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Molecular identification of a polyM-specific
alginate lyase from Pseudomonas sp. strain KS-
408 for degradation of glycosidic linkages
between two mannuronates or mannuronate and
guluronate in alginate

Natania Kam, Yoo Jung Park, Eun Yeol Lee, and Hee Sook Kim

Introduction

Abstract: An alginate lyase gene of a newly isolated Pseudomonas sp. strain KS-408 was cloned by using PCR with the
specific primers designed from homologous nucleotide sequences. A partial protein sequence of KS-408 alginate lyase was
homology-modeled on the basis of the crystal structure of Al-III alginate lyase from Sphingomonas sp. strain Al. The pro-
posed 3-D structure of KS-408 alginate lyase shows that Asn-198, His-199, Arg-246, and Tyr-253 residues are conserved
for the catalytic active site. The recombinant KS-408-1F (with signal peptide) and KS-408-2F (without signal peptide) algi-
nate lyases with the (His)s tag consist of 393 (44.5 kDa) and 372 (42.4 kDa) amino acids with isoelectric points of 8.64
and 8.46, respectively. The purified recombinant KS-408 alginate lyase was very stable when it was incubated at 40 °C for
30 min. Alginate oligosaccharides produced by the KS-408-2F alginate lyase were purified on a Bio-Gel P2 column and an-
alyzed by thin-layer chromatography, fast-protein liquid chromatography, and electrospray ionization mass spectrometry.

'"H NMR data showed that the KS-408-2F alginate lyase cleaved the glycosidic linkages between two mannuronates (man-
nuronate-f3(1-4)-mannuronate) or mannuronate and guluronate (mannuronate-B(1-4)-guluronate), indicating that the KS-408
alginate lyase is a polyM-specific lyase.

Key words: Pseudomonas sp. strain KS-408, alginate lyase, alginate oligosaccharides, polyM-specific lyase.

Résumé : Un geéne codant une alginate lyase nouvellement isolée de Pseudomonas sp. souche KS-408 a été cloné par PCR
a ’aide d’amorces spécifiques concues a partir de séquences homologues de nucléotides. La séquence protéique partielle de
I’alginate lyase de KS-408 a été modélisée sur la base son homologie avec I’alginate lyase Al-III de Sphingomonas sp.
souche Al, a partir la structure cristalline de cette derniere. La structure proposée en 3-D de I’alginate lyase de KS-408
montre que les résidus Asn-198, His-199, Arg-246 et Tyr-253 sont conservés au sein du site actif catalytique. Les alginate
lyases recombinantes KS-408-1F (avec peptide signal) et KS-408-2F (sans peptide signal) comprenant une étiquette (His)e
tag comportent respectivement 393 (44,5 kDa) et 372 (42,4 kDa) acides aminés et des points isoélectriques de 8,64 et 8,46.
L’alginate lyase recombinante KS-408 était tres stable lors d’une incubation a 40 °C pendant 30 minutes. Les alginates pro-
duits par I’alginate lyase KS-408-2F ont été purifiés sur une colonne Bio-Gel P2 et analysés par TLC, FPLC et ESI MS.
Les données en '"H RMN montrent que 1’alginate lyase KS-408-2F a clivé les liens glycosides entre deux mannuronates
(mannuronate-p(1—4)-mannuronate) ou entre un mannuronate et un guluronate (mannuronate-f(1—4)-guluronate), indiquant
que I’alginate lyase KS-408 est une lyase spécifique de poly-M.

Mots-clés : Pseudomonas sp. souche 408, alginate lyase, alginates, lyase spécifique de poly-M.

[Traduit par la Rédaction]

Enzymatically depolymerized alginates with low molecular
weights (average M, = 1800) have been known to exhibit

Alginate, an acidic polysaccharide, is composed of (1-4)-
linked B-D-mannuronate (M) and its C5-epimer a-L-guluronate
(G). It is produced by brown algae and some bacteria be-
longing to the genera Azotobacter and Pseudomonas (Wong
et al. 2000). Alginates are widely used in the food, cosmet-
ics, and pharmaceuticals and for biotechnological purposes,
such as cell immobilization (Kim et al. 2011).

useful biological activities. They promote the growth of bifi-
dobacteria and the elongation of barley roots (Akiyama et al.
1992; Yonemoto et al. 1993). In terms of the biological ef-
fects on mammalian cells, alginate oligosaccharides (average
M, = 2000) enhanced the growth of human endothelial cells
and keratinocytes (Kawada et al. 1999). Recently, Iwamoto et
al. (2005) have reported that alginate oligosaccharide of a
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specific size stimulated secretion of cytotoxic cytokines from
human macrophage. Some alginate polymers (average M, =
230 000) were reported to have antitumor effects and to en-
hance phagocyte activity of macrophages (Fujihara and
Nagumo 1992).

