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Abstract

Heparinases are widely used for production of clinically and therapeutically important bioactive oligosaccharides and in analyz-
ing the polydisperse, heterogeneous, and complex structures of heparin/heparan sulfate. In the present study, the gene (1911 bp)
encoding heparinase II/III of family 12 polysaccharide lyase (PsPL12a) from Pseudopedobacter saltans was cloned, expressed,
and biochemically and functionally characterized. The purified enzyme PsPL12a of molecular size approximately 76 kDa
exhibited maximum activity in the temperature range 45-50 °C and at pH 6.0. PsPL12a gave maximum activity at 1% (w/v)
heparin under optimum conditions. The kinetic parameters, K,, and V.., for PsPL12a were 4.6 + 0.5 mg/ml and 70 +2 U/mg,
respectively. Ten millimolars of each Mg®* and Mn>* ions enhanced PsPL12a activity by 80%, whereas Ni** inhibited by 75%
and Co®* by 10%, and EDTA completely inactivated the enzyme. Protein melting curve of PsPL12a gave a single peak at 55 °C
and 10 mM Mg?* ions and shifted the peak to 60 °C. The secondary structure analysis of PsPL12a by CD showed 65.12% o-
helix, 11.84% 3-strand, and 23.04% random coil. The degradation products of heparin by PsPL12a analyzed by ESI-MS spectra
displayed peaks corresponding to heparin di-, tetra-, penta-, and hexa-saccharides revealing the endolytic mode of enzyme action.
Heparinase I/III (PsPL12a) from P. saltans can be used for production of low molecular weight heparin oligosaccharides for their
utilization as anticoagulants. This is the first report on heparinase cloned from P. saltans.
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Introduction sulfation and uronic acid residue. Heparan sulfate consists of

glucuronic acid linked to N-acetyl glucosamine, while heparin

Glycosaminoglycan (GAGs) is group of linear hetero-
polysaccharides constituting recurring disaccharide units of
hexosamine (D-glucosamine or D-galactosamine) and uronic
acid (D-glucuronic or L-iduronic acid) (Ernst et al. 1995).
Heparin and heparan sulfate (HS) are diverse anionic polysac-
charides that are categorized under the family GAG. They are
predominantly found in the outer cell surface and extracellular
matrix of mammalian cells (Rabenstein 2002; Sarrazin et al.
2011; Shriver et al. 2012). The basic difference between hep-
arin and heparan sulfate is in the degree and pattern of
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mainly has L-iduronic acid, a C-5 epimer of D-glucuronic acid
(Sampaio et al. 2006). The level of sulfation in heparin is
higher than its structural counterpart, HS, leading to its strong
anionic nature (Gallagher and Turnbull 1992). Heparin is a
well-known anticoagulant and has been widely used as a ther-
apeutic agent to treat various thrombolytic disorders (Gray et
al. 2012; Shriver et al. 2012). It has also been postulated that
heparin, present within the secretory granules of connective
tissue mast cells, serves as a defensive material against the
invading pathogenic microorganisms (Lindahl et al. 1994;
Olsson et al. 2000; Amin 2012). Heparan sulfate exists as
proteoglycan that is attached to core proteins present in the
basement membrane and animal cell surface. Consequently,
heparan sulfate proteoglycans (HSPGs) interact with myriad
of protein ligands, viz., growth factors, cytokines, chemokines
and other signaling molecules leading to regulation of critical
biological events such as cell-cell communication, cell
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adhesion, cell proliferation, angiogenesis, and pathogenesis
(Dreyfuss et al. 2009; Sarrazin et al. 2011; Gasimli et al.
2012). Heparin and heparan sulfate GAGs are involved in
various physiological processes; it is of great importance to
decipher their structures to elucidate functional relationships.
However, the structural heterogeneity and anionic nature of
heparin and heparan sulfate pose a greater difficulty in ana-
lyzing their structures (Esko and Selleck 2002). Different an-
alytical tools have been developed to sequence heparin and
heparan sulfate polysaccharides in order to study their intricate
structural details and variations. The polysaccharides have
been fragmented either by means of chemicals such as nitrous
oxide (Shively and Conrad 1976; Limtiaco et al. 2011) or
GAG-degrading enzymes (Yamada and Sugahara 2003). The
degraded products were analyzed and characterized by NMR,
mass spectrometry, and HPLC (Doneanu et al. 2009, Shriver
et al. 2012, Yates and Rudd 2016).

