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Abstract A gene encoding an extracellular protease from Dichelobacter nodosus was character-
ized and expressed in E. coli rosetta-gami (DE3). The nucleotide sequence analysis revealed an
ORF of 1427 bp ecoding 475 amino acids long protein of calculated molecular weight 50.6 kDa
and pI value 6.09. The phylogenetic analysis showed relatedness to subtilisin-like serine proteases
of peptidase S8 family. The amino acid sequence analysis showed presence of N-terminal pre-
peptide (1–23 aa), pro-peptide (24–160 aa), peptidase S8 domain (161–457 aa), and a C-terminal
extension (458–475 aa). The gene harboring native signal peptidewas expressed in pET-22b(+) for
production of AprV2 recombinant protein. SDS-PAGE revealed the highest production of IPTG
induced recombinant protein ∼37 kDa at 16 °C after 16 h. The purified protein after Ni-NTA
affinity chromatography showed single protein band of ∼37 kDa which was also confirmed by the
detection of blue coloured band of same size inWestern blotting. The recombinant protein showed
activity over broad temperature and pH range with optimum at 35 °C and pH 7.0. Similarly, the
enzyme was stable over broad range 15–65 °C and 4–10 pHwith maximum stability at 25 °C and
pH 6. The activity of purified enzyme was also stimulated in the presence of Ca2+. The purified
enzyme showed highest activity towards casein as compared to gelatin and BSA. These findings
suggest AprV2 as an important candidate for industrial applications such as pharmaceuticals.
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Introduction

Dichelobacter nodosus is an anaerobic, Gram-negative bacterium responsible for causing
footrot disease in ruminants [1, 2]. Footrot is characterized by redness and soreness of the
hoof skin leading to extreme lameness and failure of body functions [3, 4]. The proteases
secreted byD. nodosus are important virulence factors enabling bacteria to establish in hoof of
the affected animal. They act by digesting the tissue of the hooves, colonize themselves, and
initiate the pathogenesis.

The proteases are produced as inactive precursors in the cytoplasm and converted to active
mature enzyme in the extracellular environment after autocatalytic processing [5]. Several
precursor proteases have been identified from pathogenic bacteria Bacillus anthracis, Serratia
sp., Streptococcus pneumoniae, Vibrio sp., and Yersinia pestis [6–8]. Proteases maintain the
structure of various organs and functions like blood clotting, the lysis of blood clots, process-
ing and transport of secretory proteins across membranes and as pathogenic factors by
inducing restricted proteolysis [9]. Proteases are also involved in the treatment of heart and
lung disorders, digestive and eye disorders, soreness and ulcers in skin [10]. Accordingly,
proteases are gaining attention in medical research and drug development as little information
is available on their therapeutic applications [11, 12].

In the present study, AprV2 gene has been cloned and expressed in heterologous host and
purified recombinant protein has been characterized for its molecular weight, optimum temper-
ature and pH, metal ions and substrate specificity with suitability for use as therapeutic agent.

Materials and Methods

Isolation and Identification of D. nodosus

D. nodosus previously isolated from a case of virulent footrot from goat was revived by adding
1 ml of tripticase arginine serine (TAS) broth to the lyophilized culture [13] and streaked on
TAS agar with 2 % hoof powder. The plate was incubated in an anaerobic jar at 37 °C for
4 days. Morphologically suspected colonies were confirmed using Gram staining.

Molecular Characterization of D. nodosus

The genomic DNA was isolated from pure bacterial culture and amplification of 16S rRNA
gene corresponding to variable regions of D. nodosus was carried out using PCR [14]. PCR
reaction was carried out in 50 μl reaction volume composed of 2 μl (50–100 ng) of template
DNA, 1 μl of each 10 μM primer, 0.5 μl of 10 mM dNTPs mix, 5 μl of 10× Taq buffer and
0.25 μl (5 U μl−1) of Taq polymerase (Promega Corporation, USA). The final volume was
adjusted using nuclease-free water. PCR amplification was performed in thermal cycler
(Applied Biosystems, USA) at 94 °C for 2 min followed by 5 amplification cycles of 94 °C
for 30 s, 62 °C for 30 s, and 72 °C for 30 s, and 25 amplification cycles involving denaturation
at 94 °C for 30 s, 58 °C for 30 s, and 72 °C for 30 s, with a final extension at 72 °C for 8 min.
The amplicons were separated on 1 % (w/v) agarose gel stained with ethidium bromide.
Serogrouping of D. nodosus was done based on fimbrial gene (fimA) using primers specific to
A-I serogroup [15]. Virulence testing of the isolate was carried out by the detection of IntA
gene [16] and gelatin gel protease thermostability assay [17].
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Cloning and Sequencing of Protease Gene (AprV2)