Various alginate lyases have been identified in algae, bac-
teria, and marine organisms (Wong et al. 2000; Yamamoto et
al. 2008; Kim et al. 2009, 2011; Park et al. 2011). These al-
ginate lyases catalyze B-elimination reactions by releasing un-
saturated oligosaccharides with 4-deoxy-o-L-erythro-hex-4-
enopyranuronosyl uronate at their nonreducing end (Kim et
al. 2011). Alginate lyase can be used as a therapeutic agent
against Pseudomonas aeruginosa infection, and it can de-
grade the acetylated alginate-rich mucoid layer to enhance
susceptibility of P. aeruginosa to antibiotics (Ramsey and
Wozniak 2005; Alkawash et al. 2006).

Alginate lyases have their own substrate specificity, and
they can be classified based on their preferential cleavage
site on alginate substrate (Yamasaki et al. 2004). Many algi-
nate lyases possessing a preference for polyG block or polyM
block have been reported. PolyG-specific alginate lyase was
cloned from Sphingomonas sp. strain Al. Some polyM-
specific alginate lyases were also cloned and characterized
from P. aeruginosa and Azotobacter sp. (Cote and Krull
1988; Xiao et al. 2006). They depolymerize alginate to unsa-
turated di- and tri-saccharides. The alginate lyase of P. aeru-
ginosa can degrade acetylated alginate. In addition to
endolytic alginate lyases, exolytic alginate lyase were found
from Sphingomonas sp. strain Al and Agrobacterium tumefa-
ciens C58 (Miyake et al. 2003; Ochiai et al. 2006). They are
responsible for the complete degradation of alginate oligosac-
charides into constituent monosaccharides.

Recently, we have cloned and characterized a polyG-
specific alginate lyase from a marine bacterium, Streptomyces
sp. strain ALG-5, that degrades G-rich region of alginates
(Kim et al. 2009). It releases unsaturated di-, tri-, and tetra-
saccharides from alginate. We have also obtained the re-
combinant oligoalginate lyase that exolytically degraded algi-
nate into unsaturated monosaccharides (Park et al. 2011).
Enrichment of the pools of the recombinant alginate lyases
with different substrate specificities is valuable for expanding
the utilization of alginate. Hence, it is of interest to have a
polyM-specific alginate lyase that can be used for cooperative
degradation of alginate into constituent monosaccharides, in
combination with polyG-specific and (or) exolytic alginate
lyases. Herein, we report on the cloning of an alginate lyase
gene from a newly isolated Pseudomonas sp. strain KS-408
to obtain a polyM-specific recombinant alginate lyase. The
recombinant KS-408 alginate lyase was prepared, purified,
and characterized, and its basic properties were compared
with other alginate lyases. The degradation products were
isolated and their structures were analyzed by thin-layer chro-
matography (TLC), electrospray ionization tandem mass
spectrometry (EST MS/MS), and 'H nuclear magnetic reso-
nance (NMR) spectroscopy.

Materials and methods

Materials

Alginates (250 and 3500 centipoises) and TLC silica gel
60 were purchased from Sigma (USA). Bio-Gel P-2 gel was
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purchased from Bio-Rad. Ni-Sepharose, His-Buffer kits, and
HiTrap desalting column were purchased from GE Healthcare
(USA). TLC standards and poly-G-specific alginate lyase
(ALG-5 lyase) were prepared based on the previous study of
Kim et al. (2009). Restriction enzymes and T4 DNA ligase
were purchased from NEB (England), and LA Taq polymer-
ase was purchased from Takara (Japan). Plasmid purification,
PCR product purification, and DNA extraction in the agarose
gel were performed using a QIAquick Plasmid purification
kit, QIAquick PCR purification kit, and QIAquick gel extrac-
tion kit (QIAGEN, Germany), respectively. PCR for DNA
amplification was performed using Biometra TPersonal
(Whatman, Germany).

Cloning and expression of alginate lyase gene from KS-
408

The genomic DNA of Pseudomonas sp. strain KS-408 was
used as the template for amplification of the alginate lyase
gene. The alginate lyase primers were designed on the basis
of homolog sequences from algX and algl gene sequence in
alginate biosynthesis cluster from various Pseudomonas spe-
cies; Pseudomonas fluorescens NCIMB10525 (AF522790),
Pseudomonas syringae (F1142977), Pseudomonas sp. strain
QD3 (AL161336.1), P. fluorescens PfO-1 (NC007492), and
P. fluorescens Pf-5 (NC004129). The forward primer was de-
rived from the AlgX gene sequence as Spro-algXF: 5'-
GTCGAAGCGAAAATTTGCACACGCAACGTATTCCC-3;
the reverse primer was derived from the Algl gene sequence
as 3pf-algIR: 5'-GCGATAGCGTTGCCCGCTCARRTAGTA-
CAAGCCGAG-3'. The PCR products were ligated with
pGEM-T easy vector. The nucleotide sequence was blasted
by using BlastX program and the open reading frame (ORF)
was searched by using NCBI's ORF finder (http://www.ncbi.
nlm.nih.gov/gorf/gorf.html).