Heparin and HS-degrading enzymes are produced by
both mammals and microorganisms. The difference be-
tween them lies in their mechanism of action on GAGs.
Mammalian heparinase exerts its action on HSPGs through
hydrolytic cleavage at the reducing end of uronic acid resi-
dues (Davies and Henrissat 1995; Toyoshima and Nakajima
1999; Hulett et al. 2000). In contrast, microbial heparinases
selectively cleaves the a-(1 — 4) glycosidic linkage present
in heparin and HS via (3-elimination mechanism creating a
C4-CS5 double bond at nonreducing end of uronic acid res-
idues (Linhardt et al. 1982; Garron and Cygler 2010).
Bacteria produce three types of heparinases, viz., hepari-
nase I, heparinase I, and heparinase III having different
substrate specificities. Heparinase I primarily cleaves high-
ly sulfated heparin, whereas heparinase III act on less sul-
fated heparan sulfate (Desai et al. 1993). On the contrary,
heparinase II exhibits a broad specificity acting on both
heparin and heparan sulfate (Linhardt et al. 1990). The three
types of microbial heparinases act on heparin and HS in a
specific manner; therefore, the enzymes hold great promise
for decoding the complex structures of substrates. These
enzymes can also be exploited for the production of low
molecular weight heparin, an efficient anticoagulant having
less side effects than unfractionated heparin. Furthermore,
oligosaccharides that are derived from heparin and HS are
known to inhibit angiogenesis and pathological disease pro-
gression (Chen et al. 1997; Lundin et al. 2000). Therefore,
production of this enzyme using recombinant DNA technol-
ogy and its characterization for biochemical and functional
properties will lead to its use in the therapeutic field. In the
present study, the gene encoding heparinase II/I11, a family
12 polysaccharide lyase (PsPL12a) from Pseudopedobacter
saltans (previously classified as Pedobacter saltans) (Cao
et al. 2014), was cloned, expressed, and purified. The bio-
chemical, structural, and functional properties of PsPL12a
were studied.
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Materials and methods
Bacterial strains, vectors, and substrates

The genomic DNA of P. saltans was obtained from DSMZ
(Leibniz Institute DSMZ-German Collection of
Microorganisms and Cell Cultures, Germany). The E. coli
TOP10 and BL21 (DE3) cells used as hosts for cloning and
expression, respectively, were procured from Novagen
(Madison, WI). The expression vector pET28a(+) from
Novagen was employed for cloning and expression. Heparin
sodium salt was procured from Himedia Laboratories Pvt.
Ltd., India.

Sequence analysis of PsPL12a

The protein sequence of heparinase II/III of family 12 poly-
saccharide lyase from P. saltans was identified using sequenc-
ing information available at NCBI database. The gene se-
quence with locus tag Pedsa_ 1818, having GenBank acces-
sion no. ADY52373.1, encoding PsPL12a from P. saltans was
retrieved from NCBI. BLAST analysis of Pedsa 1818 was
performed against UniProtKB/Swiss-Prot database to identify
the homologous proteins. PsPL12a conserved structural do-
main was determined using NCBI-Conserved Domains
Database search. The protein localization of PsPL12a was
predicted using SignalP 4.1 server (http:/www.cbs.dtu.dk/
services/SignalP/). Multiple sequence alignment (MSA) of
PsPL12a with other homologous proteins was performed
using ClustalW program. Phylogenetic relationship of
PsPL12a with other homologous proteins was deduced using
the neighbor-joining method with Molecular Evolutionary
Genetics Analysis (MEGAG6) software (Kumar et al. 2016).

