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Thermozymes, the enzymes of thermophilic and
hyperthermophilic microorganisms [1], exhibit the cat-
alytic mechanisms similar to those of their mesophilic
analogues, yet they possess a number of advantages
from the point of view of biotechnology; namely, ther-
mozymes are more easily purified using thermal treat-
ment of the material; often they are more stable in dena-
turing conditions (for example, in solvents or deter-
gents) [2]; high-temperature enzymatic reactions allow
for higher substrate concentrations due to lower viscos-
ity and higher coefficients of diffusion [2, 3]; employ-
ing thermozymes eliminates the risk of undesirable
bacterial infection because most bacteria, capable of
nonspecifically affecting the reaction, fail to survive at
temperatures above 

 

70°

 

C [3].

Keratins are insoluble fibrillar proteins found in the
skin of mammals, reptiles, and birds. Owing to such
structural characteristics as a high content of disulfide
and hydrogen bonds, keratins are resistant to both
chemical and biological hydrolyzing agents [4]. Ker-
atins are subdivided into significantly differing 

 

α

 

-

 

 and

 

δ

 

-keratins [5]. 

 

α

 

-Keratins, revealed in the epithelium of
most vertebrates, are rich in 

 

α

 

-helical secondary struc-
tures and have a molecular mass of 40 to 70 kDa [6].
The size of 

 

β

 

-keratins, found in skin (and its deriva-
tives) of reptiles and birds, is generally smaller than that
of 

 

α

 

-keratins and varies between 10 and 20 kDa [6].

Molecules of 

 

β

 

-keratin are rich in 

 

β

 

-sheets (also
revealed in some 

 

α

 

-keratin molecules), which makes
them more stable and hydrolysis-resistant [7].

Although keratins are resistant to hydrolysis, their
accumulation does not occur in nature [8] owing to spe-
cialized keratinolytic microorganisms; the mesophilic
ones are better studied. Each year industries produce
significant amounts of keratin-containing wastes [9, 10]
thus generating an urgent need for their utilization.
Application of microbial keratinases (keratin-hydrolyz-
ing proteins) may be a powerful and environmentally
safe method to utilize keratin wastes through biodegra-
dation.

By now, a fairly large number of mesophilic kerati-
nolytic microorganisms have been studied [11, 12].
Some of them produce keratinases active also at higher
temperatures [8, 13]. Although a large number of pro-
teases has been discovered in thermophilic and hyper-
thermophilic bacteria [14, 15], few thermophilic bacte-
ria are known to produce keratinases, including 

 

Fervi-
dobacterium pennivorans

 

 [10], 

 

F. islandicum

 

 [16],

 

Thermoactinomyces candidus

 

 [17], ‘

 

Thermoanaero-
bacter keratinophilus’

 

 [7], and strains VC15, VC34,
and S290 [18].

The aim of the present work is to characterize a ther-
mophilic anaerobic keratinolytic bacterium isolated
from a hot spring in the Baikal region as well as the
keratinase it produces.
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Abstract

 

—A thermophilic anaerobic bacterial strain 1004-09 belonging to the genus 

 

Thermoanaerobacter

 

 and
capable of growth on protein substrates such as albumin, gelatin, casein, and 

 

α

 

- and 

 

β

 

-keratins was isolated
from the Urinskii hot spring (Barguzin river valley, Republic of Buryatia, Russia). A 150-kDa serine proteinase
was revealed in the strain supernatant; it exhibited optimal activity at 60

 

°

 

C and pH 9.3 and was capable of ker-
atin hydrolysis. A number of characteristics for the strain 1004-09 keratinase were established including acti-
vation by SDS and NaCl and residual activity (15% to the activity of the intact protein) in the presence of 10%
ethanol and acetone.
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MATERIALS AND METHODS

 

Sample collection. 

 

The samples used in the present
work were collected in the course of the 2002 expedi-
tion to the thermal springs Urinskii, Gusikhinskii, and
Kulinnyi located in the Barguzin valley in the Baikal
rift zone. The springs are characterized by temperatures

 

40–70°

 

C and pH 8.1 to 9.6. Sterile 15- and 50-ml tubes
(Falcon) were filled with water and sediment samples,
tightly sealed with screw caps, and delivered to the lab-
oratory for further investigation.

 

Isolation of the anaerobic thermophilic bacte-
rium possessing keratinolytic activity.

