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Expression and characterization of alkaline protease from the metagenomic
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Metagenomics has the potential to facilitate the discovery of novel enzymes; however, to date, only a few alkaline
proteases have been characterized from environmentally-sourced DNA. We report the identification and characteriza-
tion of an alkaline serine protease designated as Prt1A from the metagenomic library of tannery activated sludge.
Sequence analysis revealed that Prt1A is closely related to S8A family subtilisins with a catalytic triad of Asp143, His173,
and Ser326. The putative protease gene (prt-1A) was subcloned in pET 28a (D) vector and overexpressed in Escherichia coli
BL21(DE3)pLysS cells. This 38.8 KDa recombinant protease was purified to homogeneity by nickel affinity chromatog-
raphy and exhibited optimal enzyme activity at elevated pH (11.0) and temperature (55�C). The enzyme activity was
enhanced by the addition of 5 mM Ca2D ions, and was stable in the presence of anionic detergent, oxidizing agent and
various organic solvents. The enzyme displayed high affinity and catalytic efficiency for casein under standard assay
conditions (Vmax [ 279 U/mg/min, Km [ 1.70 mg/mL) and was also compatible with commercial detergents. These re-
sults suggest that Prt1A protease could act as an efficient enzyme in various industrial applications.
� 2016, The Society for Biotechnology, Japan. All rights reserved.
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Soil microorganisms are valuable sources of novel enzymes,
antibiotics and other biomolecules. Microbial enzymes are
potentially useful in a broad range of industrial and agricultural
applications. While a large number of enzymes are obtained from
culturable microbes using standard microbiological techniques,
these enzymes are derived from less than 1% of the total micro-
organisms present in the environment (1). Hence, the rate of
discovery of novel enzymes has decreased significantly and vast
microbial resources remain untapped. To circumvent this, meta-
genomics has emerged as an alternative approach to bio-
prospecting that involves direct cloning and screening of
environmental DNA (2). As a result, functional metagenomics has
led to the discovery of novel enzymes from unculturable
organisms.

Proteases hold amajor share of the global enzymemarket due to
their wide range of applications (3). Although proteases are pro-
duced by plants, animals, bacteria, fungi and archaea, microbial
proteases have the greatest industrial importance because they
offer ease of genetic manipulations and high yields. Alkaline serine
proteases play significant role in detergents, leather and food
processing, peptide and pharmaceutical synthesis, brewing, and
wastewater treatment (4). Serine proteases are endopeptidases
that utilize serine (S) within the active site as a nucleophile to
cleave peptide bonds. Aspartate (D) and histidine (H) are also
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involved in the formation of the catalytic triad at the enzyme active
site. Although many serine proteases have been previously char-
acterized, the search for additional enzymes is still in progress to
obtain more efficient enzymes for different industrial purposes.
Further, the metagenomic approach has only recently contributed
serine proteases from goat skin, forest and desert soil (5e7).

The activated sludge wastewater treatment process is a con-
ventional biological treatment of tannery effluent which employs
microbes for the degradation of proteins, lipids, and other pollut-
ants. Activated sludge from tannery effluent is therefore a rich
source of diverse microorganisms which produce enzymes with
robust degradative properties. Surprisingly, tannery effluents have
not yet been explored through metagenomic studies for the dis-
covery of enzymes. We report the construction of a metagenomic
library from the activated sludge of a tannery effluent treatment
plant. From this library, an alkaline serine protease was identified
and characterized which was resistant to oxidizing agents, metal
ions and organic solvents, while also displaying high compatibility
with SDS and commercial detergents.

MATERIALS AND METHODS

Bacterial strains, plasmids, and chemicals All chemicals of analytical and
molecular biology grade were purchased from SigmaeAldrich, India. pBluescript II
KS(þ) plasmid, pET 28a (þ), E. coli TOP-10 cells, and E. coli BL21(DE3)pLysS were
purchased from Invitrogen Bio Services India Pvt. Ltd.