Gene cloning and amplification of PsPL12a

The gene (1911 bp excluding the signal sequence) encoding
PsPL12a from P. saltans GenBank accession number
ADY52373.1 was amplified by PCR using specific oligonu-
cleotide primers containing Niel and Xhol restriction sites.
The primers used for amplification were forward primer 5'-
CGCGGCTAGCAAAGGTAAATCGTCCTTATC-3' and re-
verse primer 5'-GCGCCTCGAGTTAAAACTGATGCTTA
ATAGTC-3'". The 50 ul PCR reaction mixture contained
0.45 uM of each primer (Eurofins, Luxembourg), 200 uM
dNTPs (Bioline, UK), 0.025 U/uL of Taqg DNA polymerase
(New England Biolabs, USA), Taq DNA polymerase buffer
10x (New England Biolabs, USA), genomic DNA (15 ng),
and nuclease-free water (Sigma-Aldrich Chemical Co., USA).
The PCR conditions followed were initial denaturation at
94 °C for 4 min followed by 30 cycles of denaturation at
94 °C for 30 s, annealing temperature at 61 °C for 40 s, ex-
tension at 68 °C for 2 min, and final extension at 68 °C for
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10 min on thermal cycler (TAKARA Bio, Japan). The ampli-
fied PCR product was run on 0.8% (w/v) agarose gel. The
PCR amplified product was excised and eluted from the gel
using GenElute kit (Sigma Chemical Company, USA). The
purified PCR product and pET28a(+) expression vector were
subjected to restriction digestion using Niel and Xhol (New
England Biolabs, USA). T4 DNA ligase (Promega, USA) was
used to ligate the restriction enzyme digested PCR fragment
encoding PsPL12a and pET28a(+) vector. The ligation mix-
ture incubated in water bath (Grant, UK) at 16 °C for 16 h was
used for the transformation of E. coli TOP10 cells. The trans-
formed cells were spread onto LB agar plate supplemented
with kanamycin (50 pg/ml) and incubated at 37 °C for 12 h.
The positive clones were screened and confirmed by restric-
tion digestion method.

Protein expression and purification of PsPL12a

E. coli BL21 (DE3) cells harboring pET28a(+) containing
gene encoding PsPL12a were grown in 100 ml LB medium
containing kanamycin (50 pg/ml). The cells were grown at
37 °C until the OD reached ~0.6 at 550 nm, followed by
induction with 1 mM isopropyl (3-D-1-thiogalactopyranoside
(IPTG). After that, the culture was incubated at 16 °C with
shaking at 180 rpm. The cells were then pelleted by centrifu-
gation at 8000g for 10 min. The cell pellet was suspended in
lysis buffer containing 50 mM Tris-HCI and 300 mM NaCl,
pH 7.5. The suspended cells placed on ice were disrupted
using sonicator (Sonics, vibra cells) with 10 s on and 15 s
off pulse at 33% amplitude. The sonicated sample was centri-
fuged at 16,000g and 4 °C for 30 min to obtain the cell free
extract. PsPL12a containing Hisg tag was purified in a single
step using immobilized metal ion affinity chromatography
(IMAC). The cell-free supernatant filtered through 0.45-mm
membrane was loaded onto a 1 ml Hi-Trap chelating column
(GE Healthcare, USA). The column was washed with buffer
containing 50 mM Tris-HCI, 300 mM NacCl, and 50 mM
Imidazole, pH 7.5. PsPL12a tethered to the column was eluted
with elution buffer (50 mM Tris-HC1, 300 mM NacCl and
300 mM Imidazole, pH 7.5). The purity and molecular mass
of recombinant PsPL12a was checked on SDS-PAGE (12%,
w/v). The concentration of purified PsPL12a was estimated by
Bradford (Bradford 1976) and UV methods using the molar
extinction coefficient 141,640 M ' cem™! (for PsPL12a) that
was calculated by using Protparam tool. BSA was used as
standard for Bradford assay.

Enzyme activity assay

PsPL12a activity was determined by measuring the absor-
bance of degraded products of heparin at 232 nm by using
UV-visible spectrophotometer (Varian, Cary 100, USA). The
assay was performed by incubating 10 pul (1 pg/ml) of

PsPL12a in 50 mM sodium phosphate buffer, pH 6, contain-
ing 10 mg/ml heparin in a total reaction volume of 1 ml. The
initial rate of reaction was monitored directly on a UV-visible
spectrophotometer (Varian, Cary 100, USA) for 1 min by
maintaining the temperature of the reaction mixture at opti-
mum temperature, 50 °C. One international unit of enzyme
activity is defined as 1 pumol of A4,5-uronic acid formed per
minute based on a molar extinction coefficient of
5100 M~' cm™ ! at wavelength of 232 nm (BShmer et al.
1990).

