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Introduction

Proteases are a group of hydrolytic enzymes that cleave 
peptide bonds and degrade proteins into smaller peptides 
and amino acids. Subsequently they play a prominent role 
in various physiological processes in all domains of life. 
The application of proteases in detergent, silk, leather, 
bakery, soy processing and meat tenderizing industries 
is well documented (Delgado-Garcia et  al. 2012; Gupta 
et  al. 2002; Karbalaei-Heidari et  al. 2013). Proteases also 
have numerous medical and pharmaceutical applications, 
such as synthesis of antibodies, hormones and biomedical 
peptides (Chanalia et  al. 2011). Operation of proteases in 
ionic liquids and organic solvents is a developing area in 
biochemistry and biotechnology since they can catalyze 
synthetic and transesterification reactions with reasonable 
stereospecificity at low water activity (Ogino and Ishikawa 
2001). All of the above mentioned applications demand 
that proteases be stable to salts, organic solvents, alkaline 
pH and high temperature.

A problem commonly encountered with using enzymes 
for industrial biocatalysis is their inherent stability to the 
conditions used. Extremophiles can play a major role in 
addressing this issue. Extremophiles are organisms that 
survive, grow and thrive under environmental conditions 
considered to be extreme by human standards, such as 
high salinity, alkaline or acid pH, high or low tempera-
ture and high concentrations of organic solvents (Mesbah 
and Wiegel 2012). These adaptations allowed enzymes 
from extremophiles, called extremozymes, to expand the 
ranges for optimal enzyme performance thereby enabling 
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biocatalysis under various conditions commonly encoun-
tered in industrial processes (Sarmiento et al. 2015).

Halophiles are the most promising source of enzymes 
stable in salts and organic solvents. Halophiles inhabit 
hypersaline environments where salinity often reaches sat-
uration, and accumulate large concentrations of salts and/
or organic compatible solutes in their cells as an adapta-
tion (DasSarma and DasSarma 2015; Oren 2010). High 
salt concentration lowers water activity, therefore both the 
extra- and intracellular conditions of halophiles resem-
bles nonaqueous systems. Numerous halophilic proteases 
have been purified and described (Yin et  al. 2015). These 
proteases remain active at sodium chloride concentrations 
greater than 1.5 M (and up to 2.5 M), and most of them are 
tolerant to a pH of 5–8 and temperature of 40–45 °C.

Known alkaline proteases generally show maximal 
activity at pH 9–10 and 50–60  °C (Borkar 2015). Their 
activity, however, is often greatly reduced at salt concen-
trations greater than 0.5  M, thereby reducing their use in 
applications requiring high salt concentration and low 
water activity. Thermophilic proteases are stable and active 
at temperatures between 60 and 80  °C and are generally 
resistant to alkaline and acid pH, but as far as described, 
they are not stable at salt concentrations greater than 1 M 
(Raddadi et al. 2015; Synowiecki 2015).

Despite the numerous advantages of extremozymes, and 
the great advances in extremozyme research over the past two 
decades (Borkar 2015; DasSarma and DasSarma 2015; Sarm-
iento et al. 2015), available extremophilic biocatalysts remain 
limited. In addition, reports on extremozymes capable of cata-
lyzing reactions in the presence of more than two extreme con-
ditions, such as high salt, alkaline pH and high temperature, 
are scarce (Sarmiento et  al. 2015). Poly-extremozymes have 
greater versatility to the combination of harsh conditions usu-
ally encountered in industrial applications, such as low water 
activity, high concentration of organic solvents, alkaline pH 
and high temperature. Therefore, the isolation and purifica-
tion of poly-extremozymes is essential to expand the existing 
industrial enzyme toolbox. The present work describes the iso-
lation and biochemical characterization of an extremely halo-
philic, alkaliphilic and moderate thermophilic protease pro-
duced by Alkalibacillus sp. NM-Da2 that was isolated from 
the soda lakes of the Wadi An Natrun, Egypt. This protease is 
stable in the presence of organic solvents and surfactants, and 
has potential for application in different industrial processes.

