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A Novel Enzyme, L-Carrageenase, Isolated from a Deep-Sea
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A )\-carrageenan-degrading Pseudoalteromonas bacterium, strain CL19, was isolated
from a deep-sea sediment sample. A A-carrageenase from the isolate was purified to
homogeneity from cultures containing A-carrageenan as a carbon source. This is the
first report of the isolation of A-carrageenase together with the gene sequence for
the enzyme. The molecular mass of the purified enzyme was approximately 100 kDa
on both SDS-PAGE and gel-filtration chromatography, suggesting that the enzyme is a
monomer. The optimal pH and temperature for activity were about 7 and 35°C, respec-
tively. The enzyme had specific activity of 253 U/mg protein. The enzyme required mono-
valent salts for the activity. Carbohydrates, such as sorbitol, sucrose, trehalose,
improved the enzyme stability. The pattern of A-carrageenan hydrolysis showed that
the enzyme is an endo-type A-carrageenase, and the final main product was a tetrasac-
charide of the A-carrageenan ideal structure with galactose 2,6-disulfate at the reducing
end, indicating the enzyme cleaves the p-1,4 linkages of its backbone structure. Further-
more,the gene (cglA) encoding the enzyme was sequenced. It encoded a mature protein of
103 kDa (917 amino acids). Remarkably, the deduced amino acid sequence showed no
similarity to any reported proteins.

Key words: cloning, endo-$-1,4-carrageenose 2,6,2 -trisulfate-hydrolase, A-carrageenan,
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Generally, marine microorganisms are considered to be a
major component of global nutrient cycle (I). Seventy
percent of the earth’s surface is covered by the sea,
about 90% of which has a depth of more than 1,000 m.
In this context, we intended to find a biodegradation acti-
vity toward A-carrageenan from marine microorganisms of
deep-sea origin. Deep sea is common with regard to its
volume, yet an extreme environment. Extreme conditions
such as high pressure, low or high temperature, or high
concentrations of inorganic compounds are considered
lethal to many organisms. However, microorganisms
have infiltrated virtually every space of the earth’s bio-
sphere, because they can adapt to a wide range of environ-
mental conditions. Many extremophilic bacteria, such as
alkaliphiles, thermophiles, psychrophiles, halophiles and
piezophiles, have been isolated from the deep-sea as well as
mesophiles. Some of them were categorized as new species
(2). Deep-sea organisms are either metabolically active
or dormant to obtain capability of survival or thriving
throughout history of life. Previous studies have revealed
the diversity and novelty in their microbiota (3). We have
been conducting extensive screening for unique new
enzymes from deep-sea microorganisms as abundant
sources of unexplored properties (4, 5).

Carrageenans are a generic name for a family of water-
soluble, sulfated galactans extracted from the cell walls of
marine red algae. They consist of D-galactose residues
bound by alternate «-1,3 and -1,4 linkages. Their common
types of them are called 1-, k-, and A-carrageenan based on
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the structure of major disaccharide units, corresponding
to carrageenose 2,4’-disulfate, carrageenose 4’-sulfate, and
carrageenose 2,6,2'-trisulfate (6), respectively. Natural
carrageenans are often hybrids of more than one of
these repeating units with some modifications. Whereas
-, k-, and other types of carrageenans are produced
at cystocarpic stages in members of Gigartinceae,
A-carrageenan is produced at tetrasporic stages in them.
Several carrageenan-degrading bacteria were detected
from marine environments in earlier studies (7-9).
Carrageenan-degrading enzymes from marine bacterium
such as Pseudoalteromonas carrageenovora, Zobellia
galactanovorans and Alteromonas fortis have been
described with respect to their enzymatic properties and
gene sequences (8, 10, 11). They display strict substrate
specificity and hydrolyze either 1- or k-carrageenan. In
contrast, to the best of our knowledge, there has been
no report on the isolation and characterization of
A-carrageenan—degrading enzyme together with the gene
sequence.

Recently, we detected high A-carrageenan hydrolytic
activity produced by a deep-sea isolate. In this report,
we describe the purification and characterization of
A-carrageenase. The gene encoding A-carrageenase was
sequenced for the first time.

MATERIALS AND METHODS

Isolation of a A-Carrageenan-Degrading Bacterium and
16S rDNA Analysis of the Isolate—A sediment sample
from Suruga Bay, Japan, at a depth of 2409 m was collected
using the remotely operated submersible Kaiko. The sam-
ple was suitably diluted and spread on the solid medium
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containing artificial sea water (Nihon Pharmaceutical,
Tokyo, Japan), 0.2% polypepton, 0.1% yeast extract,
0.5% M\-carrageenan from Gigartina aciculaire and
Gigartina pistillata (Type IV; Sigma-Aldrich, St. Louis,
MO, USA), and 1% agar, and followed by incubation at
20°C for several days. After flooding the solid medium
with 10% cetylpyridinium chloride, the colonies with
clear zones against a white background were considered
to be candidate A-carrageenan—degrading microorganisms.
The candidates were cultivated at 20°C for 3 days in Difco
marine broth 2216 (Becton, Dickinson and Company,
Franklin Lakes, NJ, USA) containing 0.2% A-carrageenan.
A-Carrageenan hydrolytic activity in the culture broth was
assessed by measuring the reducing sugars produced after
incubation with 0.5% A-carrageenan at 20°C for 3 h. Redu-
cing sugar was quantified following dinitrosalicylic acid
method (12). One of the bacteria exhibiting A-carrageenan
hydrolytic activity was selected and designated as strain
CL19. 16S rDNA analysis was performed following the
method described previously (13).

