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Cloning and characterization of the gene encoding a
solvent-tolerant protease from the haloalkaliphilic bacterium
Geomicrobium sp. EMB2 are described. Primers designed
based on the N-terminal amino acid sequence of the
purified EMB2 protease helped in the amplification of a
1,505-bp open reading frame that had a coding potential
of a 42.7-kDa polypeptide. The deduced EMB2 protein
contained a 35.4-kDa mature protein of 311 residues, with
a high proportion of acidic amino acid residues. Phylogenetic
analysis placed the EMB2 gene close to a known serine
protease from Bacillus clausii KSM-K16. Primary sequence
analysis indicated a hydrophobic inclination of the protein;
and the 3D structure modeling elucidated a relatively
higher percentage of small (glycine, alanine, and valine)
and borderline (serine and threonine) hydrophobic residues
on its surface. The structure analysis also highlighted
enrichment of acidic residues at the cost of basic residues.
The study indicated that solvent and salt stabilities in
Geomicrobium sp. protease may be accorded to different
structural features; that is, the presence of a number of
small hydrophobic amino acid residues on the surface and
a higher content of acidic amino acid residues, respectively.
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Proteases are the earliest-known enzymes and extensively
characterized from a variety of sources. The ability to
withstand detergents and stability in solvent medium are
new attributes pointed out in some of these enzymes [4, 16,
24]. The stability in salt/solvents and the structural features
that are responsible for these enzymatic properties are yet
to be fully understood.
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A few proteases from moderately halophilic bacteria
have been purified and studied; namely, those from
Bacillus sp. no. 21-1 [13], haloalkaliphilic Bacillus sp. Vel [7],
Filobacillus sp. RF2-5 [8], Halobacillus sp. SR5-3 [22],
Salinivibrio sp. strain AF-2004 [16], haloalkaliphilic
bacterium sp. AH-6 [4], and Halobacillus karajensis [15].
Reports on the protease gene are still less documented; for
example, halolysin 172P1 from Natrialba asiatica [12],
halolysin R4 from Haloferax mediterranei [11], Spt A
from Natrinema sp. J7 [30], SVP2 from Salinivibrio sp.
strain AF-2004 [17], Nep from Natrialba magadii [3], CP1
from Pseudoalteromonas ruthenica [28], and PCP-03 from
Pseudoalteromonas sp. SM9913 [32]. Only limited knowledge
is available on their three-dimensional structure [20].
Characterization of the biochemical properties in combination
with the gene information would be helpful to improve the
understanding of halophilic proteases.

We have previously reported the isolation of a moderately
haloalkaliphilic Geomicrobium sp. EMB2 strain from
Sambhar Salt Lake, India. This strain was polyextremic,
and thus able to grow in the presence of high salt
concentrations as well as alkaline conditions. Furthermore,
it secreted a novel protease, which was catalytically active
and stable at high concentrations of a wide range of organic
solvents. Geomicrobium sp. EMB2 protease was purified
to homogeneity by hydrophobic interaction chromatography
and found to be a 38-kDa serine protease [14].

While comparing the properties of Geomicrobium sp.
EMB2 protease with other known haloalkaliphilic proteases,
it became apparent that EMB2 protease differs from other
halophiles with respect to higher pH optima, high pH
stability, stabilities in surfactant and detergent, and tolerance
to organic solvents. The basis of these differences and
unique attributes needs to be elucidated. Understanding of
such structural principles will provide necessary tools for
protein designing.

The present study was undertaken to (i) characterize its
gene by cloning and sequencing, (ii) carry out an in silico
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analysis to predict the three-dimensional structure of EMB2
protease, and (iii) understand the underlying structural
features of this protein responsible for its unique enzymatic
properties, specifically salt and solvent stabilities.