Biochemical characterization of PsPL12a

The reaction conditions suitable for the enzyme activity
against the substrate heparin were investigated. The optimal
temperature for the activity of PsPL12a was determined by
incubating 990 ul of 50 mM Tris-HCI buffer (pH 7.5) con-
taining (0.1%, w/v) heparin at different temperatures within
the range of 20 to 65 °C for 5 min in a temperature-
controlled spectrophotometer (Varian, Cary 100, USA). The
reaction was then initiated by adding 10 pl (1 pg/ml) of en-
zyme PsPL12a to the incubated substrate, and the reaction
was monitored for 1 min. The enzyme activity was calculated
as described in the “Protein expression and purification of
PsPL12a” section. The temperature stability of PsPL12a
was investigated by incubating 100 pl (100 pg/ml) of
PsPL12a in 50 mM sodium phosphate buffer, pH 6.0, for
1 h at temperatures varying between 30 and 60 °C. Then,
10 ul (1 pg/ml) of the enzyme was assayed in 1 ml reaction
mixture for its residual activity. The pH suitable for its maxi-
mum activity was determined by using different buffer sys-
tems, viz., 50 mM citrate phosphate (pH 4—7), 50 mM sodium
phosphate (pH 6-8), and 50 mM Tris-HCI1 (pH 8-9). The
activity of PsPL12a was monitored by recording the absor-
bance at 232 nm (A,3;) for 1 min using UV-visible spectro-
photometer (Varian, Cary 100), maintaining the temperature at
50 °C. For determination of pH stability, 100 pl (0.1 mg/ml) of
PsPL12a was incubated at various pH using 50 mM citrate
phosphate (pH 4-7), 50 mM sodium phosphate (pH 6-8),
50 mM Tris-HCI (pH 8-9), and 50 mM glycine-NaOH at
25 °C for 1 h. Ten microliters of PsPL12a was withdrawn
and added to 990 pl 50 mM sodium phosphate buffer,
pH 6.0, containing 10 mg/ml (1%, w/v) heparin, and its resid-
ual activity was determined at 50 °C.

Determination of kinetic parameters of PsPL12a

The PsPL12a activity was measured against heparin by vary-
ing its concentration from 0.01% (w/v) to 1.6% (w/v). The
kinetic parameters were determined by plotting the initial rate
of reaction as a function of substrate concentration. The en-
zyme reaction was monitored on UV-visible spectrophotome-
ter at A,3, for 1 min under optimum conditions of temperature
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50 °C and pH 6.0. The absorbance recorded was converted to
units based on molar extinction coefficient (¢) of
5100 M ' cm ! (Bohmer et al. 1990). The kinetic parameters
were determined by using GraphPad Prism v6.03 software.

Effect of metal ions on PsPL12a activity

The effect of NaCl, MgCl,, MnCl,, CaCl,, CoCl,, and NiSOy4
containing metal ions namely Na*, Mg**, Mn**, Ca**, Co**,
and Ni**, respectively, and EDTA on the activity of PsPL12a
enzyme was investigated. In order to avoid precipitation, all
the metal ions were dissolved in 50 mM MES buffer at opti-
mum pH 6. The concentration of metal ions and EDTA rang-
ing from 0.5 to 20 mM and for NaCl from 10 to 600 mM were
used and incubated in 990 pl of heparin (1%, w/v) in 50 mM
MES buffer, pH 6.0, at 50 °C. The absorbance, A,3,, was
recorded after adding 10 pl (100 pg/ml) of enzyme to above
990 pl substrate solution for 1 min. The relative activity of
PsPL12a was expressed as percent of activity with respect to
the control (without the addition of metal ions), taking as
100%.

