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Abstract. An agar-degrading Thalassomonas bacterium, strain JAMB-A33, was isolated from the
sediment off Noma Point, Japan, at a depth of 230 m. A novel a-agarase from the isolate was purified to
homogeneity from cultures containing agar as a carbon source. The molecular mass of the purified
enzyme, designated as agaraseA33, was 85 kDa on both SDS-PAGE and gel-filtration chromatography,
suggesting that it is a monomer. The optimal pH and temperature for activity were about 8.5 and 45°C,
respectively. The enzyme had a specific activity of 40.7 U/mg protein. The pattern of agarose hydrolysis
showed that the enzyme is an endo-type a-agarase, and the final main product was agarotetraose. The
enzyme degraded not only agarose but also agarohexaose, neoagarohexaose, and porphyran.

Agarose is a gelling component in the cell wall of
marine red algae consisting of a linear chain of alter-
nating 3-O-linked B-p-galactopyranose and 4-O-linked
3,6-anhydro-o-L-galactose units [2]. A number of agar-
degrading enzymes have been purified from various
genera and well characterized [1, 3, 4, 6-8, 11-14, 16,
18, 24], but almost all of the known agarases belong to
the B-agarase group and hydrolyze only B-1,4 linkages
between composite sugars in agarose. In contrast, o-
agarases, which hydrolyze o-1,3 linkages, are poorly
known. There is only one report of biochemical studies
on an o-agarase purified from “Alteromonas agarlyticus
GJIB” (A. agarlytica DSM 12513) [14]. This enzyme
hydrolyzed agarose to yield a series of agaro-oligosac-
charides and showed o-galactosidase activity together
with agarase activity. However, it was not capable of
degrading agarohexaose, agarotetraose, and carrageen-
ans. The other enzyme that hydrolyzes o-1,3 linkages
of the same backbone is a-neoagaro-oligosaccharide
hydrolase [17]. The enzyme does not degrade agarose,
but cleaves a-1,3 linkages in neoagaro-oligosaccharides
smaller than hexamers, yielding odd numbers of oligo-
saccharides and constitutive monosaccharides.
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The agaro-oligosaccharides obtained upon break-
down of a-1,3 linkages of agarose have antioxidative
and antitumorigenic properties that may be important in
the medical and food industries [5]. Sulfated agaroses
such as agaropectin and porphyran attract special
attention because of their immunopotentiating, antico-
agulant, and antioxidant activities [21-23]. Enzymatic
processing of these marine polysaccharides is an
essential step for rational development of new drugs.

We have isolated a number of agar-degrading
microorganisms and characterized their -agarases [12,
13]. In this report, we describe the isolation of a novel
agar-degrading bacterium designated strain JAMB-A33
that was obtained from a sediment sample off Noma
Point, Japan, at a depth of 230 m, and characterize the
new o-agarase (agaraseA33) that it produced.

Materials and Methods

Isolation of an agarolytic bacterium and 16S rDNA analysis of the
isolate. The procedure for the isolation of bacteria with agarolytic
activity in sediment samples taken off Noma Point at a depth of 230 m
followed the method described previously [13]. One of the bacteria
exhibiting agarolytic activity was chosen and named strain JAMB-
A33. The isolate was propagated on marine agar 2216 (Difco, Detroit,
MI) or in marine broth 2216 (Difco) containing 0.1% agar at 30°C. 16S
rDNA was amplified using eubacterial primers of 27f and 1525r, then
the amplified 1.5 kb DNA fragment was sequenced by the method
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described previously [20] and used for the database search (http:/
www.ddbj.nig.ac.jp/) to find the species with the closest match.