The genomic DNA was used for the amplification of gene encoding the entire coding region
and 5′ and 3′ flanking regions of complete AprV2 protease. The complete ORF encoding a
precursor protease along with signal peptide sequence was amplified using primer pairs with
inbuilt NdeI/Xho1 restriction sites 5′-GAC AGA ATT CCC ATATGA AAC GAT TCATTA
TGA ACA AAA TG-3′ and 5′-TGT AAG CTT CTC GAG ACG ATT GCC TTC-3′.
Amplification was carried out using Pfu DNA Polymerase (Promega Corporation, Madison,
USA), and the purified PCR product was ligated into pET-22(b)+ plasmid pre-digested with
the same restriction enzymes and transformed into E. coli DH5α, and the construct was named
as pET-AprV2. Positive clones were confirmed by colony-PCR and final confirmation was
done using nucleotide sequencing from First BASE laboratories Sdn, Bhd, Selangor, Malaysia.
The sequence similarity search was done using BLASTN of National Center for Biotechnol-
ogy Information [18]. The amino acid sequence was obtained from nucleotide sequence using
Expasy translate tool (http://www.expasy.org/) and domains were predicted using Simple
Modular Architecture Research Tool (SMART) [19]. The catalytic triad, active site residues,
and conserved domains were analyzed using NCBI-CDD (www.ncbi.nlm.nih.gov/cdd) [20].
The protein sequences were retrieved from the MEROPS and NCBI database and phylogenetic
tree was prepared in Mega 5 using neighbor-joining method [21].

Structural Features

Based on the crystal structure of peptidase domain of acidic extracellular subtilisin-
like protease AprV2 from D. nodosus VCS1703A (PDB ID-3PLA; Uniprot ID
A5EXI3), the structure was modeled by automated modeling using SWISS-MODEL
(http://swissmodel.expasy.org) [22]. The quality of final model was assessed with
QMEAN server [23]. PROCHECK was performed to assess the stereo-chemical
qualities of the 3D models. The model was validated using Structural Analysis and
Verification Server version 4.

Expression and Purification of Recombinant Protease

For expression analysis, the recombinant plasmid was further transformed into E. coli
rosetta-gami (DE3) with 50 μg ml−1 ampicillin and 34 μg ml−1 chloramphenicol. The
clones harboring recombinant plasmid grown in LB medium were induced with 1 mM
IPTG at 16 °C. For time course expression analysis, samples were harvested after 4, 8,
and 16 h for optimum production of recombinant protein. The harvested cells were
resuspended in 50 mM Na2HPO4, 300 mM NaCl, pH 8.0 buffer for lysis and disrupted
by sonication and centrifuged to collect the supernatants. The fractions were analyzed on
SDS-PAGE for expression of the recombinant protein, and molecular weight was deter-
mined using unstained protein molecular weight marker (Invitrogen) after staining with
Coomassie Brilliant Blue R-250.