Protein melting curve of PsPL12a

The melting profile of PsPL12a was generated by exposing
the protein to different temperatures ranging from 20 to
100 °C using UV-visible spectrophotometer coupled with
peltier temperature controller (Varian, Cary 100, USA). The
change in absorbance of protein was recorded at 280 nm, and
the protein was held at each temperature for 2 min. The 1 ml of
purified PsPL12a (50 pg/ml) suspended in 50 mM MES buft-
er, pH 6.0, was used. The experiment was also carried out in
the presence of 10 mM Ca®*or 10 mM Mg>* ions in 1 ml
protein (50 pg/ml) solution. MES buffer was used in order
to avoid precipitation of metal ions as stated earlier. The melt-
ing curve of PsPL12a was obtained by plotting change in
absorbance at 280 nm versus temperature.

CD analysis of PsPL12a

The compositions of secondary structural elements were de-
termined by circular dichroism (CD) spectroscopy. Purified
PsPL12a (0.7 mg/ml) dissolved in 50 mM Tris-HCI, pH 7.5,
was analyzed in the far UV region (190-250 nm) using CD.
The CD spectrum for PsPL12a was recorded using a sample
cell with path length 0.1 cm on a spectro-polarimeter (Jasco
Corporation, J-815, Japan) at 25 °C. The CD spectrum was
plotted as a function of wavelength and mean residual ellip-
ticity (MRE deg cm™' M '). Buffer contributions were
corrected, and the secondary structures were determined using
K2D3 server.
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ESI-mass spectrometric analysis of PsPL12a degraded
products of heparin

The reaction of PsPL12a and heparin was set up at optimized
conditions of the enzyme to generate degradation products of
heparin. Ten microliters of purified PsPL12a (10 pg/ml, 52 U/
mg) was added in 1 ml of 10 mg/ml heparin dissolved in
50 mM sodium phosphate buffer, pH 6.0, and incubated at
37 °C for 5 min, 30 min, and 12 h. The reaction was terminat-
ed by adding equal volume of absolute ethanol (1 ml) to 1 ml
reaction mixture. The undigested polysaccharide was re-
moved by centrifuging the reaction mixture at 13,000g at
25 °C for 10 min. The supernatant containing the heparin
oligosaccharides were then concentrated to 150 ul at 70 °C
in hot air oven. Subsequently, the concentrated samples were
diluted in 1:1 (v/v) ratio by methanol, and 30 pul was used for
further investigation. The electron spray ionization (ESI) mass
spectra of the degraded products of heparin by PsPL12a after
5 min, 30 min, and 24 h were obtained by ESI mass spectrom-
eter (Waters, Q-TOF Premier). ESI-MS analysis was per-
formed in negative ion mode, and the conditions followed
were as follows: capillary voltage 3 eV, collision energy
5 eV, ionization energy 1 eV, desolvation temperature
250 °C, and the source temperature of 80 °C.

Results and discussion
Sequence analysis of PsPL12a from P. saltans

The analysis of the whole genome sequence of P. saltans
confirmed the presence of two family 12 polysaccharide ly-
ases (GenBank accession numbers ADY52369.1 and
ADY52373.1). The selected gene encoding heparinase II/IIT
(GenBank accession number ADY52373.1) displayed high
sequence similarity with previously characterized heparinase
II/IIT from other organisms. BLAST analysis of amino acid
sequence of PsPL12a (Pedsa_1818) revealed the presence of
putative heparinase II/IIl. The protein localization prediction
of PsPL12a gave an insight of the presence of long N-terminal
signal peptide consisting of 19 amino acid residues with a
cleavage site between Glyl9 and Lys20 using SignalP 4.1
server (http://www.cbs.dtu.dk/services/SignalP/). The
putative heparinase II/III activity showed catalytic domain at
C-terminal spanning from 20 to 655 amino acids (Fig. 1a).
BLAST analysis of PsPL12a showed 55% sequence homolo-
gy, with heparinase II/I1I from Pedobacter heparinus (UniProt
ID: Q59289.1), 49% similarity with heparinase II/IIl from
Bacteroides stercoris (UniProt ID: C7TEXL6.1), and 31% with
heparinase II/III from Bacteroides thetaiotaomicron (UniProt
ID: Q89YROI.1). The phylogenetic tree analysis also showed
similar results where PsPL12a, clustered under the homologus
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Fig. 1 a Molecular architecture of a
PsPL12a showing an N-terminal
signal peptide followed by