General molecular procedures Restriction digestion, ligation, trans-
formation and PCR amplification were performed according to standard protocols
(8). Plasmid isolation and product purification were performed with EZ-10 Spin
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Column Plasmid Isolation kits/Gel Extraction Kit (Biobasic Inc., Canada). DNA
sequencing was performed by Eurofins Genomics Pvt. Ltd., Bangalore, India.

Sample collection and construction of soil metagenomic
library Activated sludge sample was collected from Common Effluent Treat-
ment Plant (CETP) for tanneries, located at Pallavaram (12�5704400N 80�80800E),
Chennai, India, and stored at �70�C until use. Total DNA was extracted from the
activated sludge sample using Fast DNA SPIN Kit (MP Biomedicals, Solon, OH, USA).
The isolated DNA was partially digested with BamHI, and fragments ranging from 1
to 8 Kb were gel eluted and cloned into BamHI linearized and dephosphorylated
pBluescript II KS(þ) vector. The ligation products were transformed into competent
E. coli TOP-10 cells and then plated in LB agar plates supplemented with ampicillin
(50 mg/mL), X-gal (20 mg/mL), and isopropyl-b-D-thiogalactopyranoside (IPTG)
(40 mg/mL) and incubated at 37�C overnight. The white recombinant clones were
selected and maintained in microtiter plates as glycerol stocks and stored at �70�C.

Screening the metagenomic library for proteolytic activity and subcloning
of the protease gene The recombinant clones were screened for proteolytic
activity on LB agar plates supplemented with ampicillin (50 mg/mL) and 1% (w/v)
skimmed milk (5) and incubated at 37�C for 48e72 h. Proteolytic clones were
selected based on the zone of clearance surrounding the colony. A clone
producing a significant clearance zone was further subjected to confirmation by
digestion with BamHI.

Sequencing and phylogenetic analysis Plasmid DNA was isolated from the
positive clone and primer walking was used to sequence the insert. The insert
sequence was analyzed for the presence of an open reading frame using ORF finder
(http://www.ncbi.nlm.nih.gov/gorf/). The ORF obtained was analyzed for sequence
similarity using BlastP against NCBI database and also MEROPS (http://merops.
sanger.ac.uk) database for identifying the protease class. Multiple sequence align-
ment was performed for the protein sequence with ClustalW (version 2.0) using the
neighbor-joining clusteringmethod (9). A bootstrapped phylogenetic treewith 1000
replicates was built using the neighbor-joining method with the Molecular
Evolutionary Genetic Analysis (MEGA) version 4.0 (10). An N-terminal signal
peptide was predicted with the Signal P 3.0 server (http://www.cbs.dtu.dk/
services/SignalP) (11). The physical and chemical parameters of the enzyme were
analyzed using ExPASy Protparam tool (http://web.expasy.org/protparam/). The
structure of the protein was predicted and a 3D model was constructed using
SWISS-MODEL (http://swissmodel.expasy.org/) (12). Pymol was used to visualize
and analyze the structure.

Cloning and overexpression of the protease encoding gene The full-
length ORF was amplified using a forward primer (50- GGG CAT ATG TCG CAT CGG
CTG CTG AAG AAG -30) and reverse primer (50- GGG GGA TCC TTA GCG TGT TGC
CGC TTC TGC-30). The amplified DNA was digested with NdeI and BamHI and
cloned in pET 28a (þ) digested with the same restriction enzymes. The
recombinant plasmid was transformed into E. coli BL21(DE3)pLysS competent
cells. The cells containing the recombinant plasmid were grown overnight at 37�C
in an LB media containing kanamycin (50 mg/mL). The culture was inoculated in
fresh media and incubated until the optical density at 600 nm reached 0.4. The
culture was then induced with 0.1 mM IPTG at 20�C overnight. The induced cells
were harvested by centrifugation at 12,000 �g for 10 min at 4�C. Induced and
uninduced fractions were analyzed by SDS-PAGE on a 12% polyacrylamide gel
(13). The cell pellet was washed with buffer containing 50 mM NaH2PO4 and
300 mM NaCl (pH 8.0) and the cells were disrupted by sonication (5 times, for
30 s at 30 s intervals) (Q Sonica, United States). The soluble fraction was collected
by centrifugation at 12,000 �g for 10 min at 4�C and the protein was quantified
using the method of Lowry et al. (14).