The recombinant protein was purified using His-Trap Ni-NTA column (GE Healthcare,
Sweden) and analyzed on SDS-PAGE after staining with CBBR-250. The detection of
recombinant protein was confirmed on Hybond-P PVDF membrane using primary 6x-His
tag monoclonal mouse antibodies HRP-conjugate in the presence of chromogenic substrate 4-
chloro-1-naphthol for 1 h in Western blotting.
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Protease Assay

Protease activity was measured bymodifications in Folin and Ciocalteu’s reagent-based assay [24,
25]. The reaction was carried out using 25 μl of purified protease mixed with 130 μl of 0.6 %
casein. The mixture was incubated at 37 °C for 30 min and stopped after addition of 130 μl of
10 % trichloroacetic acid. The reaction mixture was centrifuged at 12,000 rpm for 5 min and short
peptides and free amino acids were determined by adding Folin-Ciocalteu’s phenol reagent
(Sigma-Aldrich, USA). One unit of enzyme activity determines the enzyme that liberated 1μmole
of tyrosine per minute. Standard curve was prepared using known concentrations of tyrosine.

Characterization of Recombinant Protease

The optimum temperature for protease activity was determined at a temperature range of 15–
65 °C for 30 min. The stability was measured by keeping the enzyme at different temperatures
for 1 h before adding the substrate, and activity was measured under standard conditions. The
pH profile of protease activity was determined at 4–10 pH using 100 mM sodium acetate
(pH 4–5), 100 mM sodium phosphate buffer (pH 6–7), 100 mM Tris–HCl (pH 8–9), and
100 mM Glycine-NaOH buffer (pH 10) [25]. Similarly, the pH stability was determined by
incubating the enzyme in buffers of different pH (4–10) for 1 h and enzyme activity was
measured under standard assay conditions.

The effect of metal ions Ca2+, Mg2+, Na+, Cu2+, and EDTA at a concentration of 10 mM
was studied by pre-incubating the metal ions with purified enzyme for 1 h [26]. The residual
activity was measured by Folin-Ciocalteu’s phenol reagent as described above. The activity
measured without metal ions was considered as 100 % enzyme activity.

The specificity of the purified enzyme for different substrates was also tested with casein,
BSA, and gelatin. The protease activity was measured under standard assay conditions, and
casein was taken as control.

Statistical Analysis

The enzyme assays were done in triplicates. Differences between mean values were deter-
mined, and standard error was indicated by vertical bars in figures. ANOVA was performed,
and mean values were compared by CD value at p=0.01 in tables. All the statistical analyses
were performed using STATISTICA version 10.

Nucleotide Sequence Accession

The nucleotide sequence was submitted to NCBI-GenBank with accession number JQ082891.

Results and Discussion

Identification of D. nodosus

The bacterial strain D. nodosus appeared as transparent colonies with elevated centers on TAS
agar after 4 days and curved Gram-negative rods with bulged ends in staining. The strain
identified based on 16S rRNA gene showed PCR product of ∼783 bp.
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The serotyping based on fimA and intA gene classified bacterial isolate as serotype B and a
virulent strain showing amplified PCR products of 283 and 530 bp, respectively, which is also
supported by the liquefaction of gelatin in well plate assay.

Cloning and Sequencing of the Protease Gene

The AprV2 gene cloned in E. coli-rosetta gami using pET-22b(+) vector gave sequence length
of 1760 bp containing the entire coding region and 5′ and 3′ flanking regions in comparison to
1422 bp (FN674446) [27], 1803 bp (ABQ13853) [28], and 2160 bp (L38395) [29] reported in
D. nodosus. The deduced amino acid sequence displayed 99.8, 99.6, and 97 % homology with
peptidase S8, V2 protease, and acidic protease V2 from D. nodosus, respectively (Table 1).
The phylogenetic analysis of AprV2 showed close relatedness and clustering with the acidic
serine proteases belonging to the peptidase S8 family (Fig. 1). The homology based on amino
acid sequences of S8 family showed clustering of AprV2 serine protease with various
subtilisns of bacterial origin in S8A subfamily (Fig. 2).