The signal peptide cleavage site was predicted using Sig-
nalP 3.0 server (http://www.cbs.dtu.dk/services/SignalP-3.0/).
To clone the alginate lyase full gene into the expression vec-
tor (referred to as KS-408-1F), the forward primer 5pf-alglF
(EcoRI) 5'-GGAATTCGATGCAAAAGTTATTGCTCCCTG
GCC-3’ and the reverse primer 3pf-alglR (Xhol) 5'-
GCTCGAGGCTGCCTTTGTTGCCTTTTTCATGC-3" were
used. On the other hand, the primers; Spf-alg2F (EcoRI) 5'-
GGAATTCAGCGGCGCCACTGCGTCCACCCCAGG-3’" and
3pf-alglR (Xhol) 5'-GCTCGAGGCTGCCTTTGTTGCCTTT
TTCATGC-3" were used for cloning the KS-408 lyase gene
without the signal peptide region (referred to as KS-408-2F).
Two alginate lyase genes, KS-408-1F and KS-408-2F, were
ligated into pET21b(4+) expression vector. The recombinant
Escherichia coli BL21 (DE3) cells harboring the pET-KS-
408 plasmids were cultured on Luria—Bertani medium sup-
plemented with 50 pg/mL ampicillin for 2-3 h up to an
ODggy = 0.4-0.6 in a shaking incubator at 180 r/min and
37 °C. The cells were incubated at 15 °C for 30 min to adapt
to cold environment at static condition, and then cultured for
24 h at 15 °C to express the KS-408 alginate lyase gene in-
duced by the addition of 1 mmol/L IPTG (isopropyl-p-D-thio-
galactopyranoside).

Homology modeling of KS-408 alginate lyase
A homology model for KS-408 alginate lyase was con-
structed based on the X-ray crystallographic structure of
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Sphingomonas sp. strain Al alginate lyase Al-III (pdb code:
1hv6). Homology modeling was carried out using the Model-
ler 7v7 program (http://salilab.org/modeller/). Superimposi-
tion of the KS-408 alginate lyase model on that of Al-III
alginate lyase was visualized by using Python Molecule
Viewer (PMV version 1.5.4, http://mgltools.scripps.edu/).

SDS-PAGE gel electrophoresis and immunoblotting

The cells were boiled with Laemmli buffer at 95 °C for
10 min, sonicated, and loaded into two sets of SDS — poly-
acrylamide gels. One gel was visualized with Coomassie bril-
liant blue R-250 and the other was transferred onto
nitrocellulose membrane. The membrane was blotted with
polyclonal antibody against hexahistidine (H-15, Santa Cruz
Biotechnology Inc., USA) and peroxidase-conjugated anti-
rabbit IgG (Jackson Immunoresearch, USA), and then visual-
ized with CN/DAB (4-chloronaphthol/3,3’-diaminobenzidine)
solution (Pierce, USA).

Purification of KS-408 alginate lyase

The cells were harvested and sonicated in 50 mmol/L po-
tassium phosphate buffer (pH 7.2) containing 300 mmol/L
NaCl, 10 mmol/L imidazole, 10% (v/v) glycerol, 0.5% (v/v)
Triton X-100, 1 mg/mL lysozyme, and 1 mmol/L PMSF
(phenylmethylsulphonyl fluoride) by using ultrasonicator Vi-
bra Cell CX400 (Sonics & Materials Inc., USA). The cell ho-
mogenate containing the expressed (His)e-tagged KS-408
alginate lyase was loaded on the Ni-Sepharose column equili-
brated with 20 mmol/L. phosphate buffer (pH 7.2) and
0.5 mol/L NaCl. The column was washed with the same buf-
fer containing 20 mmol/L imidazole, and then the bound pro-
tein was eluted with the same buffer containing 300 mmol/L
imidazole. The protein fraction eluted with 300 mmol/L imi-
dazole was proven to have alginate lyase activity by the thio-
barbituric assay (TBA) method. Excess imidazole and NaCl
were then removed using HiTrap desalting column by using
20 mmol/L. phosphate buffer and 0.15 mol/L. NaCl. Protein
concentration was calculated by measuring absorbance at
595 nm using the Bradford method.

Substrate preparation

For the alginate lyase activity assay, sodium alginate and
acetylated alginate with high molecular weight, polyM block,
polyG block, and polyMG block were used. Alginates desig-
nated with polyM block, polyG block, and polyMG block
were prepared by acid hydrolysis methods according to
Haug et al. (1966). Acetylated alginate was obtained from
P. aeruginosa ATCC 39324 cultured on Pseudomonas isola-
tion agar (Difco, USA) plate. Acetylated alginate was puri-
fied according to the protocol of May and Chakrabarty
(1994). The MG ratio of the purified substrate was deter-
mined according to the standard test method ASTM F2259
(ASTM F2259-10, ASTM International 2010). The degree of
O-acetylation in acetylated alginate was determined accord-
ing to the protocol of McComb and McCready (1957).