636 aa

catalytic domain having putative
heparinase activity. b The
phylogenetic tree showing the

Hepar_II_lIl Superfamily

comparative analysis of PsPL12a
with homologous heparinases
(Uniprot IDs: Q59289, C7TEXLS6,
Q89YRY) and other enzymes b
(Uniprot IDs: A2VD13,

AO0AOH5SJ89, Q6MOUS,

Q5NG54, Q8EUX4, Q7RA60,

41

655

87 ADY52373.1 P. saitans
1 Q59289 P. heparinus
C7EXL6 B. stercoris
Q89YR9 B. thetaiotaomicron

100

C3KVW9) from different origins 15

A2VD13 R. norvegicus
— AOADH58J89 H. hemiceliulosiiytica

26 ——— Q6M0U8 1. maripaiudis
QSNG5S54 F. tularensis

16 _: Q8EUX4 M. penetrans
42 Q7RA60 P. yoelii

C3KVW9 C. botulinum

heparinases from Pedobacter heparinus, B. stercoris, and
Bacteroides thetaiotaomicron (Fig. 1b).

Cloning, expression, and purification of PsPL12a

The gene (1911 bp) encoding PsPL12a was amplified and li-
gated to pET28a(+) vector as described in the “Materials and
methods” section. The recombinant plasmid was isolated from
E. coli TOP 10 cells and transformed into E. coli BL21 (DE3)
cells for the expression of PsPL12a protein. The expressed
recombinant protein PsPL12a possessing N-terminal His6-tag
was purified by immobilized metal ion affinity chromatogra-
phy. The SDS-PAGE (12%, w/v) analysis of purified enzyme
displayed a single band of molecular size, approximately
76 kDa, which was also similar to the theoretical size predicted
by protparam (76.53 kDa) (Fig. 2). The purified protein
(PsPL12a) was used for further enzyme activity studies.

Biochemical characterization of PsPL12a

The optimum temperature for the maximum activity of PsPL12a
was 50 °C (Fig. 3a). PsPL12a retained around 90% of activity at
40 °C. The activity of the enzyme decreased above 50 °C and
was completely lost at 65 °C (Fig. 3a). The temperature toler-
ance of the enzyme was studied by incubating the enzyme at
different temperature for a period of 1 h. PsPL12a was stable
within the temperature range 30 to 40 °C (Fig. 3b). However, the
enzyme lost 80% of its activity at 45 °C when incubated for 1 h,
though the optimum temperature of PsPL12a was in the range
45 to 50 °C. This may be attributed to the mesophilic nature of P
saltans. Maximum activity of PsP12a was found to be at pH 6 in
50 mM sodium phosphatey/citrate phosphate buffer. The activity
rapidly decreased above pH 6.5 and was completely lost at pH 9
(Fig. 3¢). PsPL12a was stable within the pH range 6-9 for 1 h

under respective buffers as shown in Fig. 3d. PsPL12a showed
optimum temperature of 50 °C and pH 6 in 50 mM sodium
phosphate/citrate phosphate buffer. Previously reported hepari-
nase from B. stercoris showed optimum pH 6.6 and temperature
45 °C with heparan sulfate as substrate (Hyun et al. 2010). It has
been reported that heparinase from various organisms have op-
timum pH within the range 6.6—7.8 and optmimum temperature
between 30 and 45 °C (Hovingh and Linker 1970; Nader et al.
1990; Chen et al. 2011). However, this is the first report on
heparinase from P, saltans showing maximum activity at opti-
mum pH 6.0 and at the temperature 50 °C.

Determination of kinetic parameters of PsPL12a

The kinetic parameters of PsPL12a were determined from
Michaelis-Menten plot. The enzyme displayed K, 4.6 +
0.5 mg/ml and V,,,,x 70 £2 U/mg with heparin as a substrate.
The turnover number (k.,) and catalytic efficiency (ke./K,) of
PsPL12a were found to be 89 s ' and 19.3 s ' mg ™' ml,
respectively.