Sequence Analysis and Structural Features

The sequence analysis of AprV2 revealed an ORF of 1427 nucleotides encoding 475
amino acids long protein with calculated molecular weight 50.6 kDa and theoretical pI
value 6.09. The analysis of AprV2amino acid sequence showed a conserved catalytic
domain of peptidase S8 family along with the presequence and prosequence in the
protein. The signal peptide of 23 amino acids with cleavage site between Ser23 and
Ala24 residues followed by a propeptide between 24 and 160 amino acid residues, a
mature peptidase domain between 161 and 457 amino acid residues, and small C-
terminal extension of 458–475 amino acids (Fig. 1S, supplementary data). AprV2 is
secreted as a precursor protein similar to the precursor proteases reported in Bacillus
subtilis, Bacillus alcalophilus, Bacillus licheniformis, D. nodosus, and Staphylococcus
aureus [30–33]. Three residues Asp169, His233, and Ser405 located in the mature
domain of AprV2 formed a catalytic triad center (Fig. 1S), which is a characteristic
feature of subtilisin-like serine proteases [34]. The geometric orientations of these
residues are common but arrangement order of these amino acids in trypsin-like domain
is HDS and SDH in carboxypeptidases [35].

A comparison of the predicted 3D structure of AprV2 with template 3PLA_A predicted
21.5 % helices, 20.9 % sheets, and 57.6 % loops (Fig. 3a) smoothly superimposed on the

Table 1 BLAST analysis of AprV2 serine protease from Dichelobacter nodosus

Identification Protease type Amino acid identities Identity (%)

Peptidase S8 Serine 473/474 99.8

V2 protease Serine 472/474 99.6

Acidic protease V2 Serine 460/474 97

Extracellular basic protease Serine 346/469 73.7

Serine protease Serine 345/469 73.6

Protease Serine 318/472 67.4

Acidic protease V5 Serine 317/473 67
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template. The mature domain of AprV2 protease modeled using template 3PLA_A with
100% sequence identity and 61% sequence similarity gave QMEAN score 0.733 within the
prescribed limits (0–1) represented good quality and closeness of the model with the
experimentally validated structure of 3PLA_A. Ramachandran plot depicted 85.1 % amino
acid residues in the most favored regions, 14.6 % amino acid residues in the additional
allowed regions, and only 0.3 % amino acid residues in the disallowed conformations. The
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Fig. 1 Phylogenetic analysis of AprV2 protease from Dichelobacter nodosus based on amino acid sequence
representing different clusters by using neighbor-joining method. Values shown next to branches are the
percentage replicate tree with associated proteases clustered in the bootstrap test. The evolutionary analysis
was conducted in MEGA 5 and distances computed using Kimura 2-parameter method. GenBank accession
numbers of proteases are also provided
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Fig. 2 Neighbor-joining tree of AprV2 with members of the S8A subfamily of serine proteases based on amino
acid sequences. Bootstrap values are expressed as percentages of 1000 replications and are shown at the nodes.
The evolutionary analysis was conducted in MEGA 5 and distances computed using Kimura 2-parameter method
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alignment of model protein with template 3PLA_A showed root mean squares deviation
(RMSD) of 0.1 Å indicating the complete superimposition of atoms on the template and
showed validation score of 99.7 % in VERIFY_3D, reflecting good quality of the protein
model. AprV2 also showed the presence of conserved active site residues D169, H233,
V239, S305, L306, G307, A333, G335, N336, and S405 in the peptidase domain which
appeared closely in the 3D structure forming a pocket but distantly placed in the primary
structure (Fig. 3b).