Assay of alginate lyase activity

The purified enzyme was added into 1 mL of 20 mmol/L
phosphate buffer (pH 7.2) containing 0.2% (m/v) sodium algi-
nate and incubated at 37 °C for 10 min. The reaction was
stopped by heating in boiling water for 10 min. The lyase ac-

Can. J. Microbiol. Vol. 57, 2011

tivity was assayed by measuring the increase in absorbance at
235 nm due to the formation of a double bond between C-4
and C-5 at the nonreducing terminus by the B-elimination re-
action. The resulting deoxy sugar was determined by the
TBA method (Kim et al. 2009). The degradation products
were analyzed by TLC and fast-protein liquid chromatogra-
phy (FPLC). The degraded products on TLC were separated
twice with a developing solvent of 1-butanol — acetic acid —
water (2:1:1, by volume). The degradation products were vi-
sualized by dipping into 10% (v/v) sulfuric acid in ethanol.
The degradation products were also analyzed by FPLC
equipped with a Superdex peptide 10/100 GL column (GE
Healthcare, USA). The degraded unsaturated oligoalginates
were detected by measuring the absorbance at 235 nm with
UV detector.

Analysis of substrate specificity and stability of KS-408
alginate lyase

For investigation of substrate specificity, 20 pg of purified
KS-408 alginate lyase and 0.2% (m/v) substrates as a final
concentration in 20 mmol/LL phosphate buffer (pH 7.2) were
incubated in 1 mL of reaction mixture for 10 min at 37 °C,
and then the reaction mixture was boiled for 10 min to inac-
tivate the enzyme. To evaluate the enzyme stability over tem-
perature ranges from 20 to 70 °C, 50 ug of KS-408 alginate
lyase in 0.5 mL of 20 mmol/L phosphate buffer (pH 7.2) was
incubated for 30 min at various temperatures (20, 30, 37, 40,
50, 60, 70 °C) before further incubation for 10 min at 37 °C
with the substrate. To determine optimal pH, 50 ug of KS-
408 alginate lyase was incubated for 10 min at 37 °C in ap-
propriate buffers (20 mmol/L. citrate buffer (pH 3-6),
20 mmol/L phosphate buffer (pH 6-9), 20 mmol/L Tris—HCl
buffer (pH 6-10), and 20 mmol/L glycine buffer (pH 9-11))
before further incubation with the substrate. To evaluate the
effect of metal ion on enzyme activity, 50 ug of KS-408 algi-
nate lyase was incubated with 2 mmol/L salt solution (NaCl,
ZnCl,, CaCl,, MgCl,, HgCl,, KCI, CoCl,, MnCl,, BaCl,) in
20 mmol/L phosphate buffer for 10 min, and then incubated
with 0.2% (m/v) alginate substrate at 37 °C for 10 min.

Structural analysis of KS-408 alginate lyase-degrading
products

A 0.4% (m/v) alginate was digested by KS-408 alginate
lyase and the degradation fractions were analyzed using
FPLC (Park et al. 2011). The unsaturated uronate fractions
were detected by measuring the absorbance at 235 nm. For
the determination of the molecular mass of each fraction,
ESI MS (6410 Triple Quadrupole LC-MS, Agilent, USA)
was used. The purified oligosaccharides from Bio-Gel P-2
column were dissolved in a small volume of methanol-water
(1:1, v/v), and then injected onto the LC MS. The flow rate
of the electrospray source was 5 puL/min. MS was performed
in negative mode with an ion spray voltage of 4 kV and
source temperature of 350 °C.

IH NMR of alginates degraded by KS-408 alginate lyase
A 0.4% (m/v) alginate in 20 mL of buffer (10 mmol/L
phosphate, pH 7.2) was mixed with enough of the purified
enzyme and then incubated at 37 °C until the substrate was
digested completely. To confirm whether the substrate was
digested completely, the reaction mixture was withdrawn pe-
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riodically and analyzed by FPLC. After the alginate substrate
and reaction products were lyophilized, they were dissolved
with D,O and then lyophilized again. The lyophilized sam-
ples were dissolved with D,O and then analyzed by high-
field "TH NMR spectroscopy, using an ECX-NMR 400 Hz
JEOL spectrometer (JEOL, USA) following the protocol of
Grasdalen (1983). A 20 uL volume of TMSP (0.75% 3-(tri-
methylsilyl)-2,2’,3,3’-tetradeuteropropionic acid, Na salt in
D,0) was add to the NMR sample tube as an internal stand-
ard. Data collection was carried out at an elevated tempera-
ture, 80 °C. Sample spinning, proton spectral width, number
of scans, relaxation delay, proton pulse angle, and acquisition
time were 15 Hz, -5 — 15 ppm, 64, 5 s, 90°, and 4.098 s,
respectively. NMR spectrum of the alginate product from
degradation by KS-408 lyase was compared with that from
degradtion by ALG-5 lyase (Kim et al. 2009).

Interpretation of 'H NMR spectra

The molar fraction of the monomer units (Fg, Fy), the di-
ads (Fgg, Fmms Fom» Fuc), and the G-centered triads (Fggg,
Fyvioms Foams Fvgg) of substrates were calculated in accord-
ance with Grasdalen (1983) and Zhang et al. (2004).