Enzyme assay for protease activity Protease activity was assayed by the
method described by Sareen et al. (15). One mL of 1% casein was prepared in 50 mM
glycineeNaOH buffer (pH 10) and 1 mL of diluted enzyme was prepared with the
same buffer. The reaction mixture was incubated at 50�C for 20 min. The reaction
was stopped by adding 10% trichloroacetic acid. The precipitate formed was
removed by centrifugation at 12,000 �g for 10 min at 4�C and the absorbance of
the supernatant was measured at 280 nm. One unit of protease activity was
defined as the amount of enzyme that could release 1 mg of tyrosine per minute
at 50�C. The soluble fractions were analyzed for the zone of clearance by a plate
diffusion assay. Uniform wells were punctured into a 1% agar media containing 1%
skimmed milk powder dissolved in 50 mM glycineeNaOH buffer (pH 10.0). 20 mL
of both uninduced and induced fractions were dispensed into the wells and the
plates were incubated at 37�C overnight and observed for a clearance halo around
the wells.

Purification of the recombinant enzyme Purification of the recombinant
protease was performed under non-denaturing conditions by Ni-NTA (nickel-
nitrilotriacetic acid) affinity chromatography (SigmaeAldrich). The cell biomass
was dispersed in binding buffer containing 50 mM NaH2PO4 and 300 mM NaCl
(pH 8.0). The suspension was sonicated and centrifuged at 12,000 �g for 30 min
at 4�C. The His-Select Nickel Affinity Gel (SigmaeAldrich) was thoroughly
suspended by gentle inversion and 1.5 mL of the gel was poured into a clean
chromatography column. The column was washed twice with deionized water to
remove the ethanol bound to the affinity gel. The column was then equilibrated
with 5 mL of binding buffer (50 mM NaH2PO4, 300 mM NaCl, pH 8). The soluble
fraction containing the recombinant enzyme was passed through the column. The
column was washed twice with 5 mL of wash buffer (50 mM NaH2PO4, 300 mM
NaCl, 50 mM imidazole, pH 8). The purified protein was eluted with 1 mL of
elution buffer (50 mM NaH2PO4, 300 mM NaCl, 250 mM imidazole, pH 8) and
analyzed in SDS-PAGE (12%).

Effect of pH and temperature on protease activity The effect of temper-
ature on protease activity was examined at a range of temperatures (20�Ce65�C) in
50 mM glycineeNaOH buffer (pH 11.0) using 1% casein as substrate. To determine its
thermal stability, the purified Prt1A protease was incubated at 50�C, 60�C, and 70�C
for 6 h. Activity before incubation was taken as 100% and residual activity for each
hour was determined. The effect of pH on Prt1A activity was determined by standard
assay at 50�C using 1% casein as substrate. The assay was performed in different pH
buffer systems such as sodium acetate buffer (pH 4.0, 5.0), sodium phosphate buffer
(pH 6.0), Tris buffer (pH 7.0, 8.0), and glycineeNaOH buffer (pH 9.0, 10.0, 11.0, 12.0,
12.5).

Effect of different additives on protease activity The effect of different
additives was assessed at the optimum temperature and pH by pre-incubating the
reaction mixtures for 30 min with various surfactants such as sodium dodecyl
sulfate (SDS), cetyltrimethylammonium bromide (CTAB), Tween 80, and Triton X
100 (1% and 5%); oxidizing agent H2O2 (1% and 5%); organic solvents such as
methanol, ethanol, isopropanol, hexane, and toluene (5% and 10%); metal ions
such as Ca2þ, Mg2þ, Mn2þ, Co2þ, Fe2þ and Zn2þ (1 mM and 5 mM); inhibitors such
as EDTA, DTT, 2-mercaptoethanol and PMSF (1 mM and 5 mM), and NaCl (0e2 M).
In all the experiments, the specific activity of the control without any of the
above-mentioned additives was taken as 100% activity and residual activity (%) of
the enzyme in the presence of the additives was determined in accordance with
the control.