MATERIALS AND METHODS

Microbial Strains

Geomicrobium sp. EMB2, a haloalkaliphilic microorganism that was
isolated from saline water (Sambhar Salt Lake) and producing a
proteolytic enzyme, was used [14]. The culture has been deposited
in the public culture collection, Microbial Type Culture Collection
(MTCC), Chandigarh, India with accession number MTCC 10310.
E. coli strain XL-1 Blue MRF’ (Stratagene, USA) was used as a
host for amplification of the recombinant plasmids.

N-Terminal Amino Acid Sequencing of EMB2 Protease

For Edman degradation sequence analysis, purified protease was
separated on 12% SDS—PAGE, transferred to polyvinylidene difluoride
(PVDF) membrane (SVF, MDI, India), and then stained with 0.2%
Ponceau S dye (Sigma Mo., USA) and the protein bands excised for
N-terminal sequence analysis. Protein sequencing was performed by
the Procise 494 protein-sequencing system (Perkin-Elmer, Applied
Biosystems, Weiterstadt, Germany), as described by Zhang er al.
[35].

Primers for PCR

The N-terminal amino acid sequence of the purified protease was
used to search the NCBI database (http://ncbi.nlm.nih.gov/BLAST/)
for its homologs, using BLASTP (Protein—Protein Basic Local
Alignment Search Tool) program. A match with a protease gene
having a GenBank accession number YP_177585 was found in the
database. To amplify the complete ORF of the protease gene, forward
and reverse primers were designed from 5' and 3' regions of the
cDNA sequence using Gene Runner software (Hastings Software
Inc., USA) and synthesized commercially (Sigma). The primers
used were forward 5'-GATTTGTTTATACGTCGCTTTGITC-3' [Tm=
67.0°C] and reverse 5-CTGTTTAGAGGGAAGGGGTATAATC-3'
[Tm=67.0°C].

Isolation of Genomic DNA

Geomicrobium sp. EMB2 was grown in CMB (complete medium
broth) (pH 8.0) containing (g/1): glucose, 10.0; peptone, 5.0; yeast
extract, 5.0, KH,PO,, 5.0; and NaCl, 100. Genomic DNA was
isolated from 10.0 ml of the culture using a Qiagen DNeasy Blood
and Tissue Kit (Qiagen, Germany) according to the manufacturer’s
specifications. Electrophoresis was carried out as described by
Sambrook and Russell [26], with 0.8% agarose in Tris-acetic acid-
EDTA buffer.

Polymerase Chain Reaction for Amplification of the Protease
Gene

Polymerase chain reaction was performed using a GeneAmp PCR
system 9700 (Applied Biosystems, Switzerland) and JumpStart Tag
DNA polymerase (Sigma-Aldrich Corp., St. Louis, MO, USA) as
described by Thummler et al. [30]. Thermal cycling conditions were
as follows: hot start cycle at 94°C for 1 min, 35 cycles at 94°C for

30, 55°C for 30s, and 72°C for 1.30 min, and a final extension
step at 72°C for 5 min. The amplified PCR products were analyzed
by gel electrophoresis with 0.8% agarose.

Cloning of PCR Product

The 1,505-bp PCR-amplified product was resolved on 0.8% agarose
and gel extracted using the QIAquick Gel Extraction Kit (Qiagen,
Germany). The purified fragment was ligated with the pGEM-T Easy
plasmid vector (Promega, USA). This ligation mixture was used to
transform E. coli strain XL1-Blue MRF" competent cells as described
by Sambrook and Russell [27]. The white bacterial colonies containing
recombinant plasmids were selected on LB agar medium containing
0.1 mM X-gal (5-bromo-4-chloro-3-indolyl-B-p-galactopyranoside),
0.2 mM IPTG (isopropyl-3-p-thiogalactopyranoside), 50 pg/ml ampicillin,
and 12.5 pg/ml tetracycline.