 

 Enrichment
cultures were obtained by inoculation with 0.1 ml of the
sample of a mineral medium [19] containing the fol-
lowing biopolymers of protein nature (2 g/l) as the only
source of carbon and energy: gelatin, 

 

α

 

-keratin (pow-
dered pig hair, SIFDDA Co., Plouvara, France), and

 

β

 

-keratin (powdered feathers and fluff obtained from
V.A. Gorbachuk, Kazan State University); the medium
was supplemented with vitamins (V1 vitamins Kit,
Sigma, United States, 1 ml/l) and yeast extract (0.1 g/l)
as growth factors. The medium (10 ml) was poured into
15-ml Hungate tubes filled with N

 

2

 

. Initial pH and tem-
perature values of the medium were close to the param-
eters at the sampling site. Pure cultures were obtained
by the end-point dilution method followed by inocula-
tion of a solid medium of the same composition to
obtain individual colonies [19].

 

Determination of the phylogenetic position of the
new isolate.

 

 DNA was isolated according to Marmur
[20]. The sequence of the 16S rRNA gene from the
strain 1004-09 was determined according to the tech-
nique described in [21] and deposited with the Gen-
Bank under accession number EU547802
(http://www.ncbi.nlm.nih.gov/sites/entrez). The phylo-
genetic position of strain 1004-09 was determined from
the phylogenetic dendrogram generated on the basis of
16S rRNA gene sequences of strain 1004-09 and the
reference bacteria. The sequences were aligned using
the MultAlin software (http://prodes.toulouse.inra.
fr/multalin/multalin.html); phylogenetic dendrograms
were constructed using the technique of evolutionary
distance calculation [22] realized in the TREECON
software package [23].

 

Culturing conditions for keratinase isolation
from strain 1004-09.

 

 

 

Thermoanaerobacter

 

 sp. 1004-09
was cultured for 4 days in 1 l of mineral medium [19]
containing 100 mg/l sucrose, 200 mg/l yeast extract,
1 ml/l vitamins, 1 g/l peptone, and 2 g/l pig hair (

 

α

 

-ker-
atin). After the incubation, insoluble components of the
culture liquid (including cells) were precipitated by
centrifugation in a Jouan GR 2022 centrifuge (France)
at 10000 

 

g

 

, 4°

 

C for 30 min.

 

Culturing of 

 

Thermoanaerobacteraceae

 

 type
strains.

 

 Type strains of the 

 

Thermoanaerobacteraceae

 

family 

 

Thermoanaerobacter siderophilus

 

 (DSM
12299), 

 

T. wiegelii

 

 (DSM 10319), 

 

T. sulfurophilus

 

(DSM 11584), and 

 

Thermoanaerobacterium aciditol-

erans

 

 (DSM 16487) were cultured on the same medium
containing 

 

α

 

-keratin or peptone (2 g/l).

 

Protein concentration determination.

 

 Protein
concentration was determined using the Bradford
reagent (BioRad). The reagent (200 

 

µ

 

l) was added to
800 

 

µ

 

l of a protein solution, stirred, and left for 10–
15 min for staining; absorbance at 595 nm was then
measured. The protein concentration was determined
from a calibration curve plotted using standard solu-
tions of albumin (bovine serum albumin, Sigma) of 15–
1000 

 

µ

 

g/ml.

 

SDS-PAGE electrophoresis and zymography.

 

Denaturing electrophoresis in polyacrylamide gel (in
the presence of sodium dodecyl sulfate) was used to
determine the proteins and their molecular weights.
7 ml of a four-fold lysing buffer (200 mM Tris

 

−

 

HCl,
pH 6.8, 0.8% SDS, 0.8% bromphenol blue, 10% glyc-
erol, 3% (vol/vol) 

 

β

 

-mercaptoethanol) was added to
20 

 

µ

 

l of supernatant of strain 1004-09 culture liquid.
The mixture was applied to a 4% concentrating poly-
acrylamide gel [24]. The separating gel concentration
was 7.5 or 10%. Electrophoresis was carried out in a
Tris–glycine–SDS buffer at 20 mA till the escape of the
leading indicator from the separating gel.