Purification and Characterization of the Recombinant Enzyme

SDS-PAGE showed highest production of recombinant protein at 16 °C after 16 h induction
with 1 mM IPTG (Fig. 4a). However, in similar studies, maximum recombinant protease
production has been reported from 16–30 °C after 16-h induction in E. coli from D. nodosus
[33, 36]. The recombinant proteins purified using Ni-NTA affinity showed single protein band
of ∼37 kDa (Fig. 4b) which was also confirmed by the detection of blue colored band of the
same size in Western blot analysis (Fig. 4c). These results indicated the removal of pre-
propeptide region ∼20 kDa from the precursor protein as the ∼37 kDa mature protein along
with His-tag was detected on SDS-PAGE. Similarly, the purified protein of size ∼37 kDa has
already been reported in various strains of D. nodosus [33]. The processing of precursor
protease AprV2 appeared responsible for variation in the size of mature protein which was
predicted 50.6 kDa at nucleotide level and observed ∼37 kDa at the protein level in SDS-
PAGE. These cleavable propeptides in the precursor proteins act as intramolecular chaperone
to maintain protein conformation but are not involved in the translocation of protein [37].
Thus, it was indicated that C and N-terminal processing in AprV2 is important for the secretion
of mature active protease to the extracellular medium. The uncleaved prosequence inhibits
activity on interaction with the active site of catalytic domain [38].
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Fig. 3 a Structural analysis of AprV2 protease from Dichelobacter nodosus based on the available 3D structure
of 3PLA in PDB showing helices, sheets, and catalytic triad D169, H233, and S405 in colored spheres. b Surface
diagram of AprV2 protease showing active site residues in different colors against the gray background. The
graphical presentations were made in PYMOL
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The protease activity of AprV2 after cleavage of pre-propeptides was confirmed using
casein, showing 98.4 U mg−1 increase in specific activity after purification. The purified
protease was active over temperature range 15 to 65 °C and pH 4–10 with optimum activity
at 35 °C and pH 7 (Fig. 5). In similar studies, the recombinant proteases have been reported
optimally active at 25–65 °C and pH 7–8 from Bacillus spp., Colwellia sp., D. nodosus, and
Pseudoalteromonas spp. [30, 39–43]. Similarly, the purified protease was stable over temper-
ature 15–55 °C and pH 5–10 (Fig. 5). The serine proteases have also been reported stable at
35–50 °C from goat skin surface metagenome and metagenomic cosmid library from the
coastal sediments near Antarctic [44, 45]. The effect of metal ions showed significant increase
in protease activity by Ca2+ and retained more than 90 % activity in the presence of Na+, Mg2+,
and Cu2+ as shown in supplementary data (Table 1S), similar to the effect of metal ions on
proteases from Flavobacterium psychrophilum, Flavobacterium balustinum, and Serratia
rubidaea [46–48]. Ca2+ has been reported to maintain stable conformation and protection
against thermal denaturation of protein. Mg2+ and Cu2+did not show much effect on the
activity while retained 57 % activity in the presence of EDTA (Table 1S) similar to the
proteases reported from Colwellia sp. [40], B. subtilis [42], and Serratia marcescens [49].
The purified protease showed 100 % activity for casein, 95 % for BSA, and 68 % for gelatin
given as supplementary information (Table 2S), which is an important feature of proteases to
discriminate among competing substrates; also advantageous for use in pharmaceutical appli-
cations [50, 51]. These reported proteases have role in industrial applications like detergent,
leather and food processing. But, there is no report on functional characterization of AprV2
protease from D. nodosus from India. The properties like stability and activity over broad
range of temperature and pH, and substrate selectivity also suggested its potential and
suitability for use in therapeutic applications like skin debridement, anti-inflammatory, anti-
microbial, and clot dissolving agents. There is an immense need to explore such bacteria
competent in producing proteases of commercial potential.
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Fig. 4 a Time course analysis of recombinant protein AprV2 expressed in E. coli rosetta-gami (DE3): 1,
uninduced protein after 4 h; 2, IPTG induced protein after 4 h; 3, uninduced protein after 8 h; 4, IPTG induced
protein after 8 h; 5, uninduced protein after 16 h; 6, IPTG induced protein after 16 h. b Purification of 6x-His
tagged recombinant protein using affinity chromatography: 1, IPTG induced recombinant protein AprV2; 2,
purified protein after Ni-NTA chromatography. c Confirmation of 6x-His tagged recombinant proteins using
Western blot assay: 1, IPTG induced recombinant protein AprV2 after chromatography; M, prestained protein
molecular weight marker
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Conclusions

The recombinant protease was found subtilisin-like acidic serine type of peptidase S8 family.
The protease expressed in E. coli rosetta-gami (DE3) using pET-22b(+) vector encoded
∼50.6 kDa protein, resulted in ∼37 kDa mature protein after removal of signal peptide and
pre-propeptide region. The processing of precursor protease appeared responsible for size
variation from the predicted size. The activity and stability over broad range of temperature
and pH, and substrate specificity also suggested its potential for use in therapeutic applications.
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