Effect of metal ions on the activity of PsPL12a

The effect of various metal ions, viz., Mg**, Mn>*, Ca®*,
Co?*, Ni**, and EDTA on the activity of PsPL12a was inves-
tigated. PsPL12a activity was enhanced by the addition of
Mg?*, Mn**, or Ca®* divalent cations (Fig. 4a—c and
Table 1). The enzyme activity increased by 80% with addition
of 10 mM Mg** or 10 mM Mn** ions and increased only 25%
by 10 mM Ca”*. The enzyme activity was adversely affected
by Co®* and Ni** ions. Ten millimolars Ni** inhibited by
75% (Fig. 4d) and Co* ion inhibited by 10%. The residual
activity of PsPL12a was drastically decreased up to 5% by
10 mM EDTA (Fig. 4e), suggesting the role of divalent cations
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Fig. 2 SDS-PAGE (12%, w/v)
showing single protein band of
size, 76 kDa, of PsPL12a; lane 1:
protein ladder (250 kDa); lane 2:
uninduced cells BL21 (DE3); lane
3:induced cells BL21 (DE3); lane
4: cell pellet after sonication; lane
5: cell-free extract; lane 6: last
wash from column; lane 7:
purified protein (76 kDa)

L

in its catalytic activity (Table 1). The activity of heparinase II
from Bacillus circulans (Yoshida et al. 2002), Bacillus sp.
FERM BP2613 (Bellamy and Horikoshi 1992), and

Fig. 3 a Effect of temperature on
the activity of PsPL12a. The
activity of enzyme at 50 °C was
taken as 100%. b Temperature
stability profile of PsPL12a. The
residual activity was measured
after 1-h incubation of the enzyme
(PsPL12a) at different
temperatures. ¢ Plot showing the
effect of pH on the activity of
PsPL12a. d Study on stability of
PsPL12a at various pH. The
enzyme activity was measured
after 60-min incubation at
different pH using appropriate
buffer. All the experiments were
performed in triplicate (n = 3).
The error bar represents the
standard deviation
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heparinase III from B. stercoris HJ-15 NCB146506 (Kim et
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heparinus was inhibited by Ca”* ions (Lohse and Linhardt
1992; Steyn et al. 1998). The activity of PsPL12a increased
by 18% in presence of 50 mM NaCl, and beyond this concen-
tration, the activity decreased. The similar effect of NaCl was
reported for activity of heparin lyase I and heparin lyase III
from Pedobacter heparinus (Lohse and Linhardt 1992).

Table 1  Effect of metal ions on activity of PsPL12a using heparin as
substrate

Metal ion Concentration (mM) Relative activity (%)
Control - 100

Mg 10 186+0.7

Mn** 10 180+0.8

Ca™* 10 124+09

Na* 50 118+1.8

Co™* 10 90+1.2

NiZ* 10 2543.0

EDTA 10 55£1.3

All experiments were performed in triplicate (n=3). The values repre-
sented are mean + standard deviation

0 2 4 6 8 10 12
Concentration of EDTA (mM)

Whereas, heparinase III from B. stercoris HJ-15 showed no
activity in the absence of NaCl, but its activity was

1.0
£ —
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Fig. 5 Melting profile of PsPL12a without any additive and in the
presence of 10 mM Mg*" ions
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Fig. 7 ESI-MS spectra of
PsPL12a degraded products of
heparin. MS analysis of a 5 min, b
30 min, and ¢ 12 h samples
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significantly enhanced by 32-fold against heparin, on the ad-
dition of 350 mM NaCl (Hyun et al. 2010).

Protein melting curve of PsPL12a

A single melting peak was observed at 55 °C for PsPL12a
(Fig. 5). There was a shift in its metling peak towards higher
temperature to 60 °C with the addition of 10 mM Mg** ions
(Fig. 5). There was no shift in the peak when 10 mM Ca** was
added to PsPL12a. The results showed that Mg>* ions
prevented thermal denaturation of protein. Mg?* ions play
an important role in enhancing both the enzyme activity and
thermal stability of PsPL12a.
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Secondary structure analysis of PsPL12a by CD

The data obtained after cicrlular dichroism (CD) analysis of
PsPL12a were further analyzed using K2D3 software. The
CD results revealed the presence of 65.12% «-helices,
11.84% f3-strands, and 23.04% random coils in PsPL12a
structure (Fig. 6).