The zymogram technique is based on the enzyme
activity determination directly in polyacrylamide gel
after electrophoretic separation. Gelatin (Sigma) in a
final concentration of 0.01 or 0.1% (for gel staining
with silver nitrate and Coomassie, respectively) or
0.02% pig hair (SIFDDA Co., Plouvara, France) was
added to the concentrating and separating gels as sub-
strates for proteinases. The gels were incubated at 

 

65°ë

 

in 50 or 20 mM 3-(N-morpholine)propanesulfonic acid
(MOPS) buffer, pH 

 

7.4

 

20°ë

 

 containing 100 mM NaCl
and 5 mM CaCl

 

2

 

. After incubation, the gels were
stained with silver nitrate [25] or Coomassie (Coo-
massie Brilliant Blue R250). The zones of proteolytic
activity were revealed as blank bands forming at the
sites of substrate hydrolysis by keratinase.

 

Effects of temperature, pH, metal ions, SDS,
NaCl, solvents, and inhibitors on the activity of
keratinase

 

 were determined using synthetic chro-
mogenic substrates, 

 

N

 

-succinyl-Ala-Ala-Pro-x-

 

p

 

-
nitroanilides, where x = Phe, Arg, Leu, Lys (Sigma).
Ten microliters of 10 mM substrate solution in 100%
dimethylsulfoxide (DMSO) were added to 970–980 

 

µ

 

l
of 20 mM MOPS, pH 

 

7.0

 

60°ë

 

 containing 100 mM NaCl
and 5 mM CaCl

 

2

 

. To determine the effect of pH on the
activity, 20 mM buffer solutions of various pH values
were used, namely acetate buffer, pH 

 

4.0

 

60°ë

 

 and 

 

5.0

 

60°ë

 

,
2-(N-morpholino)ethanesulfonic acid (MES), pH

 

6.0

 

60°ë

 

, Tris, 

 

7.7

 

60°ë

 

, tricine, pH 

 

8.2

 

60°ë

 

, and glycine
buffer, pH 

 

9.0

 

60°ë

 

. In experiments involving SDS or
metal ions, CaCl

 

2

 

 was not added. The mixture was put
into a cuvette and heated at 

 

60°

 

C (during the studies on
temperature dependence, the temperature was varied
between 20 and 92

 

°

 

C) in a thermostated spectrophoto-
metric cell. After the temperature settled, 10 

 

µ

 

l of the
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supernatant of strain 1004-09 was added, the resulting
mixture was incubated for 4–10 min under OD

 

405

 

 mon-
itoring. The control solution did not contain keratinase.

The mechanism of catalysis by keratinase was deter-
mined by inhibitory analysis. The enzyme was preincu-
bated for 60 min with 10 mM ethylenediaminetetraace-
tate (EDTA, a metalloproteinase inhibitor), 0.45 mM
pepstatin A (an inhibitor of aspartate proteases), 1 mM
iodine acetamide (a cysteine protease inhibitor), and
1 mM and 5 mM phenylmethylsulfonyl fluoride
(PMSF, a serine protease inhibitor); 10 

 

µ

 

l of the col-
lected sample was injected into the reaction mixture.
Inhibition efficiency was calculated in relation to the
activity of the untreated enzyme.

 

Insulin hydrolysis and mass spectrometry.

 

 The
primary specificity of the keratinase was determined on
the basis of the analysis of hydrolysis of insulin
B-chains (Sigma, cysteine residues oxidized, [26]). The
sample (50 

 

µ

 

l) was incubated with 950 

 

µ

 

l of insulin
B-chain (1 mg/ml in 20 mM MOPS buffer solution,
pH 7.4) at 65

 

°

 

C for 7 h. The product separation was
performed using reverse-phase HPLC (Waters Alliance
2695 chromatograph; a Nucleodur 100-

 

5 

 

C

 

18

 

 column,
150 mm long, 4 mm in diameter, Macherey Nagel,
France). The column was equilibrated with solution A
(0.11% trifluoroacetic acid, TFA, vol/vol) at a flow rate
of 0.8 ml/min. The sample (100 

 

µ

 

l) was applied to the
column and eluted in a linear gradient of solution B
(80% acetonitrile, 0.09% TFA, vol/vol) 0

 

−

 

100%
for 25 min. Optical density of the eluate was deter-
mined at 220 and 280 nm using a Waters 996 photo-
diode detector.