Materials and methods

Organism and culture conditions

Protease secreting strains were isolated from mixed water–
sediment samples collected from the largest lakes of the 

Wadi An Natrun in North–Western Egypt as described 
(Mesbah and Wiegel 2014). Approximately 5  g (wet 
weight) was inoculated into enrichment medium consist-
ing of, in g/L NaCl, 100, Na2CO3, 20, KH2PO4, 1, MnCl2, 
0.008, FeCl2, 0.05, KCl, 0.5, MgCl2, 0.5, yeast extract, 5, 
peptone, 5. Enrichment cultures were incubated at 50  °C 
and pH55 °C 9 for 72 h [superscript after the pH indicates 
temperature at which the pH was measured and the pH 
electrode calibrated. For details, see Wiegel (1998)]. Pure 
isolates were obtained by repetitive dilution to extinction 
in the same culture medium supplemented with 1 % (w/v) 
agar. Isolates were screened for extracellular protease activ-
ity by protease assay using the Folin–Ciocalteu reagent. 
Isolate NM–Da2 displayed proteolytic activity, and was 
selected for detailed study.

Taxonomic position of isolate NM-Da2 was identified 
by 16S rRNA sequence comparison. Genomic DNA was 
extracted by the CTAB/NaCl method of Wilson (Wilson 
1997). The 16S rRNA gene was amplified by polymerase 
chain reaction with universal primers 27F (5′-AGA GTT 
TGA TCM TGG CTC AG-3′) and 1492R (5′-GGT TAC 
CTT GTT ACG ACT T-3′) and DreamTaq™ green PCR 
master mix (ThermoFisher Scientific). Amplified products 
were sequenced using a 3730 ×  l capillary DNA analyzer 
(Applied Biosystems) operated at the Georgia Genomics 
Facility (University of Georgia, Athens, GA USA). Phylo-
genetic analysis was performed as described (Mesbah and 
Wiegel 2014).

The same culture medium described above was used for 
enzyme production. One hundred milliliters of culture were 
grown in 250  mL Erlenmeyer flasks at 50  °C with shak-
ing (115 rpm) in an Excella™ E24R temperature controlled 
benchtop shaker (Eppendorf™). After 5 days of incubation, 
the culture was centrifuged at 3000×g for 30 min at 4 °C 
and the supernatant was used for protease purification.

Protease purification

Proteins in the cell free supernatant were precipitated by 
addition of 0.8 volumes of ice cold absolute ethanol and 
incubation at -20 °C overnight. Precipitated proteins were 
collected by filtration using filter paper (Whatman #1). The 
precipitate was dissolved in a minimal amount of 50 mM 
glycine NaOH, pH 9 (~50 mL). Suspended protein was dia-
lyzed against 2 L of the same buffer overnight, with one 
buffer change to reduce residual ethanol and salts.

Dialyzed protein was filtered through a 0.2  μm pore. 
Proteins were separated by anion-exchange chromatog-
raphy using an Econo™ gradient pump equipped with a 
gradient mixer and EM-1 Econo™ UV monitor (BioRad, 
USA) with a Q-Sepharose FF column (10 ×  1.6  cm, GE 
Healthcare). The column was equilibrated with 50  mM 
Tris.Cl, pH 9.0. Bound proteins were eluted with a linear 
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gradient of 0–2 M NaCl in Tris.Cl, pH 9.0 at a flow rate of 
2.5  mL/min. Protein content (absorbance at 254  nm) and 
protease activity was assessed for eluted fractions. Fractions 
showing highest protease activity were pooled, desalted by 
dialysis against 50 mM glycine NaOH, pH 9, and concen-
trated by ultrafiltration through a cellulose membrane with 
10  kDa cutoff (Amicon®). The concentrated protein was 
used for further biochemical characterizations.

Protease assay

Protease activity was determined by measuring tyrosine 
liberated during casein hydrolysis using the Folin–Ciocal-
teu reagent as described by Anson (1938). The assay mix-
ture (200 μL final volume) consisted of purified enzyme 
(2–3 μg), 2.6 M NaCl and 50 mM Tris.Cl, pH55 °C 9. The 
reaction was started with the addition of casein (LabM, 
UK) to a final concentration of 0.1 %, w/v. Reaction mix-
tures were incubated at 55 °C for 30 min. The reaction was 
stopped by the addition of 250 μL of 110  mM trichloro-
acetic acid (TCA) solution and centrifugation at 8000×g 
for 5 min. To 400 μL of supernatant, 800 μL of 500 mM 
Na2CO3 solution and 200 µL of 0.5 N Folin–Ciocalteu rea-
gent were added. The mixture was mixed thoroughly and 
incubated at room temperature for 15  min. Color devel-
oped was then immediately measured at 660 nm. All assays 
were performed in triplicate. Standard deviation and stand-
ard error were calculated for all assays. A negative control 
(without protein) was run for all assays to correct for non-
specific color development and nonspecific hydrolysis of 
substrate. One unit of protease activity was defined as the 
amount of enzyme yielding 1 μmol of tyrosine per minute 
at pH55 °C 9.0, 55 °C in the presence of 2.6 M NaCl. Spe-
cific activity of protein is expressed as the units of enzyme 
activity per milligram protein. Protein concentration was 
measured by the method of Bradford (1976), using bovine 
serum albumin (BSA) as standard.

