEeBEHHO!, TeKCTUJIbHOMN, KOCMeTHUYe-
CKOM, MeIUIIMHCKON 1 (papMaleBTUUYECKON IIPOo-
MBINIJIeHHOCTH. KepaTnHasbl TaKkKe IPUMeHUMbI
KaK IeCTUIIUILI B IIPOM3BOACTBE HAHOUACTHIL,
OUOTOIIINBA, OMOpas3IaraeMbIX IIJI€HOK, KJIeeB U
¢oabru. Kpome Toro, KepaTuHasbl UCHIOJIb3YIOT-
cs B Ierpajaluy IPUOHHBIX IPOTENHOB, KOTOPHIE
CIIOCOOHBI BHI3LIBATH PAJ HEllpoereHepaTUBHBIX
3aboJieBaHNUl UeJIOBeKa U *KUBOTHBIX ¢ 00pa3oBa-
HUeM ryouaToii sHIedaJIoIaTun.

Knrouesvle cnosa: xepaTuHAasbl, IPONYIIEHTHI,
peryiasanusa cuHTesa, (GUsuKo-XUMUYecKue CBOM-
cTBa.
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