Kinetic analysis Effect of substrate concentration on enzyme activity was
studied using as a casein substrate (0.1 mg/mLe50 mg/mL) at optimized pH (11.0)
and temperature (55�C). The Km, Vmax of saturation kinetics were determined
through a combination of non-linear fitting and regression of linearized forms to
allow for more rigorous assessment of the kinetic parameters and their associated
standard error and noted below under statistics. Protease kinetics was assumed to
fit saturation kinetics:

v ¼ vmax,S
Km þ S

(1)

Effect of different commercial detergents The protease activity in the
presence of commercial detergents such as Tide, Ariel (Procter & Gamble, India), Rin,
Surf excel (Hindustan Unilever Ltd.) and Henko (Jyothi Laboratories Ltd., India) was
tested by pre-incubating the enzymewith detergent at two different concentrations
(0.5% and 1%) for 1 h. Prior to the assay, the detergent solutions were incubated in
boiling water bath for 1 h to inactivate their native proteases. Reaction without
added detergent was taken as control and its specific activity was considered to
be 100%, while residual activities were calculated for the test samples measured
at pH 11.0 and 55�C.

Statistical analysis All the assays were performed in triplicate and the mean
and standard deviations were estimated for each assay. Student’s t-test was per-
formed with the software GraphPad Prism 5.0. The values were considered signifi-
cant if p < 0.05.

Parameters were assessed by least squares non-linear fitting (using MicroSoft
Excel Solver) as well as various linearized forms of saturation kinetics to allow for
rigorous assessment of standard error of the kinetic parameters (using Excel LINEST
function) and associated propagation of error for calculated parameters. Linear re-
gressions were performed for the popular linearized forms of saturation kinetics:
double-reciprocal (LineweavereBurk), HaneseWoolf and EadieeHofstee plots. In
addition, a non-linear fitting and assessment of standard error was also conducted
with Hyper32.exe written by Dr. John Easterby, U. Liverpool.
RESULTS

Construction and screening of metagenomic library for
proteolytic activity A clone library was constructed from the
metagenomic DNA of tannery activated sludge. Restriction diges-
tion of the resulting library was found to contain a wide range of
inserts (1.5e6 Kb) with the average insert size of w3 Kb. Screening
of 10,000 clones from the library for protease enzyme resulted in a
single positive clone showing a clear halo zone in skimmed milk
agar. The insert size of the clone after BamHI digestionwas found to
be 1.7 Kb.

Nucleotide and amino acid sequence analysis To identify
the gene conferring proteolytic activity, the plasmid isolated from
the positive clone was sequenced by primer walking. The sequence
revealed the presence of 1143 bp ORF (designated as prt-1A) which
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begins with ATG as start codon and TAA as stop codon with a GC
content of 48.3%. The ORF sequence was submitted to GenBank
under the accession number (KJ192208). The ORF sequence en-
codes a protein (designated as Prt1A) comprising 380 amino acids
with a predicted molecular mass of 38.8 KDa. The putative pro-
moter and ribosome binding site were present in the metagenomic
DNA insert. The BlastP analysis using NCBI non-redundant protein
FIG. 1. Alignment of the deduced amino acid sequence of Prt1A with other subtilisin protei
method with the program ClustalW 2.0. The protein sequence of Prt1A is highlighted in
licheniformis WP 021837258.1, B. circulans AEQ76892.1, B.lehensis AFK08970.1, Bacillus sp. AD
are highlighted and the catalytic triads D143, H173, S326 are indicated by asterisks.
database suggested that the Prt1A shared homology to several
proteases such as alkaline protease (P27693) of Bacillus
alcalophilus (92% identity), peptidase S8 (WP011245616.1) of
Bacillus clausii (91% identity), AprN gene (BAA25184.1) of Bacillus
sp. (75% identity), alkaline protease (AFK08970.1) of Bacillus
lehensis (74% identity) and peptidase S8 (KHF38445.1) of Bacillus
okhensis (67% identity). Sequence analysis of Prt1A using MEROPS
n sequences. Multiple sequence alignment was performed using the neighbor-joining
bold. Closely related species along with its GenBank accession number are Bacillus
K62564.1, B. polyfermenticus AAT45900.1, and B. clausii YP174261.1. Conserved residues