Polyacrylamide gel electrophoresis and zymography

Molecular weight and purity of the enzyme was estimated 
by sodium dodecyl sulfate-polyacrylamide gel electrophore-
sis (SDS-PAGE) in a discontinuous system as described by 
Laemmli (1970). Samples were boiled for 3 min in Laemmli 
sample buffer then loaded onto 10 % polyacrylamide gels. 
After electrophoresis, the gels were stained with the SERVA 
silver staining kit (Serva Gmbh, Heidelberg, Germany). 
Molecular weight of the enzyme was estimated using an EZ-
Run™ Rec protein ladder (Fisher BioReagents).

Zymography was performed on SDS-PAGE by the 
method described by Schmidt et  al. (1988) with modi-
fications. Polyacrylamide gels (10  %) were copolymer-
ized with 0.1  % (w/v) gelatin. Samples were mixed with 

Laemmli sample buffer without heat denaturation and elec-
trophoresed at 125 V for 45 min. After electrophoresis, gels 
were washed once in 50 mM Tris.Cl, pH 9, then immersed 
in 50  mM Tris.Cl, pHRT 9 containing 2.5  % (v/v) Triton 
X-100 and incubated at room temperature with shaking 
for 30 min to remove SDS. Triton X-100 was removed by 
washing gels three times in 50 mM Tris.Cl, pHRT 9 (10 min 
each) at room temperature. Gels were then incubated in 
50 mM Tris.Cl, pH55 °C 9 containing 2.6 M NaCl at 55 °C 
with gentle shaking (50 rpm) for 30 min. Gels were washed 
with distilled water for 1 min, then stained with a 0.05 % 
(w/v) solution of Coomassie blue R (Fisher BioReagents) 
in 10  % acetic acid, 50  % methanol, for 30  min. Finally, 
gels were destained (7  % acetic acid, 5  % methanol) for 
2 h. Proteolytic activity was demonstrated as a clear band 
of lysis against a blue background.

Biochemical characterization of purified protease

Effect of salt, pH and temperature

Effect of [Na+] on protease activity was determined by 
measuring the rate of casein degradation by the purified 
enzyme at NaCl concentrations from 0 to 3.4 M, at pH55 °C 
9 and 55 °C.

To determine effect of pH on protease, protease activity 
was tested over a pH55  °C range 7–12 in buffer consisting 
of 50 mM Tris.Cl, 50 mM glycine, 50 mM phosphate and 
2.6 M NaCl at 55 °C.

Protease activity was determined at temperatures 
30–75 °C at pH55 °C 9 in the presence of 2.6 M NaCl. Heat 
stability of the purified protease was determined after 
incubation of the enzyme at 45, 50, 55, 60 and 65 °C for 
24  h. Samples were drawn and residual protease activity 
was determined by standard assay at 55 °C, pH55 °C 9, and 
2.6 M NaCl. Enzyme that had not been incubated served as 
the 100 % control.

Substrate specificity and effect of substrate concentrations 
on protease activity

Substrate specificity was determined under standard assay 
conditions using different protein substrates including 
gelatin (Loba Chemie, India), peptone (Oxoid), tryptone 
(LabM, UK), yeast extract (LabM, UK), skimmed milk 
(LabM, UK), human hemoglobin (Sigma-Aldrich), BSA 
(Fluka), casein (LabM, UK) and wheat gluten (Sigma-
Aldrich). Substrates were added to a final concentration of 
0.1 % (w/v).

Effect of substrate concentration on reaction velocity 
was assayed at pH55 °C 9, 2.6 M NaCl and 55 °C with casein 
as substrate. The concentration of casein was increased 
from 0 to 3 mg/mL.
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Effect of organic solvents

Stability and activity of the enzyme in the presence of 
organic solvents was evaluated by pre-incubating the 
enzyme at 55  °C, 2.6  M NaCl and pH55  °C 9 with 20 or 
40 % (v/v) each of ethanol, methanol, butanol, isopropanol, 
benzene, chloroform and hexane for 30 min. Protease activ-
ity was then measured by the standard assay after addition 
of substrate. Activity in the absence of organic solvents was 
taken as 100 %.