Plasmid DNA Isolation and Restriction Analysis

Five ml of overnight grown cultures was prepared from putative
recombinant colonies, at 37°C and 150 rpm in LB medium containing
ampicillin. Plasmids were isolated using the alkaline lysis protocol
described by Birmboim and Doly [1]. These plasmid DNA samples
(about 200 ng) were digested in a 20-ul reaction mixture with EcoRI
and Hincll (Roche, Germany) for 3.5 h at 37°C. The digested samples
were resolved on 0.8% agarose gel along with standard size markers
(1-kb plus ladder) to analyze the restriction patterns.

DNA Sequencing, Protein Sequence Comparison, and Phylogenetic
Analysis

The nucleotide sequences were determined by using a Big Dye
Terminator sequencing kit (ABI Prism) on an automated sequencer
(ABI Prism Biolab, Perkin Elmer, Switzerland) by the primer-
walking technique with M13 universal primers as initial primers.
The sequences thus obtained were assembled using Sequencher
DNA software (version 4.0.5; Gene Codes, USA).

The amino acid sequence was deduced using ExPasy (http://
expasy.org/tools). Sequence homologies to genes in the GenBank
database were identified using the BLAST algorithm of the NCBI at
the National Library of Medicine. The acquired sequences were
aligned using Clustal X (version 2.0) [9]. Based on the sequences of
the family of serine proteases, a phylogenetic tree was constructed
according to the neighbor-joining method clustering strategy [25] in
Clustal X and analyzed using the TreeView 1.6.5 program. Other
DNA and protein sequence analyses (viz., restriction analysis and
hydropathy plots) were performed with the Lasergene sequence
analysis software (DNASTAR, Madison, WI, USA).

Modeling of the 3D Structure

Three-dimensional structures of the EMB2 protease were modeled
using the online I-TASSER server for protein 3D structure prediction,
the highest scoring server at the CASP7 structure-prediction
competition [31, 33, 34]. The server predicts the folds and secondary
structure by profile profile alignment (PPA) threading techniques.
For the EMB2 protein, 5 models were obtained. The model figures
were drawn using the Accelrys ViewerLite.

Nucleotide Sequence Accession Number

The DNA sequence of the EMB2 gene identified in the present
study was submitted in the GenBank database under the GenBank
accession number ADH93590.



RESULTS AND DISCUSSION

The Geomicrobium sp. EMB2 protease was characterized
for its enzymatic properties. It was found to be a serine
type of protease with 38 kDa molecular mass. It exhibited
pH optimum at pH 10.0, with stability in the alkaline range.
It was found that Geomicrobium sp. EMB2 protease was
endowed some industrially useful properties. For instance,
its alkaline nature and compatibility with detergents/
surfactants could be potentially useful for laundry
applications. The stability in organic solvents was an
unusual characteristic. Investigations were undertaken for its
molecular characterization and to evaluate the distinguishing
structural features.

Amplification and Cloning of the Protease Gene
The first 20 N-terminal amino acids sequence of the
purified protease was as follows:
N-Thr-Gln-Ile-Pro-Asn-Asp-Leu-Asp-Cys-GIn-Asn-
Ala-Glu-Asn-Arg-His-Ile-Asn-Pro-Ser-.
This sequence was used to search the NCBI database to
identify the protein by using the Protein—Protein Basic
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Fig. 1. Analysis of the PCR-amplified ORF (protease gene)
fragment and confirmation of cloning of the protease gene-
specific fragment (1.50 kb) from Geomicrobium sp. in the
pGEM-T Easy vector.

Lane 1, 1-kb ladder; Lane 2, PCR-amplified sample; Lane 3, Isolated plasmid;
Lane 4, Ethidium bromide-stained gel showing the presence of ~1.50 kb
fragments in EcoRI-digested clones; Lane 5, Ethidium bromide-stained gel
showing the fragments of Hincll-digested clones. Arrows indicate the
expected fragments of ~3,500 bp and ~744 bp in Hincll-digested clones.
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Local Alignment Search Tool program (BLASTP). A
match with a serine protease from Bacillus clausii KSM-
K16 (GenBank Accession No. YP_177585) was found in
the database. The protein had a 1,221-bp open reading
frame (ORF). In order to clone the corresponding gene in
Geomicrobium sp. strain EMB2, the cDNA sequence of
Bacillus clausii KSM-K16 protease was used for designing
the primers for PCR amplification.