VOL. 122, 2016 CHARACTERIZATION OF METAGENOMIC ALKALINE PROTEASE 697
peptidase database revealed that it belongs to the S8A family of
serine peptidases under the sub family S08.038 which are
calcium ion binding endopeptidases. Multiple sequence
alignment with other closely related species confirmed the
presence of the conserved catalytic triad Asp143, His173, and Ser326
at its active site, proving it to be a class of subtilisins (Fig. 1).
Phylogenetic tree analysis using 27 alkaline proteases from
various sources illustrate that Prt1A is deeply rooted with the
alkaline protease of B. alcalophilus (P27693.1), B. clausii
(YP174261.1) and B. lehensis (FK08970.1) with bootstrap values of
64%, 63% and 60%, respectively. Signal sequence prediction
analysis showed that the N-terminus of Prt1A includes a 27
amino acid signal peptide sequence that likely facilitates export
(7). The enzyme had a theoretical pI value of 4.56, aliphatic index
of 91.21, GRAVY value of 0.005 and the estimated half-life was
greater than 10 h in E. coli. The three-dimensional structure of
Prt1A was modeled using the serine protease PB92 from B.
alcalophilus (PDB code: 1ah2; accession number: P27693; 92%
identity) as a template. The 3D model of Prt1A consists of 10 a-
helices and 16 b-strands. Proper model folding was suggested for
this model due to the close proximity of the catalytic triad Asp143,
His173 and Ser326 within the active site. These residues are located
on the loops between b6-a5, b7-a5 and b15-a8, respectively
(Fig. 2). These collective results further substantiate that Prt1A
belongs to the class of serine proteases.

Overexpression and purification of the protease The pro-
tease encoding ORF excluding the signal peptide sequence was
cloned in pET 28a (þ) vector containing an N-terminal His-tag and
overexpressed in E. coli BL21(DE3)pLysS. The enzyme activity was
isolated from the soluble fraction, which was confirmed by plate
assay with 1% skimmed milk powder (Fig. 3A). The enzyme was
active despite the presence of a His-tag prosequence in
accordance with Joshi and Satyanarayana (16). The soluble
fraction was subjected to affinity chromatography and the
purified protein was resolved on 12% SDS-PAGE which exhibited a
molecular mass of w39 KDa (Fig. 3B). The purified Prt1A enzyme
FIG. 2. Schematic representation of the 3D structure of Prt1A. The residues of catalytic tria
yellow and green, respectively. The letters N and C represents the respective termini of Pr
referred to the web version of this article.)
exhibited a 2.5 fold increase in specific activity to 101.1 � 2.2 U/
mg with a maximum yield of 54%.

Effect of pH and temperature on protease activity Prt1A
was confirmed to be an alkaline protease where activity gradually
increased from acidic to alkaline pH with a maximal activity
observed at pH 11.0 before rapid deactivation at higher pH (Fig. 4).
The optimal temperature for the maximum activity was obtained at
55�C. The highest activity was considered as 100%. Relative activity
of 75% was retained at 50�C and 60�C. The activity was further
reduced to 60% at 40�C and 35% at 70�C (Fig. 5A). Upon analyzing
the thermal stability of the enzyme, no significant loss of enzyme
activity was observed up to 3 h at 50�C and 2 h at 60�C,
respectively. After 6 h of incubation, 75% residual activity was
retained at both 50�C and 60�C, where the enzyme was rapidly
inactivated to less than 20% activity at 70�C (Fig. 5B).

Effect of additives and detergents on protease
activity Residual activity of Prt1A protease in the presence of
various additives is shown in Table 1. The enzyme was stable and
retained more than 90% residual activity in the presence of 5%
SDS, Tween 80, and Triton X 100, while cationic detergent CTAB
(5%) was found to reduce the activity significantly. The protease
was tolerant to oxidizing agent H2O2 and retained the residual
activity of 96% at 1% H2O2 and 60% residual activity at 5% H2O2
after 30 min incubation.