Enzyme Assay—A suitably diluted solution of enzyme
preparation was incubated at 35°C in 50 mM
3-morpholinopropanesulfonic acid-NaOH buffer (MOPS,
pH 7.0), containing 0.5% A\-carrageenan and 0.4 M NaCl.
One unit (U) of enzymatic activity was defined as the
amount of protein that produced 1 pmol of reducing
sugar as D-galactose per minute under the assay condi-
tions. Reducing sugar was quantified as described above.
The activity was determined according to the initial rate of
the reaction.

Purification of J-Carrageenase from Strain CLI19—
Strain CL19 was propagated in 500 ml of marine broth
2216 containing 0.4% A-carrageenan with shaking at
120 rpm in a rotary shaker for 24 h at 23°C. The following
procedures were carried out at temperatures below 4°C.
The centrifugal supernatant of the culture was brought
to 0.5 M sorbitol and 1.5 M (NH4)2SO4. The resulting
solution was applied to a Butyl-Toyopearl 650M column
(2.5 x 15 cm; Tosoh, Tokyo, Japan) previously equilibrated
in 20 mM Tris/HCl buffer, pH 7.5, containing 0.5 M sorbitol
and 1.5 M (NH4)sSOy4. The column was washed with buffer
to remove the unbound material and eluted with a linearly
decreasing gradient of (NH4)2SO4 (1.5-0.9 M). Active frac-
tions were pooled and desalted using an Amicon concen-
trator with an ultrafiltration membrane (10,000-M, cutoff;
Millipore, Bedford, MA, USA). The resulting solution was
applied to a DEAE-Toyopearl 650M column (2.5 x 15 cm;
Tosoh), and eluted with a linear gradient of NaCl
(0.1-0.35 M) in 20 mM Tris/HC], pH 7.5 including 0.5 M
sorbitol. The active fractions were pooled and desalted as
described above. The desalted solution was further purified
on a Heparin-sepharose column (HiTrap Heparin HP
5 ml; Amersham Bioscience, Piscataway, NJ, USA) pre-
equilibrated with 20 mM Tris/HCI, pH 7.5, containing
0.5 M sorbitol and 0.2 M NaCl and eluted with a linear
gradient of NaCl (0.2-0.5 M) in 20 mM Tris/HCI, pH 7.5
including 0.5 M sorbitol. The active fractions were pooled,
concentrated to 1 ml, and the concentrate was used as the
final preparation of purified enzyme (CglA) throughout the
experiments.

SDS-PAGE and Activity Staining—SDS-PAGE of the
purified enzyme was performed essentially as described
by Laemmli (14). After electrophoresis, SDS in the gels
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was removed by soaking the gels in 50 mM MOPS
(pH 7.0) containing 0.4 M NaCl three times for a total of
30 min. The gels were then overlaid onto the A-carrageenan
sheets containing 0.5% A-carrageenan, 1.0% agarose and
50 mM MOPS (pH 7.0) and incubated for 3 h at 25°C.
Following incubation, the A-carrageenan sheets were
stained by flooding with 10% cetylpyridinium chloride.
A-Carrageenase activity was visualized as clear zones on
a white background. Proteins were visualized by staining
with Coomassie brilliant blue. The molecular mass of the
enzyme was estimated on SDS-PAGE and by gel filtration
on a YMC-pack Diol-120 column (7.8 x 500 mm, YMC,
Kyoto, Japan) with Precision-plus dual standards
(Bio-Rad, Hercules, CA, USA) and a High-molecular-mass
protein kit (Amersham Bioscience) as molecular mass
standards, respectively.

Biochemical Properties of CglA—The pH optimum for
the activity of the enzyme was examined in various
buffers including 0.4 M NaCl. The buffers used were
50 mM 2-morpholinoethanesulfonic acid-NaOH (MES),
pH 5.5-7.0; 3-morpholinopropanesulfonic acid-NaOH
(MOPS), pH 6.5-8.0; 2-[4-(2-hydroxyethyl)-1-piperazinyl]
ethanesulfonicacid—-NaOH (HEPES), pH 6.5-8.0; N-tris(hy-
droxymethyl)methyl-3-aminopropanesulfonic acid-NaOH
(TAPS), pH 7.5-9.0; and N-cyclohexyl-2-aminoethanesulfo-
nic acid—-NaOH (CHES), pH 8.5-10.0. The effect of tempera-
ture for the enzyme activity and stability was examined in
50 mM MOPS, pH 7.0, containing 0.4 M NaCl.