The genomic DNA of Geomicrobium sp. EMB2 strain
was isolated. The coding region of this gene was PCR
amplified by using primers homologous to 5' and 3'
untranslated regions (UTR). An approximately 1.5-kb
amplified DNA fragment was obtained, which was gel
purified (Fig. 1), cloned in pGEM-T Easy vector, and
transformed in Escherichia coli strain XL-1 Blue MRF".
Amongst approximately 50 transformants of E. coli strain
XL-1 Blue MRF’, eight white colonies were selected for
plasmid isolation. All the clones showed an insert of 1.5 kb
along with a 3.0-kb vector band after digestion with EcoRI
(Fig. 1). Since the protease gene was found to have internal
Hincll restriction sites, the plasmids were individually
digested with this enzyme. The restriction pattern confirmed
the cloning of the protease gene (Fig. 1).

Sequence Analysis of the Protease Gene

DNA sequencing of the insert was performed using M13
forward and M13 reverse primers, and two internal
primers, IPF and IPR (Fig. 2). The nucleotide sequence of
Geomicrobium sp. EMB2 genomic DNA exhibited more
than 70% homology with the serine protease gene of
Bacillus clausii KSM-K16 (GenBank Accession No.
AP006627.1) and Bacillus pseudofirmus OF4 (GenBank
Accession No. CP001878.1). Thus, this protease can be
concluded to be of the serine-type protease.

The 1,505-bp ORF of the EMB2 gene had a coding
capacity of 375 amino acids (Fig. 2). Comparison of the N-
terminal sequence with the predicted ORF revealed that
the amino terminus of the mature extracellular purified
protease matched with the 65th amino acid onwards of the
predicted polypeptide sequence (Fig. 2). This suggested
that the protease would probably be synthesized as a
42.7-kDa preproenzyme consisting of 375 amino acids,
which would then be processed to produce a mature
enzyme of 35.4 kDa (311 amino acids). Amino acid sequence
homology analysis of the EMB2 protease with other serine-
type proteases indicated that three amino acid residues
(H77, H134, and S235) likely form the catalytic triad.

Phylogenetic Analysis of the EMB2 Protease

The full-length amino acid sequence deduced for EMB2
protease served as a template to screen structurally similar
proteases by using BLASTP at the National Center for
Biotechnology Information (NCBI). Resulting from this
analysis, proteases exhibiting maximum sequence identity
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1 TGTTTAGAGGGAAGGGGTACTAATCATGGTGACTACTATGATGACTCAGCHATGCATCCA
Predicted Signal peptii— 3
61 ACGCGCTACCGTGAGCTCAACCATAAGAGCTCAAARAAAGTGGCAGGCGTGTCCGCGAAT
23
121 TCACGAGCGCCATCGATTGGTTTATACGGTGCGCTTGTGTTAATTCCGGCTTTCGAAACA
F EJT 43

Propeptide
181 GATAAGTCGAGCCTAGGCCTGGGCATAGATAGACCTCAACAAGCGARAAGGCCAACAACG
D KS S L GUL G I DI RUPOQOQAIZ KU RUPTT 63

241 CCHACACAGATACCGAATGACCTTGACTGTCAAAACGCCGAGAATCGTCATATTAATCCG
P/IT Q I P NDILUDGCO QN AENT RIBEHETINP |83
Mature protein
301 TCCACGACAATTCAGCGGTCACAGACGTTGTCAGCAACAGCTGTGCCGATCCAGTCGTCG

s T TI QRS OQTULSATA AUV PTIQ S S 103

361 GCGTCATCTAACGATGTTCACCGCAAGTTCTCAACATGCTTCGGATCAACTATGCAAACA

Binding site residues (Underlined)
421 |GTAGCGTCTTTTTATCAAAAGGCACAGGGTCCGGCGTGGTATATAAGAAAGCATAGACGA
VASFYOKAEaOGEP?A2UWYIREKCE@ERR |13