ESI-mass spectrometric analysis of degraded products
of heparin by PsPL12a

PsPL12a degraded heparin products obtained at 5 min,
30 min, and 12 h were analyzed by ESI-MS. The ESI-MS
spectrum of 5 min sample showed peaks corresponding to
triply charged tri-sulfated disaccharide (AUA2S-GIcNS6S)
with m/z 191.5; singly charged nonsulfated disaccharide
(AUA-GIcN) with m/z 338; mono-acetylated singly charged
disaccharide (AUA-GIcNAc) with m/z 378.5; mono-sulfated,
mono-acetylated singly charged disaccharide (AUA-
GIcNACc6S) with m/z 458.4; tetra-sulfated, mono-acetylated
doubly charged tetra-saccharide having m/z 527.5; and hexa-
sulfated (AUA2S-GIcNS6S-1doA2S-GIecNS6S) doubly
charged having m/z 576.1 (Fig. 7a). The ESI-MS spectrum
also displayed the peaks corresponding to higher oligosaccha-
rides, viz., doubly charged penta-saccharide with m/z 668.7;
hepta-sulfated, mono-acetylated doubly charged hexa-
saccharide (AUA2S-GIcNS6S-IdoA-GIcNAc6S-GIcA-
GIcNS3S6S) with m/z 805.49; and octa-sulfated doubly
charged hexa-saccharide (AUA2S-GIcNS6S-1doA2S-
GIcNS6S-GIcA-GIeNS6S) with m/z 824.47 (Fig. 7a). The
ESI-MS spectra for 30 min and 12 h samples also showed
peaks corresponding to di-, tetra-, penta-, and hexa-
saccharide of heparin, suggesting a random endolytic mode
of action by PsPL12a (Fig. 7b, c¢). The peak intensities of
higher oligosaccharides, i.e., hepta-sulfated doubly charged
hexa-saccharide (AUA2S-GIcNS6S-IdoA-GIcNAc6S-GlcA-
GIcNS3S6S) with m/z 805.49 and octa-sulfated doubly
charged hexa-saccharide (AUA2S-GIcNS6S-1doA2S-
GIcNS6S-GlcA-GIeNS6S) with m/z 824.47, reduced with in-
crease in the reaction time from 5 min to 12 h (Fig. 7a—c). The
m/z values of heparin oligosaccharide peaks were assigned
based on the previous ESI-MS reports (Thanawiroon et al.
2004; Saad et al. 2005; Xiao et al. 2010).

Conclusion

A new member (PsPL12a) of family 12 polysaccharide lyase
(PL12) from P, saltans was cloned, expressed, and purfied as a
homogeneous protein of molecular size approximately
76 kDa. PsPL12a showed activity against the substrate hepa-
rin with V.« 70+2 U/mg, K, 4.6 0.5 mg/ml, k., 89 s !,
and keaim 19.3 s ' mg ' ml. The enzyme displayed an

optimum temperature of 50 °C and pH 6 in 50 mM sodium
phosphate/citrate phosphate buffer. Mg”* ions played an im-
portant role by enhancing the enzyme activity as well as
imparting thermostability to PsPL12a. ESI-MS analysis of
heparin-degraded products by PsPL12a revealed its endolytic
mode of cleavage. PsPL12a displaying affinity for the sub-
strate heparin can be exploited for the production of low mo-
lecular weight heparin that has several therapeutic applica-
tions. It has been reported that heparinase and its degradation
products inhibit angiogenesis and disease progression. Hence,
PsPL12a can be used to explore the structural features of
heparin and heparan sulfate glycosaminoglycans involved in
the regulation of important biological process inlcuding an-
giogenesis, disease progression, and cell-cell interactions.
Further, structural analysis of the enzyme would shed light
on its catalytic mechanism leading to better understanding of
its controlled usage, in order to produce therapeutically impor-
tant heparin oligosaccharides.
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