Aliphatic solvents ethanol, methanol, and isopropanol (both 5%
and 10%) enhanced the activity of the enzyme; hexane (10%) was
found to reduce the activity to 72%, whereas aromatic solvent
toluene (10%) was found to decrease the activity to 44%. Upon
analyzing the effect of metal ions on protease activity, Ca2þ ions had
stimulatory effect on the activity of Prt1A enzyme, demonstrating it
to be a calcium ion binding protein; Mg2þ, Mn2þ, Co2þ and Fe2þ

ions did not have any influence on the activity; Zn2þ ions were
found to decrease the activity by 50%.

There was no significant loss of enzyme activity with the addi-
tion of 1mM ethylenediaminetetraacetic acid (EDTA), dithiothreitol
(DTT) and 2-mercaptoethanol. The residual activity retained with
d are represented as sticks in blue. A helix, b strands and coils are represented in red,
t1A. (For interpretation of the references to colour in this figure legend, the reader is
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FIG. 3. (A) Plate assay for expression of protease activity in 1% skim milk agar plate.
Well 1, soluble cell lysate of E. coli BL21(DE3) pLysS with empty vector pET 28a (þ).
Well 2, soluble cell lysate of uninduced Prt1A. Well 3, soluble cell lysate of induced
Prt1A. Twenty microliter of induced cell lysate (100 mg) was loaded into the wells. (B)
SDS-PAGE analysis of Prt1A. The uninduced and induced cell fractions of E. coli
BL21(DE3)pLysS containing the recombinant plasmid and purified protease Prt1A was
analyzed on 12% polyacrylamide gel. Lane M, protein molecular weight marker (me-
dium range: 14.4e97 KDa); lane 1, uninduced proteins; lane 2, induced proteins with
overexpressed target protein (38.8 KDa); lane 3, purified protein Prt1A (38.8 KDa). The
corresponding protein samples (20 mL) were loaded in each lane and electrophoresed
at 100 V followed by Coomassie brilliant blue staining procedure.

FIG. 4. Effect of pH on Prt1A activity. The activity of the enzyme was measured at 50�C
using 1% casein as a substrate. Different pH buffer systems such as 50 mM sodium
acetate buffer (pH 4.0 and 5.0), 50 mM sodium phosphate buffer (pH 6.0), 50 mM Tris
buffer (pH 7.0 and 8.0) and 50 mM GlycineeNaOH buffer (pH 9.0, 10.0, 11.0, 12.0, and
12.5) was used for the assay. Results are the mean � SD of the three replicates. The bars
represent the standard error of three replicas. Relative activity was plotted against
different pH. Relative activity of 100% represents 112.4 U/mg of specific activity.
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5 mM EDTA was 95%. The residual activity retained with the
addition of 5 mM DTT and 2-mercaptoethanol was 94%. Activity
was drastically reduced by the addition of 5 mM phenyl-
methylsulfonyl fluoride (PMSF). Prt1A enzyme retained 80% activity
at 0.5MNaCl and the activity was reduced to 50% at 1MNaCl. Prt1A
was able to retainmore than 80% residual activity for Tide, Surf, and
Rin and 70% activity for Ariel and Henko at 0.5%. The enzyme
retained more than 60% activity at 1% detergent. These results
indicate the efficacy of Prt1A as a detergent additive.

Kinetic studies Saturation kinetic parameters of the recom-
binant Prt1A enzyme were analyzed from proteolysis rates
measured in a range of casein substrate from 0.1 to 50 mg/mL. The
initial rate of the reaction of the enzyme was measured in triplicate
under optimal conditions of pH 11 and 55�C temperature. The
putative alkaline serine protease Prt1A had an apparent Vmax and
Km values of 278.2 U/mg/min and 1.70 mg/mL, respectively, when
assessed by least squares non-linear fitting. The LineweavereBurk
plot significantly over-estimates the maximum enzyme velocity
with a large standard error (361 � 332 U/mg/min) due to
variations in the assay at very low substrate levels. The
EadieeHofstee plot does the best job of distributing the
experimental measurements and generates an associated
standard errors (Vmax ¼ 263 � 11 U/mg/min;
Km ¼ 1.493 � 0.118 mg/mL) comparable to the hyperbolic fitting
methods (Fig. S1).