Effect of surfactants and detergents

Proteolytic activity was measured by the standard assay in 
the presence of 1 and 5 % (v/v) final concentration of dif-
ferent surfactants, such as sodium dodecyl sulfate (SDS) 
(Fluka), Tween 20 (Sigma-Aldrich), Tween 80 (Oxford 
Chemicals), Triton X-100 (Fluka) and the oxidizing agent 
H2O2.

The purified enzyme was pre-incubated with each sur-
factant or chemical agent at 50 °C, pH55 °C 9.0 in the pres-
ence of 2.6 M NaCl in the absence of substrate for 30 min. 
The reaction was started with the addition of substrate. 
After 30  min of incubation, the reaction was terminated 
by the addition of TCA and liberated tyrosine was meas-
ured as described above. No-enzyme controls were run for 
all assays to correct for nonspecific color development and 
nonspecific hydrolysis of substrate.

Effect of enzyme inhibitors

Proteolytic activity was measured by the standard assay 
in the presence of different protease inhibitors, such as 
phenyl methylsulfonylfluoride (PMSF), dithiothreitol 
(DTT), ethylene diamine tetraacetic acid (EDTA), urea and 
β-mercaptoethanol with final concentrations 2 and 5 mM. 
All inhibitors were purchased from Sigma-Aldrich.

The purified enzyme was pre-incubated with each inhib-
itor at 50  °C, pH55  °C 9.0 in the presence of 2.6  M NaCl 
and the absence of substrate for 30 min. The reaction was 
started with the addition of substrate. After 30 min of incu-
bation, the reaction was terminated by the addition of TCA 
and liberated tyrosine was measured as described above. 
No-enzyme controls were run for all assays. Assays were 
performed in triplicate.

Effect of metal salts

The effect of metal salts on the purified protease was tested 
by the standard protease assay in the presence of different 
ions to identify potential activators or inhibitors.

The effect of 2 and 5  mM (final concentration) of the 
chloride salts of Na+, Ba2+, Mn2+, Cu2+, Hg2+, Fe2+, 

Zn2+, Ca2+, Mg2+, K+, Sr2+, Cs2+, NH4+ and Ag+ on pro-
tease activity was determined at 55 °C and pH55 °C 9.0.

Bioremediation application

Synthetic wastewater used was composed of, in mg/L: beef 
extract, 50; peptone 80; urea, 30; K2HPO4, 28; CaCl2, 4; 
MgSO4, 2 and 2.6 M NaCl. pH55 °C was adjusted to 9. Puri-
fied protease was added with different amounts (1, 2, and 
3  % w/v) and degradation was performed at 55  °C. The 
reactions were shaken gently (25  rpm) to ensure uniform 
mixing and samples were collected at time intervals for 
analysis of total protein content. Total protein content was 
measured by the Bradford assay (Bradford 1976).

Results and discussion

Isolation of strain NM‑Da2 and production of protease

Strain NM-Da2 was isolated from Lake Abo-Dawood, 
Wadi An Natrun, Egypt in enrichment medium containing 
0.5 % w/v each peptone and yeast extract at pH55  °C 9 in 
the presence of 2.6  M NaCl. Strain NM-Da2 was Gram-
staining positive, aerobic and rod-shaped. Colonies were 
yellow-white in color. Phylogenetic analysis based on 
16S rRNA comparison showed that the isolate belongs to 
the genus Alkalibacillus (Fig. 1). The 16S rRNA sequence 
from stain NM-Da2 was deposited in GenBank under 
accession number KU740034.

Strain NM-Da2 produced an extracellular protease in 
liquid medium containing 0.5 % w/v each yeast extract and 
peptone. The observed protease activity in the culture was 
dependent on the growth phase, measuring 120 U during 

Alkalibacillus silvisoli DSM 16460  (NR_041482)
Alkalibacillus haloalkaliphilus DSM 5271 (NR_041985)

Alkalibacillus filiformis DSM 15448 (AJ493661)
Alkalibacillus sp. NM-Fa4 (KF537622)

Alkalibacillus sp. NM-Da2 (KU740034)
Alkalibacillus almallahensis DSM 27545
Alkalibacillus salilacus DSM 16460 (KF738177)
Alkalibacillus halophilus DSM 17369 (NR_115752)

Alkalibacillus flavidus DSM 23520 (EU74387)

Bacillus subtilis DSM 10 (AJ276341)
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Fig. 1   Neighbor joining tree based on 16S rRNA sequences show-
ing phylogenetic position of strain NM-Da2 in relation to type spe-
cies of the genus Alkalibacillus. The tree was rooted with the 16S 
rRNA sequence of Bacillus subtilis DSM 10T as outgroup. GenBank 
accession numbers are shown in parentheses. Bootstrap values based 
on 100 replicates are indicated at nodes. Bar 1 nucleotide substitution 
per 100 bases
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early exponential phase and reaching a maximum (1380 
U) in the stationary growth phase. In the absence of yeast 
extract and peptone both growth and protease activity were 
negligible.