In the case of alginate-lyase-degraded oligoalginates, unsa-
turated 4-deoxy-L-erythro-hex-4-enepyranosyluronate (A) is
produced on the nonreducing end by a p-elimination reaction.
The specific resonance signals and their amounts from the re-
ducing ends (G and M,q) and the nonreducing ends (A)
can be identified and calculated from the NMR spectra of
the degraded alginate samples (Heyraud et al. 1996). If
GGG, GGM, GMG, and GMM sequences are cleaved by a
polyG-specific lyase, G,q on the reducing end and AG
(GIGG and GIMG) or AM (G|GM and G|MM) on the
nonreducing end can be detected, respectively. In the case of
a polyM-specific lyase, MMM, MGM, MMG, and MGG are
cleaved to M,¢q on the reducing end, and AM (M|/MM and
M|IGM) or AG M|{MG and M|GG) on the nonreducing
end can be detected. To calculate the molar fraction of G
and M units from the enzyme-catalyzed degradation product,
the intensity (/) of total G and M was divided by the sum of
A (calculated from the intensity of A-4-G and A-4-M), G,
and M. The averaged degree of polymerization (DP,) was es-
timated from DPn = (IA—I—G + IA-I—M + Ig_l + IM—I + Igred +
]Mred) / [(IA—I—G + IA-I—M + Igred + IMred) /2] (Ertesvﬁg et al.
1998).

Results and discussion

Cloning and heterologous expression of KS-408 alginate
lyase

The 16S rDNA analysis of the isolated bacteria possessing
alginate-degrading activity revealed that the closest relatives
of the strain KS-408 were Pseudomonas species (99%). The
isolated alginate-degrading bacterium was named Pseudomo-
nas sp. strain KS-408. To clone the alginate lyase gene of
Pseudomonas sp. strain KS-408, PCR was performed with
specific primers designed based on homologous nucleotide
sequences. The PCR product was ligated into pGEM-T easy
vector and the nucleotide sequence was determined. The size
of the PCR product using primers 5pro-algXF and 3pf-algIR
was 1464 bp with an 1110 bp ORF that starts with an ATG
codon at position 81 and terminates with a TGA codon at po-
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sition 1190. The nucleotide sequence of KS-408 alginate
lyase gene was deposited in the GenBank database (accession
No. IN802116). The putative protein deduced from the ORF
region consisted of 369 amino acids with a molecular mass
of 41.7 kDa. The sequence of ORF region was blasted with
other proteins in GenBank database and elucidated to have a
high sequence identity with alginate lyase precursors or
polyM-specific lyases. The analysis of BlastP and ClustalW
revealed that the deduced amino acid sequence of the KS-
408 alginate lyase showed 94% identity with the alginate
lyase precursor of P. fluorescens SBW25 and Pseudomonas
sp. strain QDO03, 85% identity with polyM lyase from P. fluo-
rescens Pf-1, and 80% identity with polyM lyase from P. fluo-
rescens Pf-5. There was a highly conserved hydrophilic
NNHSYW motif in the center of the protein and a semicon-
served hydrophobic WLEPFCTLY region in the C-terminus,
which indicated that the KS-408 alginate lyase is similar to
the periplasmic protein Algl. from P. aeruginosa and Pseu-
domonas sp. strain QD03 (Schiller et al. 1993; Xiao et al.
2006). Pseudomonas sp. strain QD03 showed lyase activity
on the polyM block and acetylated alginate made from patho-
genic bacterial biofilm.

The cloned gene was inserted into pET21b(+) vector to
express the alginate lyase protein. The recombinant E. coli
harboring the KS-408 alginate lyase gene was cultured, and
the expressed protein was analyzed by using SDS-PAGE
and immunoblotting. The full-sequence protein (referred to
as KS-408-1F) was deduced to have 393 amino acid residues,
with a theoretical molecular mass of 44.5 kDa and isoelectric
point of 8.64. The protein without signal peptide (from Met-1
to Ala-21), referred to as KS-408-2F, consisted of 372 amino
acid residues with a theoretical molecular mass of 42.4 kDa
and isoelectric point of 8.46. From SDS-PAGE and immuno-
blotting profile after induction with IPTG, both KS-408 algi-
nate lyases with (His), tag showed thick bands (Fig. 1, lanes
2 and 4), indicating that the addition of IPTG clearly induced
the expression of the recombinant protein (Fig. 1). The ex-
pressions of the recombinant alginate lyases were confirmed
by immunoblotting with polyclonal antibody and peroxidase-
conjugated anti-rabbit IgG.

Homology modeling of KS-408 alginate lyase

Homology modeling of Pseudomonas sp. strain KS-408-
2F alginate lyase was constructed based on the crystal struc-
ture of Al-IIl polymannuronate-specific lyase with AMG
trimer (1hv6.pdb) from Sphingomonas sp. strain Al. A 3-D
structure model was obtained by using Modeller 7v7 pro-
gram after protein sequence alignment by position-specific
iterated blast. Only 211 amino acid sequence from Phe-103
to Lys-314 could be aligned with A1-III alginate lyase (from
Tyr-98 to Lys-306) with 29% sequence identity. Protein se-
quence alignment of KS-408-2F and A1-IIl was carried out
based on position-specific iterated Blast. The constructed par-
tial 3-D model of KS-408-2F alginate lyase was superim-
posed on the crystal structure of Al-III (Fig. 2). Although
only partial protein sequence has very low homology, the ac-
tive site of KS-408 alginate lyase could be predicted. The ac-
tive site consisting of Asn-198, His-199, Arg-246, and Tyr-
253 was strictly conserved. Based on the above results, KS-
408 alginate lyase may be included with the polysaccharide
lyase family 5.
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Fig. 1. SDS-PAGE and immunoblotting analysis of KS-408 alginate lyases. The recombinant KS-408 alginate lyases were separated on 12%
(m/v) SDS-PAGE. The proteins on SDS-PAGE gel were visualized by staining with Coomassie brilliant blue R-250 (left panel). Over-