DISCUSSION

A unique serine protease was identified from a tannery waste
metagenomic library using a functional expression screen. Based on
an average 3 Kbp insert, the screen involved w30 Mbp of DNA,
which corresponds to 4e6 microbial genomes. Since a bacterial
genome can be expected to have dozens of secreted proteases (17),
the screening yield observed here is rather low. However, it should
be recognized that this approach relies on functionality of expres-
sion and secretion based on heterologous organism DNA se-
quences. Recent work has demonstrated the ability to greatly
broaden the metagenomic expression space of E. coli by expressing
heterologous transcription sigma factors (18). Another consider-
ation could be the codon usage in the host expression. The low
expression levels in the host system could also be due to the
presence of more rare codons in the heterologous gene (19). It
would be interesting to further explore our tannery metagenomics
library with an E. coli platform that contains such enhanced cross-
species promoter recognition to see if the predicted order of
magnitude improvement in heterologous expression would be
achieved.

Despite the limitation of expressing proteins from heterologous
promoters in E. coli, a unique serine protease was identified and
characterized from the metagenomic library of tannery activated
sludge. The DNA GC content of Prt1A (48.3%) may have contributed
to successful expression in E. coli which has a similar GC content
(w50%). Surprisingly, Prt1A did not display activity towards azo-
keratin, but high activity against casein as a substrate. Optimum
activity was observed at a temperature of 55�C with thermosta-
bility up to 6 h between 50�C and 60�C. Such thermostable pro-
teases findwide application in the detergent and laundry industries
as well as in tannery processes (20). It displayed an optimal pH of
11.0 and exhibited stable activity over a broad range of pH from 7.0



TABLE 1. Effect of various additives on Purified Prt1A enzyme activity.

Additive Residual activity

Surfactant/oxidizing agent 1% 5%
Control 100 � 1.0 100 � 1.0
SDS 99.6 � 0.56a 92.9 � 0.39
Tween 80 95�0.80 82.5 � 1.0
Triton X 100 95.4 � 0.44 78.8 � 0.50
CTAB 55.4 � 0.28 44.4 � 0.33
H2O2 96.3 � 0.44 60.7 � 0.32

Organic solvent 5% 10%
Control 100 � 1.0 100 � 1.0
Methanol 111 � 0.33 194.5 � 0.56
Ethanol 102 � 0.50 168.8 � 0.33
Isopropanol 146.6 � 0.56 202.2 � 0.11
Hexane 91.5 � 0.22 72.2 � 0.44
Toluene 55.4 � 0.39 44.4 � 0.50

Metal ion 1 mM 5 mM
Control 100 � 0.9 100 � 1.2
Ca2þ 100 � 0.35 120.0 � 0.56
Co2þ 98.7 � 0.23a 96.5 � 0.33
Mn2þ 94.6 � 0.34 88.2 � 0.29
Mg2þ 92.5 � 0.42 84.6 � 0.50
Fe2þ 92.6 � 0.42 80.5 � 0.9
Zn2þ 83.2 � 0.63 40.9 � 0.44

Inhibitor 1 mM 5 mM
Control 100 � 1.0 100 � 0.9
EDTA 99.8 � 0.83a 94.9 � 0.56
DTT 95.2 � 0.68 92.5 � 0.50
Beta mercaptoethanol 97.2 � 0.36 91.2 � 0.29
PMSF 35.7 � 0.42 12.80 � 0.33

P value was found to be <0.05 and considered to be statistically significant.
a Non-significant values (p > 0.05).