Protease purification

Extracellular protease from Alkalibacillus sp. NM- Da2 
was precipitated from 600  mL of culture supernatant by 
ethanol precipitation and anion-exchange chromatography 
leading to 11.3 fold purification and a specific activity of 
74 U/mg (Table 1).

The purified protease migrated as a single band on SDS-
PAGE with a molecular weight of approximately 35  kDa 
(Fig.  2a). The purified enzyme also migrated as a single 
band on a non-denaturing gel, indicating it is monomeric. 
Gelatin zymography confirmed the proteolytic nature of 
the enzyme (Fig. 2b). The culture supernatant also showed 

a single zone of hydrolysis on zymography, indicating that 
Alkalibacillus sp. NM-Da2 does not produce extracellular 
proteases with different molecular weights.

The protease from Alkalibacillus sp. NM-Da2 was of 
similar molecular weight to halophilic proteases isolated 
from Bacillus sp. EMB9 (29 kDa) (Sinha and Khare 2013), 
Natronolimnobius innermongolicus WN18 (47 kDa) (Selim 
et al. 2014), Alkalibacillus sp. NM-Fa4 (20 kDa) (Mesbah 
and Wiegel 2014), Bacillus subtilis AP-MSU (18.3  kDa) 
(Maruthiah et al. 2013) and Bacillus cereus SIU1 (22 kDa) 
(Singh et al. 2012). However, it was smaller than halophilic 
proteases isolated from Bacillus sp. SM2014 (71 kDa) (Jain 
et al. 2012) and Bacillus sp. CY7 (97 kDa) (Arabaci et al. 
2013).

Characterization of the purified protease 
from Alkalibacillus sp. NM‑Da2

Effect of salt, pH and temperature on protease activity

The protease has a narrow [Na+] range for activity, show-
ing maximal activity at 2.7 M NaCl (at pH55 °C 9 and 55 °C) 
(Fig. 3). The purified enzyme retained 38 % of its activity 
at 3.1 M NaCl and showed only 16 % of maximal activity 
in the absence of NaCl (Fig. 3). The protease was alkaliphi-
lic, with maximal activity at pH55 °C 9, and retained 80 % of 
activity at pH55 °C 10.5 (Fig. 4). Protease retained only 6 % 

Table 1   Purification of protease from Alkalibacillus sp. NM-Da2

Purification step Total enzyme (U) Total protein (mg) Specific activity (U/mg) Fold purification Yield (%)

Culture supernatant 1381.3 246.2 5.6 1 100

Ethanol precipitate 550.8 17.8 31 5.5 39.9

Q-Sepharose 156.6 2.1 74.6 13.3 11.3

50
60
70

100

40

30

25

20
15

120

85

150
200

A B

1 2 3kDa

Fig. 2   SDS-PAGE of purified protease. a Assessment of the homo-
geneity and molecular weight of the protease by 10  % SDS-PAGE. 
Lanes 1–3 represent: molecular weight marker, ethanol precipitated 
protein, purified protein. b Zymogram of purified protease. Proteo-
lytic activity is manifested by a clear band on a dark background
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was equivalent to 93 U/mg. Values represent the mean of three inde-
pendent assays, bars standard error
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of maximal activity at pH55 °C 7, and lost more than 70 % of 
its activity at pH55 °C 11.5.

The temperature range for activity was between 30 and 
75 °C (at pH55 °C 9 in the presence of 2.6 M NaCl), with 
a narrow maximal peak at 56  °C. The enzyme retained 
approximately 50 % of maximal activity at 75 °C (Fig. 5a).

The protease was heat stable, retaining over 80 % of its 
initial activity after 180 min incubation at 45, 50 and 55 °C 
(Fig. 5b), and retained over 50 % of activity after 24 h. The 
enzyme retained 73 and 67 % of initial activity after incu-
bation at 60 and 65 °C, respectively, for 1 h, and lost activ-
ity after 3 h of incubation.