expressed KS-408 alginate lyases on a nitrocellulose paper were detected by immunoblotting method (right panel). Lanes: M, protein marker;
1 and 2, KS-408-1F recombinant cells induced without and with IPTG, respectively; 3 and 4, KS-408-2F recombinant cells induced without
and with IPTG, respectively; 5 and 6, purified KS-408-1F and KS-408-2F, respectively. Immunoblotting was performed with anti-6xHis anti-

bodies.
kDa M 1 2 3 4 5 6 M 1 2 3 4 5 6
175 | o —
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Fig. 2. Homology model of KS-408 alginate lyase constructed on
the crystal structure of A1-III alginate lyase (1hv6.pdb) from Sphin-
gomonas sp. strain Al. (A) Crystal structure of A1-III alginate
lyase, (B) constructed homology model of KS-408-2F alginate lyase,
(C) superimposition of KS-408-2F alginate lyase (black) and A1-III
alginate lyase (grey) with trisaccharide. Conserved amino acid resi-
dues in the active site are indicated.

A

His-192
His-199

Tyr-246
Tyr-253

Partial purification of KS-408 alginate lyase

After the recombinant E. coli was cultured with IPTG in-
duction, KS-408 alginate lyases with (His)q tag were purified
by a Ni-Sepharose affinity column chromatography (Table 1).

Table 1. Purification of alginate lyase from recombinant Escheri-
chia coli BL21 using a Ni-Sepharose column.

KS-408-1F KS-408-2F"

Yield Activity Yield Activity

(%) (U/mg)*® (%) (U/mg)*
Crude lysate 100.0 4.0 100.0 5.1
Purified protein 10.1 51.6 13.4 63.2

“KS-408-1F was expressed with full sequence of alginate lyase with
(His), tag fusion peptide.

PKS-408-2F was expressed without signal peptide of alginate lyase with
(His), tag fusion peptide.

“Unit represents the amount of enzyme (mg) that can change 1.0 of the
absorbance of 235 nm for 1 min.

The recombinant alginate lyases (KS-408-1F and KS-408-2F)
were purified with a yield of 10%—13% from total lysates.
The specific activities of the purified alginate lyases were en-
hanced 12.5- to 13-fold more than those of crude lysates.

Characterization of KS-408 alginate lyase enzymes

Based on the fact that both of alginate lyases KS-408-1F
and KS-408-2F have almost same specific activities at given
pH and temperature but the expression level of KS-408-2F
was higher than that of KS-408-1F, we employed KS-408-2F
alginate lyase for further study. The effect of pH on the activ-
ity of the purified KS-408-2F alginate lyase is shown in
Fig. 3. The KS-408-2F alginate lyase was highly active at
pH of 8 (potassium phosphate buffer), whereas at the pH of
Tris—HCI buffer inhibited the activity. The activity was very
low in an acidic environment (below pH 6). The effect of
temperature on enzyme stability was also investigated. The
activity of KS-408-2F alginate lyase was well maintained at
moderate temperature between 20 and 30 °C; however, it sig-
nificantly lost activity after 30 min incubation at temperature
higher than 40 °C (data not shown).

The enzymatic activity of the KS-408-2F alginate lyase
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Fig. 3. Effect of pH on the activity of KS-408-2F alginate lyases.
The purified enzyme was incubated in 20 mmol/L buffer solution
for 10 min before adding 0.4%(m/v) sodium alginate solution. En-
zyme activity was assayed by measuring the absorbance at 235 nm.
The data represent the average value of three measurements.
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Fig. 4. Effect of metal ion on the relative activity of KS-408-2F al-
ginate lyase. Control reaction was carried out in the absence of ion
solution. The purified enzyme was incubated with metal ion in

20 mmol/L phosphate buffer for 10 min before adding 0.4% sub-
strate solution.
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Table 2. The chemical composition of guluronate and mannuronate of used substrates.

Designation Fg Fum Fco Fom, MG Fvv Feom Fyvom Fceo DP,?

Alginate (Sigma) 0.38 0.62 0.11 0.27 0.35 0.06 0.21 0.05 30-40°

PolyG block 0.87 0.13 0.87 0.01 0.11 0.01 0.01 0.86 19

PolyM block 0.11 0.89 0.01 0.10 0.79 0.01 0.09 0.00 19

PolyMG block 0.42 0.58 0.02 0.41 0.16 0.02 0.36 0.00 23

Acetylated alginate 0.11 0.89 0.00 0.13 0.73 0.00 0.16 0.00 30-40P
(d.a.¢ = 0.28)

“DP, indicates the average degree of polymerization.