Purification of agarase from JAMB-A33. Strain JAMB-A33 was
propagated in 2 L of marine broth 2216 containing 0.1% agar with
shaking at 75 rpm in a rotary shaker for 72 h at 30°C. The following
procedures were carried out at temperatures below 4°C. The
centrifugal pellet of the culture was suspended in 10 mm Tris-HCI,
pH 7.5, and sonicated by an ultrasonic disrupter (UD-201; Tomy,
Tokyo, Japan). The resulting suspension was mixed with
Hydroxyapatite (Seikagaku Kogyo, Tokyo, Japan) to trap the
agarolytic enzyme. After being mixed for 30 min, the suspension
was filtered using a bottle-top nitrocellulose filter (0.45 pm pore size).
After confirming that no agarolytic activity was present in the filtrate,
the resin was resuspended in 400 mL of 0.1 M sodium phosphate, pH
7.0, and filtered as described above. The filtrate obtained was applied
to a DEAE-Toyopearl 650M column (2.5 x 15 c¢m; Tosoh, Tokyo,
Japan), and eluted by a linear gradient of NaCl (0-0.5 m) in 10 mm
Tris-HCI, pH 7.5. The active fractions were pooled and applied to a
hydroxyapatite column (2.5 X 15 cm; Seikagaku Kogyo), and the
proteins eluted by a linear gradient of sodium phosphate buffer (5-100
mM, pH 7.5). The active fractions were pooled and further purified by
re-chromatography using a DEAE-Toyopear]l 650M column as
described above. The active fractions were pooled and concentrated
to 10 mL by ultrafiltration. The concentrate was further purified by a
gel filtration column (Hiprep 26/60 Sephacryl S-200 HR; Amersham
Bioscience, Piscataway, NJ) pre-equilibrated with 20 mm Tris-HCI, pH
7.5, containing 0.15 m NaCl. The active fractions were pooled,
concentrated to 1 mL, and the concentrate was used as the final
preparation of purified enzyme throughout the experiments. The
purified enzyme was designated as agaraseA33.

Sodium dodecyl sulfate-polyacrylamide gel electrophoresis
(SDS-PAGE) of the purified enzyme was performed essentially as
described by Laemmli [9]. Activity staining was carried out essentially
as described previously [13]. The molecular mass of the enzyme was
estimated by SDS-PAGE and by gel filtration on Hiprep 26/60 Seph-
acryl S-200 HR (Amersham Bioscience) with Precision-plus dual
standards and a high-molecular-mass protein kit (Amersham Biosci-
ence) as molecular mass standards, respectively.

For determination of internal amino acid sequences, agaraseA33
was digested with lysyl endopeptidase (Wako Pure Chemical, Kyoto,
Japan) and blotted on a polyvinylidene difluoride membrane (Applied
Biosystems, Foster City, CA) that had been wetted with methanol. The
N-terminal amino acid sequence of the peptides was determined di-
rectly using a protein sequencer (Procise; Applied Biosystems).

Enzyme assay. A suitably diluted solution of enzyme preparation was
incubated at 45°C in 50 mm N-tris(hydroxymethyl)methyl-3-
aminopropanesulfonic acid-NaOH buffer (TAPS, pH 8.5), containing
5 mm CaCl, (standard conditions) and 0.2% agar (Nacalai Tesque,
Kyoto Japan). The enzyme assay and kinetic analysis followed the
methods described previously [13]. One unit (U) of enzymatic activity
was defined as the amount of protein that produced 1 pmol of reducing
sugar as D-galactose (Sigma Chemical, St. Louis, MO) per minute
under the assay conditions.

Preparation of the oligosaccharides. Enzymatic hydrolysis of
agarose (Bio-Rad, Hercules, CA) with agaraseA33 was carried out
under standard conditions at 40°C for 24 h. To obtain neoagarobiose,
neoagarohexaose (Dextra Laboratories, Reading, UK) was hydrolyzed
with B-agarase from “Pseudomonas atlantica” [10] in the
manufacturer's  buffer (BioWhittaker Molecular Applications,
Rockland, ME) at 40°C for 24 h. For preparation of a series of agaro-
oligosaccharides, agarose was partially hydrolyzed by 0.05 m HCI at