Stability at high ionic strength in addition to elevated 
temperature and extreme alkaline pH makes the protease 
from Alkalibacillus sp. NM-Da2 a good candidate for use 
in different industrial applications (Yin et al. 2015). Alka-
line, salt- and temperature stable proteases have com-
mercial uses as components in laundry detergents, photo-
graphic gelatin hydrolysis and leather dehairing (Sarethy 
et  al. 2011). Salt- and thermostable alkaline proteases 
have recently found new applications such as the cleaning 
of ultrafiltration membranes used by chemical and phar-
maceutical industries. In addition, halophilic, alkali- and 
thermostable proteases have great potential for scientific 
research and discovery, their selective peptide bond cleav-
age can be used in the elucidation of structure–function 
relationship, peptide synthesis, sequencing of proteins and 
production of amino acids (Jisha et al. 2013).

Few studies report on proteases active under more than 
two extreme conditions. Cysteine protease AbCP, pro-
duced by Alkalibacillus sp. NM-Fa4 isolated from the Wadi 
An Natrun, had maximal activity at pH45 °C 9.5, 50–52 °C 
and 1 M NaCl, but lost 40 % of activity at NaCl concen-
trations greater than 2 M (Mesbah and Wiegel 2014). The 

thermostable, alkaliphilic, halophilic protease from the 
archaeon Natronolimnobius innermongolicus WN18, also 
isolated from the Wadi An Natrun, showed maximal activ-
ity at 60  °C and pH 9–10 in the presence of 2.5 M NaCl 
(Selim et  al. 2014). The Bacillus sp. CY7 extracellular 
protease has maximal activity at 70 °C and pH 11, but was 
only active at 0–0.5  M NaCl (Arabaci et  al. 2013). The 
Bacillus sp. EMB 9 serine protease has maximal activity at 
pH 9 and 55◦C, but could only tolerate 0.2 M NaCl (Sinha 
and Khare 2013). A serine protease produced by Bacil‑
lus subtilis AP-MSU 6 exhibited maximal activity at pH 
9, 0.5 M NaCl and 40 °C, but rapidly lost activity at NaCl 
concentrations larger than 0.5 M and temperatures greater 
than 45 °C (Maruthiah et al. 2013). The extracellular pro-
tease produced by Bacillus cereus S1U1 is active at pH 9, 
45–55  °C but retained only 67  % of its initial activity in 
the presence of 1.2  M NaCl (Singh et  al. 2012). Bacillus 
sp. SM2014 produces an alkaliphilic, thermophilic protease 
with maximal activity at pH 10–11, 60–70 °C, 0.2 M NaCl, 
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and retained 93  % of activity at 1.5  M NaCl (Jain et  al. 
2012).

Substrate specificity of protease from Alkalibacillus sp. 
NM‑Da2

The protease had high hydrolytic activities against com-
plex substrates yeast extract, casein, tryptone, peptone and 
gelatin (Table 2), but weak activity against skimmed milk, 
hemoglobin, BSA and wheat gluten.

With casein as substrate, the protease displayed non-
Michealis–Menten kinetics, with substrate inhibition above 
1.2  mg/mL casein and complete inhibition at 2.5  mg/L 
(Fig. 6).

The substrate utilization spectrum was narrow compared 
with other halophilic, alkalithermophilic proteases (Ara-
baci et al. 2013; Jain et al. 2012; Joshi and Satyanarayana 
2013; Maruthiah et al. 2013; Selim et al. 2014; Singh et al. 

2012; Sinha and Khare 2013). This may limit the applica-
tion of the protease in industrial applications, but it can find 
application in processes that involve dissolved organic mat-
ter, such as bioremediation.

Effect of organic solvents on protease activity

Solvent stability is a characteristic of halophilic enzymes 
(Delgado-Garcia et  al. 2012; Gupta and Khare 2009). 
Hypersaline solutions are similar to nonaqueous environ-
ments as salts reduce water activity of the surrounding 
medium and compete with other molecules for available 
water (Oren 2010). The protease was stable and retained 
more than 70 % of activity in the presence of ethanol, iso-
propanol and benzene (Table  3). Activity of the protease 
was enhanced in the presence of 40  % (v/v) isopropanol 
and lost more than 50 % of its initial activity in the presence 
of methanol, chloroform, butanol and hexane (Table 3).

Organic, solvent tolerant halophilic enzymes are attrac-
tive for environmental applications such as bioremedia-
tion of polluted salt marshes and industrial wastewaters 
contaminated with organic solvents. They are also of sig-
nificance for biotechnological purposes because they can 
catalyze peptide and ester synthesis under nonaqueous con-
ditions. There are many advantages to employing proteases 
in organic as opposed to aqueous media, including higher 
substrate solubility and the capability to modify substrate 
specificity of the enzyme by altering the reaction medium 
(Lee and Dordick 2002).