®Alginate (cps = 3500) and acetylated alginate (Pseudomonas aeruginosa ATCC 39324) were degraded to a DP, = 30-40 by mild

acid hydrolysis.
‘d.a. is the degree of O-acetylation.

was evaluated in the presence or absence of various metal
ions. As shown in Fig. 4, Zn?+, Hg?t, and Co?* strongly in-
hibited the lyase activity, while Ba?t, Mn2*, Na*, and K*
partially inhibited the lyase activity. The presence of
I mmol/L Mg+ and Ca?* did not affect the activity of the
KS-408-2F alginate lyase.

To investigate substrate specificity, five structurally differ-
ent alginates were used as the substrate (Table 2). Figure 5A
showed the relative activities of KS-408-2F alginate lyase to-
ward alginate, polyM block, polyG block, polyMG block,
and bacterial alginate. In the case of 10 min incubation at
37 °C, KS-408-2F lyase showed higher degrading activity
for polyM block (100%), polyMG block (58.0%), and bacte-
rial alginate (57.6%) than for alginate (28.8%) and polyG
block (1.7%). Interestingly, although both the acetylated algi-
nate and polyM block substrates have a similar level of man-
nuronate, the relative activity for acetylated alginate was
rather lower than that for polyM block, indicating that acety-
lation of mannuronate reduced the effectiveness of KS-408-
2F alginate lyase. Substrates completely degraded by KS-
408-2F alginate lyase were separated on TLC with Biogel P-
2 column-purified unsaturated oligouronates, dimer, and
trimer as standards. When the starting points of each TLC
plate were compared, undegraded alginate and polyG block

remained at the starting points (Fig. 5B). Although acetylated
alginate purified from mucoid P. aeruginosa was degraded
by KS-408-2F alginate lyase (Fig. 5A, analyzed by TBA
method), the degradation products from the acetylated algi-
nate could not be detected on both the starting point nor on
the developing area by dipping the TLC plate in 10% sulfuric
acid — ethanol reagent (data not shown). The degraded oligo-
meric products of the polyM block were separated by using
FPLC and Biogel P-2 gel filtration chromatography. The frac-
tions at the elution times of 16.7 and 15.6 min were subse-
quently analyzed by ESI MS (Fig. 5C). Each fraction was
injected onto the LC MS with mobile-phase 10 mmol/L am-
monium acetate — methanol (1:1, v/v), and ESI MS was per-
formed in negative mode ([M-H]-). From the ESI MS data,
the peaks of 16.7 and 15.6 min were determined to be a
dimer ([M-H]- = 351) and a trimer ([M-H]- = 527), respec-
tively. Based on the above results, we assumed that the KS-
408-2F alginate lyase is a polyM-specific lyase that showed
higher preference for the polyM block as the substrate.

Analysis of KS-408-2F alginate lyase-catalyzed alginate
degradation patterns by 1H NMR

The degradation profiles of alginate by the KS-408-2F al-
ginate lyase or polyG-specific ALG-5 alginate lyase were
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Fig. 5. Substrate specificity of KS-408-2F alginate lyase. (A) 0.2%
(m/v) each substrate was digested with 20 pg of KS-408-2F alginate
lyase for 10 min at 37 °C. Enzyme activity was assayed by the thio-
barbituric assay method. Ac-alginate means acetylated alginate ob-
tained from Pseudomonas aeruginosa ATCC 39324. (B) 1% each
substrate was completely digested by adding enzyme. The comple-
tion of digestion was confirmed by fast-protein liquid chromatogra-
phy (FPLC). Lanes: S, purified unsaturated uronate, dimer, and
trimer; 1, alginate; 2, polyM block; 3, polyG block; 4, polyMG
block. (C) FPLC profile of degraded polyM block (thin-layer chro-
matography sample) by KS-408-2F alginate lyase.
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Table 3. Composition of alginate before and after treatment with
KS-408 lyase.

Alginate Fg Fum Fsg Fum ~ DPy
PolyM block

Before KS-408  0.11 0.89 0.01 0.79 19

After KS-408 —4 0.25 0.00 0.08 2-3
PolyG block

Before KS-408  0.87 0.13 0.87 0.11 19

After KS-408 0.84 0.10 0.81 0.05 >12
PolyMG block

Before KS-408  0.42 0.58 0.02 0.16 23

After KS-408 0.28 0.19 0.00 0.09 4

“No resonance signals caused by the internal G (G-1) could be recorded.

compared by 'H NMR spectroscopy (Fig. 6). There were
some different chemical shifts of signals between the prod-
ucts of degradation by KS-408-2F alginate lyase or ALG-5
lyase. Myeqg reducing end signal (4.91 ppm) newly appeared
after alginate degradation by KS-408-2F alginate lyase, while
Greqp reducing end signals (4.90-4.86 ppm) appeared after
alginate degradation by ALG-5 lyase. The ratios of intensity
from internal G signal (5.07 ppm) and sequential G signal
(4.47 ppm) were different when alginates were degraded by
KS-408 lyase or ALG-5 lyase. Therefore, KS-408-2F alginate
lyase is expected to produce a mannuronate-derived reducing
end by cleaving the alginate like these ways, M|MM,
MIMG, M|GG, or M|GM, while polyG-specific ALG-5
lyase produced guluronate reducing end.