481 CTCGGCCAGCTCAATATTAGCCATCATACACCATGTCATTCAAGGCGCTTCGGAAATGTG
L G QL NI S HHTPCHSRIRTFGNUV 163

541 TCACTTGCTTTAACCGACGTGCACTCGTGTTCCAGCATCCACGACTTTCGGGTAGGCCAC
s L AL TDV HSCS S IHUDTFRV G H 183

601  |GATGAACTAACAGACGTTCAGCTGTGCCTCGAAATAGATCCGGCGAAAATGTCACAACCG
pELTDUVOQLCcLETI(@DEPAEKMSOQ P [203

661 TTGCCGAGTTTGGCAATTCTTCGATCATACTCACGTCGCTCCTTTGCCAAAACGAGCGAT
L P S L AI LRSS Y S RRSFAI KT S D 223

721 CGCACGATAGCCAATCCCTACTCGGCTCTTGGAACATACCGGTCAGCGTTTTTCATGCAC
R T I A NPY S AL GTYUR S A F F M H 243

781 AAGGCATTACTTAGCGCGACAGAACGAAGCATCCTCCGTCGTTATCCGGTAAGCGCTTAC
K AL L SATEW RS STITULIRI RY?PV S AY 263

841 AATGGCCAATCATGTTTTTCGTCATTGGAATGCATTTTTGGATATTCCTTGCAARACAGTA
N G Q s CF S s L EC I F G Y L Q T V 283

901 CGCAGACGAAAAAAATCAAGGTGGCAGCTGGCGGCGCTAACATATTCACATATAACGATG

R R R KK SRW QL AATULTY S HTITM 303
961 ATCGAACCACTCATCCCCGGTATATTGCAATCTATCATGAATGAAAAGAATCTACAGAGG
I EPL I PGTI L QS I MNDNEIZ KNDNTLOQR 323

1021 ATGCAGCAAGACGACCTCCTCGAAGGACTTTGCGATCCCTACGTCTCATTCGATGTCAGT
M Q ¢ DDULL EGULCUDU?PYV S F DV S 343

1081 CAACCATTTAGCGATTTTAGACATGTTCAATATGCCGAATCATGCGAAACGCACTCGATC
Q P F S DSRHV QY AE S CETH S I 363

1141 ACTCGGCATCACATTAAGCAAATCTACTCAATGAAC&GAAAAAAGAAATCCGCTCTACAA
T R H H I K QI Y S M NTJ- 375

Fig. 2. Nucleotide and deduced amino acid sequence of the
Geomicrobium sp. protease gene.

The nucleotide sequence was obtained after the assembly of all sequenced
fragments and deduced amino acid sequence (in single letter codes) of the
protease gene encoding a 42.6-kDa protein from Geomicrobium sp.
EMB2. The start codon (ATG) and the stop codon (TGA) are marked by a
rightward and a downward arrow, respectively. The shaded region
represents the signal peptide. The boxed region represents the mature
protein. The underlined region is the binding residues. The numbers on the
left are nucleotide counts, whereas those on the right represent amino acid
sequences. Bold-fonted amino acids are the N-terminal amino acid
sequence of the purified protease determined by the Edman degradation
method. Circles indicate essential amino acids constituting the active site.

to the EMB2 protease were selected for generating a
phylogenetic tree. The EMB2 protease clustered with serine
protease of marine gamma proteobacterium HTCC2207,
Shewanella loihica PV-4, Renibacterium salmoninarum
ATCC 33209, and other related Bacillus sp. (Fig. 3).