213

85°C for 30 min, followed by the addition of NaOH to stop the
hydrolysis and adjust the pH of the hydrolysate to neutral. Each reaction
mixture was desalted using ion-exchange resins from Amberlite
(Organo, Tokyo, Japan) and Diaion (Mitsubishi Chemical, Tokyo,
Japan). The desalted solution was freeze-dried and dissolved in 15%
acetonitrile. The sample was fractionated on a series of four gel filtration
columns: two Superdex peptide 10/300 columns (10 X 300 mm;
Amersham Bioscience), an Ultrahydrogel DP 120A column (7.8 x 300
mm, Waters, Milford, MA), and a Asahipak GS220 G7 column (6.7 X
500 mm; Asahi Kasei, Tokyo, Japan), using an LC-10Avp with CLASS-
VP HPLC system (Shimadzu, Kyoto, Japan) equipped with a refractive
index detector (RID-10A; Shimadzu). Each fraction of oligosaccharides
was pooled and freeze-dried. The samples were dissolved in 50%
acetonitrile and applied to a Glyco-PakN column (7.8 x 300 mm,
Waters) for further purification. After elution by 73% acetonitrile, each
of the oligosaccharide fractions was freeze-dried. The degrees of
polymerization of the oligosaccharides were calibrated on the gel
filtration columns using the HPLC system and commercially available
neoagaro-oligosaccharides (neoagarohexaose and neoagarotetraose;
Dextra Laboratories) and p-galactose as standards.

I3C-NMR spectroscopy of the product of agarose hydrolysis. The
main product of agarose hydrolysis with agaraseA33 was purified and
dried as described above, then dissolved in DMSO-d6. The sample was
analyzed by '>C-NMR at 25°C on a Varian Unity Inova 500 system
(Palo Alto, CA, USA) operating at 125.7 MHz, essentially as described
by Rochas et al. [15]. The spectrum was recorded using a 1.4 s delay, a
45° pulse, an acquisition time of 1.1 s, a scan number of 27,104, and a
30 kHz sweep width.

Analysis of the pattern of agarose hydrolysis and substrate
specificity. Enzymatic hydrolyses of agarose, agarohexaose,
agarotetraose, neoagarohexaose, and neoagarotetraose were carried
out under standard conditions using 1.0% of each substrate at 40°C for
up to 24 h. Aliquots of the reaction mixtures were analyzed by thin-
layer chromatography (TLC) using a solvent system composed of
chloroform-methanol-acetic acid (3:3:1, vol/vol), as previously
described [13]. Calibration of the degree of the polymerization and
quantification of reaction products were carried out by gel filtration
chromatography using the high-performance liquid chromatography
(HPLC) system as described above. To examine the substrate
specificity of the enzyme, porphyran was prepared from Porphyra
yezoencis, according to the method of Takahashi et al. [19]. p-
Nitrophenyl o, B-galactopyranoside and t-,kx-, and A-carrageenans were
purchased from Sigma Chemical and used as substrates under standard
conditions.

Nucleotide sequence accession number. The 16S rDNA nucleotide
sequence data of strain JAMB-A33 has been submitted to the DDBJ,
EMBL, and GenBank databases under accession number AB162002.

Results and Discussion

16S rDNA sequence analysis of the isolate. To
determine the phylogenetic position of the agar-
degrading bacterium JAMB-A33, the 1.5 kb fragment
of 16S rDNA was amplified by polymerase chain
reaction (PCR). The 1469 bp length of the sequence
was determined and used for comparative sequence
analysis against known 16S rDNA sequences. The 16S
rDNA sequence of the isolate showed a relationship
(95%) to each of Thalassomonas viridans or T.
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Idiomarina abyssalis KMM 227 T (AF052740)
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Idiomarina zobellii KMM 231 T (AF052741)
Colwellia hornerae ACAM 607 T (U85847)

Colwellia demingiae ACAM 459 T (U85845)

Colwellia psychrerythraea ATCC 27364 T (AF001375)

Colwellia maris JCM 10085 T (AB002630)

Colwellia psychrotropica ACAMI179 7 (U85846)

Colwellia rossensis ACAM608 T (U14581)

Thalassomonas viridans CECT 5083 T (AJ294748)
EStrain JAMB-A33 (AB162002)
83
Thalassomonas ganghwensis JC 2041 T (AY 194066)

Escherichia coli ATCC 11775 T (X80725)

0.01
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Fig. 1. Neighbor-joining tree based on 16S rDNA sequences showing
relationships among strain JAMB-A33 and other related genera of the
y-Proteobacteria. Numbers at nodes are levels of bootstrap support
(%). Scale bar represents one nucleotide substitution per 100 nucleo-
tides.

ganghwensis  within  the y-Proteobacteria. The
phylogenetic tree suggested that the isolate may be a
new species in the genus Thalassomonas (Fig. 1).
Further taxonomic analyses are in progress.