Solvent stable proteases have been reported. The pro-
tease from Bacillus sp. EMB9 is stable in ethanol, metha-
nol, dimethyl sulfoxide, and t-butanol (Sinha and Khare 
2013), but lost more than 90 % of activity in the presence 
of benzene (50  % v/v) and 20  % activity with isopro-
panol. Bacillus sp. APCMST-RS7 produced a halophilic, 
organic solvent-tolerant protease that retained full activ-
ity in the presence of hexane, methanol, and ethanol, but it 

Table 2   Substrate specificity of protease

a  Assays performed at pH55 °C 9, 55 °C in the presence of 2.6 M NaCl
b  Substrates added to 0.1 % w/v final concentration

Substratea Specific activity (U/mg) ± SEb

Gelatin 48 ± 0.554

Peptone 67 ± 1.121

Tryptone 72 ± 1.295

Yeast extract 100 ± 0.635

Skimmed milk 3 ± 0.336

Hemoglobin 2 ± 0.183

BSA 4 ± 0.240

Casein 85 ± 0.422

Wheat gluten 4 ± 0.325
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Fig. 6   Effect of casein concentration on the reaction velocity of pro-
tease. Assays were performed at 55  °C, pH55 °C 9 and 2.6 M NaCl. 
Each value represents the mean of three assays, bars denote standard 
error

Table 3   Effect of organic solvents on protease activity

a  Solvent added to 20 % v/v or 40 % v/v final concentration
b  Assays performed at pH55  °C 9, 55  °C in the presence of 2.6  M 
NaCl. 100 % activity was equivalent to 97 U/mg

Solventa Relative activity (%) ± SEb

20 % 40 %

Control 100 ± 0.408

Ethanol 71 ± 0.599 76 ± 1.079

Methanol 38 ± 0.226 9 ± 0.453

Isopropanol 74 ± 0.679 216 ± 0.987

Butanol 4 ± 0.268 3 ± 0.129

Benzene 77 ± 0.113 70 ± 0.980

Chloroform 5 ± 0.196 7 ± 0.392

Hexane 5 ± 0459 3 ± 0.0268
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was assayed in the presence of 10 and 20 % v/v of solvent. 
(Maruthiah et al. 2015).

Effect of surfactants and chemical agents

Tween 80 is commonly used as a surfactant in medicated 
soaps. The presence of an alkalistable protease that is sta-
ble in the presence of tween 80 is beneficial, as it can be 
added to soaps and ointments that are used for the treat-
ment of burns and removal of skin debris (Rosenberg 
et  al. 2004). The protease from Alkalibacillus sp. Da2 
was stable in the presence of Tween 80, retaining 81  % 
of initial activity after 30 min incubation with 1 % v/v of 
the surfactant (Table 4). The enzyme was sensitive to the 
surfactants SDS and Tween 20 and the activity was com-
pletely inhibited with 5  % (v/v) Triton X-100 (Table  4). 
Protease activity was enhanced in the presence of the oxi-
dizing agent hydrogen peroxide, showing 124  % of its 
initial activity after pre-incubation with 5  % (v/v) of the 
agent (Table 4).

Stimulation of enzyme activity with hydrogen perox-
ide but inhibition in the presence of other surfactants is 
noteworthy. It is possible that hydrogen peroxide interacts 
with the enzyme either at the active site or any other sites 
in a manner that causes enhanced activity and/or stability. 
Stimulation of protease activity in the presence of hydrogen 
peroxide has been reported for the protease AbCP (Mes-
bah and Wiegel 2014) and Bacillus clausii I-52 (Joo et al. 
2003).

The protease was sensitive to most inhibitors tested. 
The enzyme lost over 80  % of activity in the pres-
ence of 2 mM of PMSF, indicating it is a serine protease 

(Table  4) (Powers et  al. 2002). Furthermore, the activity 
was enhanced in the presence of the reducing agent DTT, 
showing 183 % of initial activity after pre-incubation with 
5 mM of the agent. The presence of 2 mM EDTA reduced 
activity to 20 % of the control, suggesting that metal cati-
ons play an essential role in enzyme activation and/or sta-
bilization (Table 4). Inhibition of the protease in the pres-
ence of EDTA can limit its use in laundry detergents which 
typically contain chelators, but offers it potential for use in 
applications carried out in hard water or under conditions 
where removal of cations is time consuming and not cost 
effective.