Molecular masses of the insulin fragments produced
by hydrolysis were determined by liquid chromatogra-
phy followed by electrospray mass spectrometry (LC-
ESI/MS) using a Waters 616 pump and a Waters 600
control system integrated with the mass spectrometer
(an LCQ Advantage ion trap mass spectrometer,
Thermo-Finnigan, San Jose, United States). The ion
trap was operated in the positive ionization mode. The
data were treated with the X-Calibur (version 1.3,

Thermo-Finnigan) software; the 

 

m/z 

 

parameter values
ranged between 400 and 2000. Hydrolysis sites were
determined using FindPept, a part of the ExPASy soft-
ware package (Molecular Biology Server, Swiss Insti-
tute of Bioinformatics, http://www.expasy.ch/sprot/
sprot-top. html).

RESULTS

 

Isolation of a keratinolytic strain 1004-09.

 

Enrichment culture 1004 obtained from a sample of
Urinskii spring sediments (

 

52°ë

 

, pH 8.8) was incu-
bated with 

 

α

 

-

 

 and 

 

β

 

-keratins and gelatin. Initially, the
incubation was carried out at 

 

55°ë and pH 8.8; subse-
quently, 65°ë and pH 7.0 were used as the optimal cul-
tivation conditions. The dominant bacteria were iso-
lated as a pure culture in a medium containing peptone
as a substrate. The cells of strain 1004-09 were rods of
3–10 × 0.4–0.6 µm (Fig. 1). The strain 1004-09 exhib-
ited optimal growth at 65°C, pH 6.8. The strain was able
to grow on all of the tested substrates (casein, gelatin,
albumin, and α- and β-keratins) without any additional
substrates or growth factors except for vitamins. After
4 days of incubation, 1.9 × 108 cells per ml were har-
vested from the β-keratin containing medium and 3.8 ×
108 cells per ml, when grown on albumin. Apart from
proteins, the strain also grew on peptone and mono- and
disaccharides (glucose, fructose, and sucrose). When
grown on the medium containing peptone and β-keratin
(feathers), complete decomposition of the feathers was
observed on day 4 (Fig. 2) in contrast to feathers alone
used as a substrate.

Comparison of the 16S rRNA gene sequences of
strain 1004-09 (1472 bp) with those available in public
databases using BLAST software (http://www.
ncbi.nlm.nih.gov/blast) allowed us to identify the strain
as a representative of the Firmicutes, the group of low-
GC gram-positive bacteria. Strain 1004-09 belongs to
the class Clostridia, order Thermoanaerobacterales,
family Thermoanaerobacteraceae, genus Thermoanaer-
obacter [27]; and the closest relative with 98.4%

1 µm

Fig. 1. Electron microphotograph of strain 1004-09 cells.
Negative staining with phosphotungstic acid.

(‡) (b)

Fig. 2.β-keratin (feathers) and peptone-containing (2 g/l)
medium prior to incubation (a) and after 96 h incubation of
strain 1004-09 at 658C (b).
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homology is Thermoanaerobacter siderophilus (DSM
12299).

Characteristics of the keratinase of strain 1004-09.
When grown on individual proteins and peptone, strain
1004-09 produced an extracellular proteinase of

150 kDa (Fig. 4). In addition to gelatin, it also hydro-
lyzed α-keratin thus being a keratinase.

Keratinase of strain 1004-09 was active in the tem-
perature range from 20 to 92°C at pH 6.0–10.5; the
activity optimum was at 60°C, pH 9.3 (Fig. 5). Four
p-nitroanilides were tested as low-molecular synthetic
substrates; keratinase of strain 1004-09 exhibited the
highest activity towards succinyl-Ala-Ala-Pro-Phe-p-
nitroanilide releasing 0.86 µmol of p-nitroaniline per
minute per mg protein. A ten times lower activity was
observed towards succinyl-Ala-Ala-Pro-Leu-p-nitroa-
nilide, while succinyl-Ala-Ala-Pro-Lys-p-nitroanilide
and succinyl-Ala-Ala-Pro-Arg-p-nitroanilide were not
hydrolyzed by the keratinase. In experiments on insulin
B-chain hydrolysis, the keratinase of strain1004-09 dis-
played a wide specificity, hydrolyzing the bonds
between cysteine and glycine, leucine and valine, leu-
cine and tyrosine, and phenylalanine and phenylalanine
(Fig. 6).

Keratinase of strain 1004-09 was found to increase
its activity in the presence of SDS (by a factor of
1.6−50, at SDS concentrations of 0.002–0.01%,
Table 1). Other detergents, such as 0.2 mM [(3-chola-
midopropyl)dimethylammonio]-2-hydroxy-1-propane
sulfonate (CHAPSO), 0.5 mM deoxycholic acid, and
0.4 mM Triton X100, as well as reducing (14.3 mM
β-mercaptoethanol) and denaturing (0.3 mM urea)
agents either inhibited the enzyme activity or did not
affect it (Table 1).