PolyM, polyG, or polyMG blocks were degraded with KS-
408-2F alginate lyase, and then analyzed by NMR spectro-
scopy to confirm the substrate specificity of KS-408-2F algi-
nate lyase (Fig. 7 and Table 3). As shown in Fig. 7B, the
internal G signal (5.07 ppm) of polyG block was not changed
in the absence or presence of KS-408-2F alginate lyase. On
the contrary, the internal M signals (4.71-4.68 ppm) of
polyM and polyMG blocks were decreased after complete
degradation of both blocks by KS-408-2F alginate lyase
(Figs. 7A and 7C), clearly indicating that KS-408-2F alginate
lyase is polyM-specific alginate lyase. When the M—M bond
in polyM block was cleaved, an M reducing end (M,.4) and
AM on the nonreducing end were produced. In the NMR
spectrum of polyG block, there were very low peaks from
the unsaturated ends (5.90-5.75 ppm) and a decrease in DP,
(from 19 to >12) of polyG block after the degradation of
polyG block by KS-408-2F alginate lyase, because some
mannuronate moiety was in the polyG block (Fyy = 13%).

We investigated the preference of KS-408-2F alginate lyase
for the M—G bond or G—M bond in a polyMG block. The
polyMG block used in this study had mainly a MG or GM
(Fymg + Fgu = 82%, Table 2) fraction with a small portion
of the GG fraction. When the M—G bond in polyMG block
was cleaved, the degradation products would be M,.4 on the
reducing end and AM or AG on the nonreducing end. Con-
trarily, when G—M bond in polyMG block was degraded,
the degradation products would be G4 on the reducing end
and AG or AM on the nonreducing end. In the NMR spec-
trum (Fig. 7C), the signals from MM, MG, and MGM de-
creased, as expected, when the polyMG block was degraded
by KS-408-2F alginate lyase. Interestingly, the resonance sig-
nal arising from M. (4.91 ppm) was larger than that from

Published by NRC Research Press



Can. J. Microbiol. Downloaded from www.nrcresearchpress.com by ZheJiang University on 03/14/13
For personal use only.

Kam et al. 1039

Fig. 6. Comparison of '"H NMR (400 MHz) spectra of alginate degradation before and after treatment with Pseudomonas sp. strain KS-408-
2F alginate lyase or Streptomyces sp. strain ALG-5 lyase. The reaction was allowed to proceed to completion by adding enzyme repeatedly.
The signal originated from the underlined residue. The numbers denote proton causing the signal. M or G without underline indicates neigh-
bor residue. Streptomyces sp. strain ALG-5 lyase was obtained by Ni-Sepharose column as described previously (Kim et al. 2009).

G-1 M-1-M GG-5-G

Alginate

60 58 56 54 52 50 48 48 44 (ppm)
Fig. 7. "H NMR (400 MHz) spectra of alginate substrates before and after treatment with Pseudomonas sp. strain KS-408-2F alginate lyase.

(A) PolyM block, (B) polyG block, and (C) polyMG block. The signal originated from the underlined residue. The numbers denote proton
causing the signal. M or G without underline indicates neighbor residue.

A. PolyM Mooyt
Grea-a
A1-G
A-4-M
5-4-G

+KS-408

-KS-408
6.0 58 56 54 52 5.0 48 46 44 (ppm)
B. PolyG
+ KS-408
M-1-M
- KS-408
6.0 58 58 54 52 50 48 46 44 (ppr)
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8-4-G L, 4-1-G
N R
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60 58 56 54 52 50 48 48 44 (ppm)
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Greq-p (4.90-4.86 ppm, Fig. 6), clearly showing that KS-408
alginate lyase cleaved M—G bonds preferentially, compared
with G—M bonds. This result also supports that KS-408 al-
ginate lyase is a polyM-specific lyase that preferentially de-
grades the glycosidic linkages of M—M and M—G.

Recently, macroalgae have attracted much attention as re-
newable biomass for the production of biofuels and biochem-
icals. To date, laminaran and mannitol in algae have been
considered as carbohydrate sources (Horn et al. 2000). Ac-
tually, alginate constitutes up to 30% of dry mass of brown
seaweeds. Therefore, it is of interest to saccharify alginate
polysaccharide into the constituent monosaccharides by using
alginate lyase as the biocatalyst to use them as carbon source
for the production of biofuels and biochemicals (Shin et al.
2010; Ryu and Lee 2011). A combined use of alginate lyase
with a different mode of action is advantageous on the sac-
charification of alginate (Rahman et al. 2010). The sacchari-
fication bioprocess of alginate to alginate monosaccharides is
under development by using polyM-specific KS-408-2F algi-
nate lyase in combination with polyG-specific ALG-5 lyase
and exolytic MJ-3 oligoalginate lyases.
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