Effect of metal ions on protease activity

It has been reported that the majority of halophilic, alka-
liphilic serine proteases require calcium and magnesium for 
activity (Maruthiah et al. 2013). The protease from Alkali‑
bacillus sp. NM-Da2 was active in the presence of 2 mM of 
CaCl2, MgCl2 and FeCl2, but activity was inhibited in the 
presence of 5 mM of each salt (Table 5). The protease lost 
approximately half of its initial activity in the presence of 
2 mM of BaCl2, MnCl2 and CuCl2. No activity was exhib-
ited in the presence of HgCl2, ZnSO4, SrCl2, AgNO3, CsCl2 
and NH4Cl (both 2 and 5 mM). Stability of halo-alkaliph-
ilic proteases in the presence of Ca2+ and Mg2+ has been 
reported (Maruthiah et al. 2013, 2015).

Bioremediation application

Protease was able to degrade dissolved proteins in a syn-
thetic wastewater system. Fifty percent degradation was 
achieved after 5 h of incubation at 55 °C and pH 9 in the 
presence of 2.6 M NaCl (Fig. 7). The enzyme concentration 

Table 4   Effect of surfactants and chemical agents on protease activ-
ity

a  Assays performed at pH55  °C 9, 55  °C in the presence of 2.6  M 
NaCl. 100 % activity was equivalent to 91 U/mg

Inhibitor Relative activity (%) ± SEa

1 % 5 %

Control 100 ± 0.409

Tween 20 4 ± 0.057 56 ± 0.260

Tween 80 81 ± 0.204 44 ± 0.300

Triton X-100 21 ± 0.196 0

SDS 65 ± 0.345 57 ± 0.345

H2O2 46 ± 0.300 124 ± 0.113

β-ME 28 ± 0.038 0

Urea 6 ± 0.038 (4 M) 0 (8 M)

Inhibitor 2 mM 5 mM

PMSF 12 ± 0.076 0

EDTA 20 ± 0.174 0

DTT 109 ± 0.197 183 ± 0.366

Table 5   Effect of metal salts on protease activity

a  Assays performed at pH55 °C 9 and 55 °C. Control was performed 
in the absence of metal salts. All protein preparations were dialyzed 
before assay to remove residual salts. One hundred percent activity 
was equivalent to 30 U/mg

Metal salt Relative activity (%) ± SEa

2 mM 5 mM

Control 100 ± 0.234

NaCl 156 ± 2.1 168 ± 1.9

KCl 50 ± 0.319 52 ± 0.089

CaCl2 98 ± 0.177 66 ± 0.177

MgCl2 95 ± 0.177 38 ± 0.238

FeCl2 100 ± 0.468 15 ± 0.367

BaCl2 61 ± 0.319 17 ± 0.236

MnCl2 55 ± 0.266 52 ± 0.493

CuCl2 55 ± 0.089 13 ± 0.159
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achieving maximal degradation was 2 % (w/v), increasing 
the enzyme concentration resulted in decreased degrada-
tion efficiency. This could be due to aggregation of excess 
enzyme.

Many industries, such as leather, agricultural and food 
industries generate hypersaline wastewater. Such waste-
water generally is alkaline and contains a high amount of 
organic content (Lefebvre and Moletta 2006). Release of 
this wastewater to the environment without pre-treatment 
adversely affects water quality and aquatic life. Hypersa-
line effluents are usually treated chemically, as biologi-
cal treatments are inhibited by high salt concentration and 
alkaline pH (Lefebvre and Moletta 2006). Activity of pro-
tease from Alkalibacillus sp. NM-Da2 gives it great poten-
tial to be used as part of an enzyme cocktail that provides 
an environmentally friendly alternative for treatment of 
hypersaline wastewater.

Conclusions

An extremely alkaliphilic, halophilic, thermostable and 
oxidizing agent stable protease was produced by Alkaliba‑
cillus sp. NM-Da2, isolated from the soda lakes of the Wadi 
An Natrun, Egypt. Properties distinguishing this protease 
from other reported serine proteases include maximal pro-
teolytic activity at combined extremes of 2.7–2.9 M NaCl, 
pH55 °C 9–10 and 54–58 °C and activity in the presence of 
oxidizing agents and organic solvents. The stability of the 
enzyme at high salt concentration as well as its ability to 
function in organic solvents make it an attractive candi-
date for catalyzing biosynthetic and esterification reactions 
which are commonly performed in nonaqueous conditions. 
Activity of the enzyme at alkaline pH values also gives it 
potential for application in bioremediation of polluted, 
hypersaline waste water.
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