Thermoanaerobacter acetoethylicus (L09163)

Thermoanaerobacter ethanolicus (L09162)

Thermoanaerobacter wiegelii (X92513)

Thermoanaerobacter sulfurophilus (Y16940)

Thermoanaerobacter siderophilus (AF120479)

Thermoanaerobacter sp. strain 1004-09 (EU547802)

Thermoanaerobacter kivui (L09160)

Thermoanaerobacter thermohydrosulfuricus (L09161)

Thermoanaerobacter brockii (L09165)

Thermoanaerobacter italicus (AJ250846)

Thermoanaerobacter mathranii (Y11279)

Thermoanaerobacter sulfurigignens (AF234164)

‘Thermoanaerobacter keratinophilus’ (AY278483)

Caldanaerobacter subterraneus subsp. subterraneus (AF195797)

33

59

99

28

0.02

100

100

100

100

6969

62
39

57

Fig. 3. Phylogenetic position of strain 1004-09 and related bacteria of the family Thermoanaerobacteraceae (accession numbers of
the sequences deposited in the GenBank http://www.ncbi.nlm.nih.gov/sites/entrez are given in parentheses). The dendrogram was
constructed on the basis of 16S rRNA gene sequences using the method of evolutionary distance calculation [22]. The reliability
values of the branching order (for 1000 resampling) are presented in percent. Escherichia coli strain C2 was used as an outgroup.

(a) (b) (c)

205

116

97

Fig. 4. Zymograms reflecting the activity of the keratinase
isolated from strain 1004-09 culture supernatant: protein
markers (a); keratin as substrate (b); and gelatin (c) as sub-
strate.
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Pepstatin A, iodine acetamide, and EDTA inhibited
the enzyme activity slightly, in contrast to phenylmeth-
ylsulfonyl fluoride (PMSF), which at 1 mM completely
inhibited the proteolytic activity. These data suggest
that the keratinase under study belongs to the serine
type, as do all known thermostable keratinases
(Table 1).

The experiments on the effect of metal ions on the
proteolytic activity revealed that at given concentra-
tions (5 mM) Ca2+ displayed no effect on the activity,
Mg2+ increased it moderately, and Zn2+ decreased the
activity to the same extent as did EDTA, while Cu2+

inhibited the enzyme functioning completely. The
effects of metal ions were preserved in the presence of
SDS (Table 1). Although calcium did not affect the spe-
cific activity of the enzyme, thermal stability of the
enzyme (expressed as half life time at 94°C) increased
dramatically in the presence of calcium ions, from
10 min to 13 h.

The presence of sodium chloride raised the activity
of the keratinase of strain 1004-09; the stimulating
effect also grew along with the NaCl concentration up
to 5 M NaCl; the activity of the enzyme at this NaCl
concentration was 4.4 times higher than in the absence
of salt (Table 1).

The addition of 5 and 10% of ethanol or 5 and 10%
acetone into the reaction mixture decreased the pro-
teolytic activity, yet did not inhibit it completely. In the
presence of 10% ethanol or acetone the activity of the
enzyme was 15% of the initial value (Table 1).

Study of the ability of other Thermoanaerobacte-
raceae representatives to grow on keratin and to syn-
thesize keratinase. Some strains of the family Thermo-
anaerobacteraceae were checked for their ability to
grow on α-keratin. The ability was found to be charac-
teristic of T. siderophilus strain SR4. A keratinase of
~200 kDa was identified in the supernatant of this bac-
terium. Other strains such as T. wiegelii, T. sulfurophilus,
and T. aciditolerans did not exhibit this ability. The

same proteinase was detected in T. siderophilus grown
on peptone, while other bacteria of the family Thermo-
anaerobacteraceae studied in the present work did not
synthesize extracellular proteinases when grown on
peptone.