Production of agaraseA33. The production of agarase
by strain JAMB-A33 was monitored for 4 days. The
growth rate of the isolate was independent of the
presence of agar and inhibited strongly by galactose in
the medium. The agarase activity was detected only in
the presence of agar and reached a maximum after 72 h
of cultivation.

Purification of agaraseA33. The purified enzyme had
a specific activity of 40.7 U/mg. The molecular mass of
the enzyme was determined to be 85 kDa by gel
filtration chromatography. The SDS-PAGE of the
purified enzyme gave a single band with an apparent
mass of 85 kDa (Fig. 2), consistent with the result of the
gel filtration chromatography. Consequently, the
enzyme is suggested to be a monomeric protein, unlike
the o-agarase from “A. agarlyticus GJ1B” which is a
multimeric protein consisting of a 180 kDa unit with
agarase activity and one or two 90 kDa units of
unidentified function. The N-terminal sequence of the
purified agaraseA33 could not be determined for some
reason. Thus, we treated agaraseA33 with lysyl
endopeptidase and determined a part of the amino acid
sequence of the enzyme. A stretch of the amino acid
sequence was determined to be Leu-Leu-Thr-Glu-Gly-
Asn-Ile-Asn-Phe-Asp, and a BLAST search analysis
(http://www.ncbi.nlm.nih.gov/) revealed that the
sequence showed 80% similarity to the amino acid
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Fig. 2. SDS-PAGE and activity staining of purified agaraseA33.
(a) SDS-PAGE of the purified enzyme (0.5 pg protein) on 7.5%
polyacrylamide gel. The proteins were stained with Coomassie brilliant
blue (CBB) (lane P). Protein mass markers (in kDa) are indicated on
the left (lane M). (b) Activity staining of the purified enzyme.

sequences corresponding to amino acids 1255-1264
(Ile-Leu-Thr-Glu-Asp-Asn-Ile-Asn-Phe-Asp) of the o-
agarase from “A. agarlyticus GI1B” [14].

Biochemical properties of the enzyme. The pH optim-
um for activity of the enzyme was examined in various
buffers. The buffers used were 50 mm 2-morpholin-
oethanesulfonic acid-NaOH buffers (MES), pH 5.5-7.0;
3-morpholinopropanesulfonic acid-NaOH buffers (MO-
PS), pH 6.5-7.5; TAPS, pH 7.5-9.0; N-cyclohexyl-2-
aminoethanesulfonic acid-NaOH buffers (CHES), pH
8.5-10.0; and N-cyclohexyl-3-aminopropanesulfonic
acid-NaOH buffers (CAPS), pH 9.5-11.0. AgaraseA33
showed activity at a wide range of pH (4.5-9.5) with an
optimum at pH 8.5, more alkaline than the optimal pH of
7.2 for the reported a-agarase [14]. To determine pH
stability, the enzyme was incubated at 25°C for 30 min
in these buffers. The residual activity was measured
under standard assay conditions. The enzyme was very
stable in a broad range of pH (6-11), retaining more than
80% of the original activity. The optimal temperature
for the activity of the enzyme was 45°C in 50 mm TAPS,
pH 8.5, containing 5 mm CaCl,. The enzyme was stable
up to 40°C during 30 min incubation in the same buffer.
The enzyme showed low activity (>15%) in the absence
of CaCl, compared with the standard assay conditions
(taken as 100%). When calcium ion was supplied as
either nitrate or acetate salt at 1-100 mm, the same
activity was observed either in Tris-acetate or in TAPS,
pH 8.5, as in the standard assay conditions. The other
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Fig. 3. Thin-layer chromatography (TLC) of the products of hydro-
lysis, by agaraseA33, of agarose and oligosaccharides with the same
backbone as agarose. The reactions were carried out at 40°C at pH 8.5
in 50 mm TAPS with 0.04 U/ml enzyme and 1.0% substrates. Aliquots
from the reaction mixtures were sampled and analyzed by TLC. The
substrates used were as follows: agarose (lanes 1-8), agarohexaose
(lane 13), agarotetraose (lane 14), neoagarohexaose (lane 15), neoag-
arotetraose (lane 16). Incubation times for hydrolysis were as follows:
0 h (lane 1), 0.5 h (lane 2), 1 h (lane 3), 2 h (lane 4), 3 h (lane 5), 6 h
(lane 6), 12 h (lane 7), 24 h (lanes 8 and 13-16). Lanes 9 and 17, agaro-
oligosaccharides obtained by acid hydrolysis of agarose; lanes 10 and
18, galactose; lane 11, 3,6-anhydrogalactose; lane 12, neoagaro-oli-
gosaccharides including neoagarobiose, neoagarotetraose, and neoag-
arohexaose.

metal salts abundant in seawater—NaCl, KCI, and
MgCl,—did not significantly affect expression of the
full enzyme activity. These results suggested that the
enzyme requires Ca®* ion for full activity.