Structural Features of EMB2 Protease Contributing to
Salt and Solvent Stabilities

The hydropathy profile of the deduced amino acid
sequence of Geomicrobium sp. EMB2 protease, plotted
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Fig. 3. Phylogenic relationship amongst the known proteases
from various strains.

These data were generated by the CLUSTAL X software using the
neighbor-joining method.
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Fig. 4. Hydropathy analysis for EMB2 protease according to
Kyte and Doolittle [18].

On the plot, a positive peak indicates a probability that the corresponding

polypeptide fragment is hydrophobic (a negative peak indicates a probable
hydrophilic segment).

according to the method of Kyte and Doolittle [18], showed
hydrophobic inclination (Fig. 4). The increased presence
of hydrophobic amino acids may possibly contribute to the
solvent stability of Geomicrobium sp. protease.

In order to correlate the structural features responsible
for solvent-stable function, three-dimensional structures of
EMB2 protease were modeled using the online I-TASSER
server for protein 3D structure prediction. Fig. SA shows
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Fig. 5. 3D structure of the Geomicrobium sp. protease.

(A) Secondary structure. (B) Hydrophobic patches on the protein surface. (C) Acidic amino acids on the protein surface. (D) Negatively charged residues

(aspartate and glutamate) on the protein surface.

the model with secondary structure topology. The molecule
was found to have 51% o-helices, 7% B-strands, and 42%
coils. In this protein, 40% of amino acid residues are
hydrophobic, of which most were localized on the surface
of this protein, as shown in Fig. 5B. The surface of the
EMB2 protein has more number of small (glycine, alanine,
and valine) and borderline (serine and threonine) hydrophobic
amino acids as compared with the non-halophilic protein.
The two solvent-labile proteases, namely thermolysin and
Aspergillus niger protease (PDB code 1LNF and 11ZD,
respectively) described by Gupta et al. [6], taken for
comparison, contained 30.4% and 30% hydrophobic residues,
respectively. Ogino et al. [23] and Gupta et al. [6] have
reported that the presence of hydrophobic amino acids on
the surface played an important role in the organic solvent
stability of the PST-01 and Pse protease. Based on the
above observations, we hypothesize that accumulation of
hydrophobic amino acids on the surface of the polypeptide
might impart solvent tolerance to EMB2 protease.

The amino acid composition of this polypeptide showed
a high percentage (12.5%) of acidic residues as well, a

feature in agreement with the acidic properties of other
halophilic proteins; namely, Pseudoalteromonas sp. SM9913
(9.3%) [32], haloprotease CPI from Pseudoalteromonas
ruthenica (11.2%) [28], SVP2 from Salinivibrio sp. strain
AF-2004 (15.3%) [17], and halolysin R4 from Haloferax
mediterranei (13.8%) [11]. The acidic and negatively
charged (glutamic and aspartic) amino acids on the EMB2
protein surface are shown in Fig. 5C and 5D. Generally,
proteins get precipitated owing to the salting-out effect in
the presence of a high concentration of salts. The presence
of negative charges on the surface of halophilic enzymes
helps in binding of hydrated ions, thus reducing the chance
to aggregate at high salinities [2, 19, 20]. Binding of water
dipoles to a highly negative-charged surface of halophilic
enzymes also helps in neutralization of the surface charge,
rendering them more soluble and flexible at high salinities
[21]. Similar mechanisms may be responsible for the salt
stability of Geomicrobium sp. protease.

The Geomicrobium sp. EMB2 protease gene was
amplified by polymerase chain reaction and cloned for the
determination of its nucleotide sequence. EMB2 contained
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an ORF of 1,505 bp that showed a homology (~74%) to
the serine protease gene of B. clausii strains. EMB2 is a
35.4-kDa single polypeptide of 311 amino acid residues. It
has a strong hydrophobic bias, which may contribute to its
solvent-tolerant nature. Furthermore, the bioinformatics
analysis revealed that its primary structure that contained
12.5% acidic residues was folded in a conformation that
favored its stability in salt and organic solvents.
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