DISCUSSION

The family Thermoanaerobacteraceae comprises
anaerobic thermophilic bacteria capable of fermenting
a wide range of organic substrates, including biopoly-
mers [27]. An ability to grow on keratin employing
keratinase activity was discovered in ‘Thermo-anaero-
bacter keratinophilus’ [7], which should be assigned to
the genus Caldanaerobacter [28] according to the
16S rRNA gene sequence analysis (Fig. 3). Another
probable representative of the group exhibiting kerati-
nase activity is strain S290 [18], whose phylogenetic
position was not determined. Our isolate 1004-09 capa-
ble of growth on both α- and β-keratin turned out to be
a representative of the genus Thermoanaerobacter. The
same ability and α-keratinase production were detected
in its closest relative T. siderophilus, while the type
strains of two other Thermoanaerobacter species,
T. wiegelii and T. sulfurophilus, were not able to grow
on α-keratin or on the even more hydrolysis-stable
β-keratin. Earlier, Thermoanaerobacter brockii
(DSM 1457), T. thermohydrosulfuricus (DSM 567), and
T. ethanolicus (DSM 2246) were shown to lack the abil-
ity to grow on β-keratin [10]. Thus, the presence of
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Fig. 5. Activity of strain 1004-09 keratinase as dependent on pH (a, incubation at 60°C), and on temperature (b, incubation at
pH 7.060°ë N-succinyl-L-Ala-Ala-Pro-Phe-p-nitroanilide was used as a substrate.

FVNQHLC*GSHLVEALYLVC*GERGFFYTPKA

Fig. 6. Hydrolysis of insulin B-chains (with oxidized cys-
teine residues) by keratinase of strain 1004-09. Arrows
point at hydrolysis sites, namely peptide bonds between
cysteine and glycine, leucine and valine, leucine and
tyrosine, phenylalanine and phenylalanine.
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keratinase may be considered a characteristic of only
some representatives of Thermoanaerobacteraceae.

All known thermostable keratinases including the
one from strain 1004-09 (150 kDa) are high-molecular
proteins with molecular masses of 100 kDa and higher,
with the exception for Thermoactinomyces candidus
keratinase, weighing 30 kDa (Table 2), which is close
to the molecular masses of mesophilic keratinases
[8, 13].

The keratinase isolated from strain 1004-09 is an
extracellular enzyme as are other keratinases of the
family Thermoanaerobacteraceae [7, 18], as well as
keratinases from Thermoactinomyces candidus and from
mesophilic bacteria [11, 29]. In contrast, both species

of Fervidobacterium synthesize cell-associated kerati-
nases [10, 16].

Inhibition analysis demonstrated that the keratinase
from strain 1004-09 is a serine type proteinase as are
most of thermostable proteinases (including all known
keratinases) [7, 10, 16, 17].

Hydrolysis of both types of substrates, p-nitroanil-
ides and B-chain of insulin with oxidized cysteine resi-
dues, revealed the keratinase of strain 1004-09 to
hydrolyze preferably the peptide bond after hydropho-
bic amino acids (phenylalanine, tyrosine, leucine, and
valine). The enzyme under study is active in wide
ranges of temperature and pH as are most of the ther-
mostable keratinases (Table 2), but its optimum activity
temperature is somewhat lower (60°C). Variable effects

Table 1.  The effect of detergents, inhibitors, metal ions, NaCl, and solvents on the activity of strain 1004-09 keratinase. N-
succinyl-L-Ala-Ala-Pro-Phe-p-nitroanilide was used as a substrate

Detergents and reducing 
and hydrolyzing agents, concentration Activity, % Metal (5 mM)