Analysis of hydrolysis products and substrate
specificity. After complete hydrolysis of agarose, the
major product was purified and analyzed by '*C-NMR
spectrometry. The spectrum of the product contained a
signal at 203.9 ppm, indicating the presence of
aldehydic residues, and the peak profile in the range of
60-110 ppm was in agreement with that reported for
agarotetraose [15]. Six signals were assigned to the
carbons (C-1, 90.77; C-2, 73.38; C-3, 83.15; C-4, 85.49;
C-5, 76.43; C-6, 73.76 ppm) of the 3,6-anhydro-o-L-
galactose residue (hydrated aldehydic form) at the
reducing end, according to Rochas et al. [15]. These
results confirmed that agaraseA33 cleaved o-1,3
linkages in agarose, and that the major product of
agarose hydrolysis was agarotetraose. The products of
agarose hydrolysis are suggested to exist as a mixture of
the aldehyde and hydrated forms at equilibrium in
aqueous solutions [14].

TLC was used to monitor the hydrolysis patterns
(Fig. 3). In the initial stage, agaraseA33 hydrolyzed
agarose to generate a series of agaro-oligosaccharides.
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The percentage of oligosaccharides larger than tetramers
decreased, and a predominant tetramer was produced
with concomitant production of hexamers and dimers.
This hydrolysis pattern indicates that agaraseA33 is an
endo-a-agarase. Reaction products after 24 h of incu-
bation were quantified by gel filtration chromatography.
The proportion of the products was calculated from area
ratios on the chromatogram to be 9% agarohexaose,
77% agarotetraose, 9% agarobiose, and 5% other prod-
ucts. AgaraseA33 did not hydrolyze tetramers, whereas
it did hydrolyze hexamers. The products of agarohexa-
ose hydrolysis were calibrated to be tetramers and di-
mers on gel filtration chromatography, whereas
neoagarohexaose hydrolysis produced two kinds of tri-
mer detected at slightly different retention times on the
gel filtration chromatogram. These results showed that
agaraseA33 hydrolyzes o-1,3 linkages in agarose, agaro-
oligosaccharides, and neoagaro-oligosaccharides com-
prising six sugars. The K,, value for agar was 4.9 mg/
mL. The catalytic efficiency (k../K,,) for agar was 36.3
mlL/mg/sec. The a-agarase from “A. agarlyticus GJ1B”
does not degrade partially methylated and sulfated
agarose [14]. In contrast, agaraseA33 efficiently
hydrolyzed porphyran extracted from Porphyra yezo-
ensis, which is a highly sulfated agarose, showing 95%
activity compared with agarose hydrolysis activity (ta-
ken as 100%) under the standard assay condition. Sim-
ilar to other known agarases, agaraseA33 did not
degrade 1-,x-, and A-carrageenans, which are also sul-
fated polysaccharides with similar backbones. These
results suggested that agaraseA33 recognizes the dif-
ference in configurations of 4-linked sugars between
agarose including porphyran (L-configuration) and car-
rageenans (D-configuration). In contrast to the reported
o-agarase [14], agaraseA33 did not hydrolyze glycosidic
linkages in either p-nitrophenyl o~ or -galactopyrano-
side.

In conclusion, agaraseA33 is a novel o-agarase
from a newly isolated Thalassomonas sp. It specifi-
cally cleaves o-1,3 linkages in polysaccharides and
oligosaccharides with the same backbone as agarose.
The enzyme has industrial importance with respect to
oligosaccharide production from agar and porphyran.
The nucleotide sequence encoding for this enzyme is
under investigation and will be published soon. To-
gether with these results, the enzymatic properties of
this enzyme will contribute to understanding of the
mechanism of the hydrolysis of o-1,3 linkages in
agarose.
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