FIG. 5. Effect of temperature on the activity of purified Prt1A. (A) Optimum reaction
temperature of purified Prt1A. The enzyme activity was measured at different tem-
peratures ranging from 20�C to 65�C. The assay was performed in 50 mM glyci-
neeNaOH buffer (pH 11.0) with 1% casein as a substrate. Results are the mean � SD
from the three replicates. Bars represent the standard error of three replicas. Relative
activity was determined for each temperature. Relative activity of 100% represents the
specific activity of 112.4 � 0.8 U/mg. (B) Thermal stability of purified Prt1A. The
enzyme was incubated in 50 mM glycineeNaOH buffer (pH 11.0) at temperatures 50�C,
60�C and 70�C for 6 h. Results are the mean � SD of the three replicates. The bars
represent the standard error of three replicates. Enzyme activities were measured
using the standard assay described by Sareen et al. (15) and residual activities were
determined. Activity before incubation was considered as 100%.
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to 11.0, which coincides with many of the previously reported
alkaline proteases (21). The Km and Vmax values indicate that the
Prt1A protease has very high affinity for the substrate casein. The
Vmax, in particular, is about twice as high as that observed for the
alkaline protease of Bacillus subtilis measured by comparable
methods and substrate (22).

Ionic surfactants tend to destabilize protease activity (23);
however, Prt1A was resistant to the anionic detergent SDS, in
addition to nonionic detergents Triton X 100 and Tween 80. Many
detergent industries use oxidizing agents for bleaching purposes.
Prt1Awas resistant to oxidizing agent H2O2 (5%) by retaining 60% of
its activity. These features of surfactant and oxidant resistance are
attractive for the enzyme use as a detergent additive. The addition
of organic solvents such as methanol, ethanol, and isopropanol
enhanced the enzyme activity, in contrast to hexane and toluene
which significantly decreased the activity. The demand for organic
solvent resistant alkaline proteases has dramatically increased due
to their efficient catalytic activity in organic synthesis reactions
(24). Thus, Prt1A might be used as an effective catalytic agent for
in vitro peptide synthesis. Alteration of enzyme catalysis by aro-
matic solvents can be attributed to hydrogen bond disruption, hy-
drophobic interactions, folding of the enzyme, and conformational
changes (25,26). The presence of hydrophobic amino acids at the
active site of Prt1A enzyme could interact with the aromatic sol-
vents and result in structural changes which lead to loss of activity.

Metal ions at a concentration of 5 mM did not affect the enzyme
activity except for Zn2þ. It was reported that proteases stable to
metal ions are suitable for leather processing and sewage treatment
(27). Crystallographic studies have proven the structural role for
calcium in many subtilisins facilitating enzyme activation (28).
Consistent with this observation, the catalytic activity of the Prt1A
enzyme was enhanced by the addition of Ca2þ ions. The enzyme
was stablewhen treatedwith 0.5MNaCl, which could contribute to
effectiveness in tannery effluent treatment andmeat tenderization.

The enzyme was stable in the presence of EDTA, indicating that
the Prt1A enzyme is not a metalloprotease. DTT and 2-mercap-
toethanol are reducing agents that cleave the disulfide bonds (7).
Consistent with the lack of reducing agent effects, Prt1A contains
only one cysteine residue which precludes cleavage of internal di-
sulfide bonds. The enzyme activity was drastically reduced upon
addition of PMSF, a potent serine protease inhibitor (29). The sta-
bility of the Prt1A enzyme with a wide range of commercial de-
tergents is in concordance with several other alkaline proteases
that were also reported to be compatible with commercial de-
tergents (30,31).

An alkaline serine protease (Prt1A) was identified and charac-
terized from uncultured bacterium through screening a meta-
genomic library. The enzyme is thermostable (up to 60�C) and also
works at highly alkaline conditions (pH 11.0). It is stable in the
presence of SDS, EDTA and commercial detergents. It is tolerant
towards organic solvents (10%), oxidizing agent, NaCl (0.5 M) and
metal ions (5 mM) and hence could be used in wastewater
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treatment and leather processing. Thus, an alkaline serine protease
(Prt1A) obtained from the tannery activated sludge has broad po-
tential for numerous industrial applications. Further protein engi-
neering studies are justified in order to increase the activity and
stability of the enzyme for specific environmental conditions of
commercial interest.

Supplementary data to this article can be found online at http://
dx.doi.org/10.1016/j.jbiosc.2016.05.012.
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