Activity, %

Without SDS With SDS

Without a detergent 100 Without metal ions 100 100

SDS, 0.35 mM 5000 Ca2+ 105 115

Urea, 300 mM 60 Mg2+ 122 126

CHAPSO, 0.2 mM 20 Zn2+ 68 64

Deoxycholic acid, 0.5 mM 20 Cu2+ 5 1

β-mercaptoethanol, 14.3 mM 80

Triton X100, 0.4 mM 20

SDS, mM (%) Activity, % NaCl (M) Activity, %

0.00 100 0.0 100

0.07 (0.002) 160 0.1 84

0.18 (0.005) 360 0.5 110

0.35 (0.01) 5000 3.0 305

1.75 (0.05) 4520 5.0 440

3.50 (0.1) 3600

7.00 (0.2) 4380

14.00 (0.4) 2880

Inhibitors Activity, % Solvents Activity, %

 Without inhibitor 100 Without solvents 100

PMSF, 1 mM 3 Ethanol, 5% 32

PMSF, 5 mM 4 Ethanol, 10% 14

Pepstatin A, 0.45 mM 84 Acetone, 5% 49

Iodine acetamide, 1 mM 95 Acetone, 10% 16

EDTA, 10 mM 65
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on the keratinase activity were observed in the presence
of metal ions: magnesium stimulated the activity mod-
erately, zinc decreased the activity, and copper inhib-
ited it completely, both in the presence and in the
absence of SDS (Table 2). The inhibitory effect of cop-
per(II) and zinc ions on the activity of various proteases
[12], as well as of other hydrolytic enzymes such as α-
amylase from P. woesei [30], has been noted previously.
The inhibition of α-amylase was shown to be due to
copper or zinc ions binding with the active site of the
enzyme. Copper ions exhibited a higher inhibitory
effect than zinc on all occasions. Riffel et al. [12]
reported complete inhibition of the keratinase from a
mesophilic bacterium Chryseobacterium sp. by copper(II)
ions. Although no stimulation of keratinase activity by
calcium ions was observed, they did increase the ther-
mal stability of the enzyme significantly.

The activity of strain 1004-09 keratinase increased
in the presence of NaCl, up to 5 M. In the presence of
5 M NaCl, the activity increased 4.4-fold. Interestingly,
the maximum activity for the protease isolated from the
cultural fluid of a haloalkaliphilic archaeon Natrialba
magadii was observed at only 1.5 M NaCl [31].

The residual activity for the keratinase of strain
1004-09 in the presence of solvents (10% ethanol or
acetone) may be of interest for applied studies. There
have been no reports on this property of keratinases so
far; speaking about thermozymes as a whole, the fea-
ture is characteristic of some archaeal hydrolases, for

example, the chitinase from Thermococcus kodakaraen-
sis [32].

Sodium dodecyl sulfate exhibited an outstanding
activation effect towards the keratinase from strain
1004-09. The activity increased sharply (50 times) in
the presence of 0.01% (0.35 mM) SDS. Further addi-
tion of SDS resulted in a gradual decrease in the activity
of the enzyme; at 0.4% SDS, the enzymatic activity was
still 30 times higher than the initial level. Thermostable
SDS-resistant proteases were presently known [26],
including keratinases from Fervidobacterium pen-
nivorans [10] and F. islandicum [16]. Moreover, a pro-
teinase from Thermococcus stetteri was two times more
active in the presence of 0.4% SDS [14]; however, the
activation of strain 1004-09 keratinase by SDS turned
out to be by far more pronounced. The detergents may
affect the tertiary and quaternary structure of the pro-
tein by causing the subunits to dissociate [33]. Being a
strong amphiphilic anion detergent, SDS not only
affects the hydrophobic interactions, but also influences
electrostatic and hydrogen bonds in the protein mole-
cules due to its negatively charged head [33]. Presum-
ably, the keratinase of strain 1004-09 is excreted in a
low-activity form and SDS addition activates it. SDS
was also shown to prevent keratin aggregation, thus
increasing keratin solubility and availability to the
enzyme [34]. Therefore, SDS plays an important role in
keratin degradation as a keratinase activator and an
agent promoting the substrate solubility and unfolding.

Table 2.  Thermophilic keratinolytic bacteria and characteristics of keratinases

Producer 
(reference)

Protein substrates 
for growth Localization Size, kDa (according  

to SDS-PAGE)
Protease 
subclass

T, °C and pH 
min/opt/max

SDS effect 
on the activity

Thermoactinomy-
ces candidus [17]

α-keratin 
(sheep wool)

Extracellular space 30* Serine 
proteases

45/70–75/80 
8.3/8.6/9.2

ND

Fervidobacterium 
pennivorans [10]

β-keratin 
(feathers)

Cell-associated 130 Serine
proteases

50/80/100 
6/10/10.5

Stable

Fervidobacterium 
islandicum [16]

β-keratin
(feathers)

Membrane-bound 97, 
110, 

>200

Serine 
proteases

60/100/110 
7/9/10

Stable

‘Thermoanaero-
bacter keratinophi-
lus’ [7]

β-keratin 
(feathers), 
α-keratin (wool)

Extracellular space 135* Serine 
proteases

40/85/110 
6/8/12

ND

Thermoanaero-
bacter sp. strain 
1004-09

β-keratin (feathers) 
α-keratin (pig cir-
rus), casein, albu-
min, gelatin

Extracellular space ~150 Serine 
proteases

20/60/ 90 
5/9.3/10.5

Stimulates the 
activity

Note:    ND, not determined. 
* The enzyme was purified to the homogeneous state.
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