Sequencing of the N-Terminal and Internal Regions of
CglA—The enzyme sample was blotted on a polyvinylidene
difluoride membrane (Prosorb; Perkin-Elmer, Foster
City, CA, USA), which had been wetted with methanol.
The N-terminal sequence of the protein was determined
directly with a protein sequencer (model 476A; Perkin-
Elmer). The enzyme was digested with lysyl endopeptidase
(Wako Pure Chemical, Osaka, Japan) and applied to
SDS-PAGE. After blotting on a polyvinylidene difluoride
membrane, the 79-kDa and 39-kDa fragments were
sequenced to determine the internal amino acid sequence.

Sequencing of the J-Carrageenase Gene—The complete
A-carrageenase gene and its flanking region were
sequenced using the cassette ligation-mediated PCR
method with a TaKaRa LA PCR in vitro Cloning kit,
according to the manufacturer’s instructions (TaKaRa
Bio, Ohtsu, Japan). First, we designed primers A and B
based on the N-terminal and internal amino acid
sequences NRTITKVRTG and SMEMSV, respectively, of
purified A-carrageenase isolated from the culture of strain
CL19. The nucleotide sequence of primer A was 5'-
AAYMGNACNATHACNAARGTNMGNACNGG-3'  and
that of primer B was 5-NACNSWCATYTCCATNS-3'.
PCR was carried out using genomic DNA (0.5 pg) of strain
CL19 as a template, and primers A and B. A 1.6-kb DNA
fragment was amplified and subcloned into the Smal site of
plasmid DNA pUC18 (TaKaRa Bio) and then sequenced.
Based on the nucleotide sequence of the amplified frag-
ment, primers for the amplification of its flanking regions
were designed. The genomic DNA was digested with
EcoRI, HindIlIl, or Xbal and ligated to the cassette DNA
fragments in the kit. PCR was performed to amplify the
fragment using the ligation mixture of EcoRI digestion
as the template and primers C (5-GGATATGAGAGTA-
GCGATGG-3') and C1 (provided in the kit). The
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PCR-amplified DNA was used as a template for the second
round of PCR with primers D (5'-GATAGAAGGACATG-
GAGACG-3') and C2 (provided in the kit). To determine
the complete sequence of the cglA gene, primers were
synthesized based on the results of the successive sequen-
cing of the PCR-amplified DNA fragments. Nucleotide
sequencing was performed on an automated DNA sequen-
cer (Model 377; Applied Biosystems) using a Big Dye Ter-
minator v1.1 Cycle Sequencing Kit (Applied Biosystems).
Both strands of DNA were sequenced, and computer
analysis was performed with the GENETYX program
(SDC Software Development, Tokyo, Japan). A database
homology search was performed with the BLAST program
provided by the US National Center for Biotechnology
Information (http://www.ncbi.nlm.nih.gov/).

Expression of the CglA Gene in Escherichia coli—The
structural gene for CglA was amplified by PCR using pri-
mers E (5-TCCCTACTGCTCGAGCTTCTCAATCGGC-3')
and F (5-CGGAATTCTTACAATGTTGAACTTTGCATG-
3’), and inserted into the Xhol and EcoRI sites of
expresseion vector, pRSETC (Invitrogen, San Diego, CA,
USA). This recombinant plasmid, designated pECL113,
was used for the expression of the cglA gene in E. coli
BL21(DE3)pLysS (Invitrogen). The transformation and
gene expression were carried out according to the
manufacture’s instruction.

Analysis of the Main Product of J-Carrageenan
Hydrolysis—Enzymatic hydrolysis of \-carrageenan
with purified enzyme was carried out under the standard
conditions at 25°C for 48 h. The sample was fractionated
according to the method of Ohta et al. (15), using
50 mM NaNOs as a mobile phase. The fraction of the
main product was pooled and freeze-dried. The samples
were dissolved in distilled water and desalted on an
Asahipak GS220 G7 column (6.7 x 500 mm; Asahi
Kasei, Tokyo, Japan) using distilled water as a mobile
phase. The oligosaccharide fraction was freeze-dried and
then dissolved in methanol. The molecular mass of the
sample was analyzed using electro spray ionization
mass spectrometry (ESI-MS) (LCT Premier XE; Waters).
The structure was analyzed in D;O with NMR including
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Fig. 1. SDS-PAGE of \-carrageenase purified from the cul-
ture of strain CL19. Molecular mass markers (Lane 1) and pur-
ified A-carrageenase (Lane 2) were visualized with Coomassie
Brilliant Blue staining (A) and activity staining (B). The activity
was visualized as a clear zone by flooding the A-carrageenan sheet
with 10% cetylpyridinium chloride.
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Fig. 2. Effects of pH and temperature on activity of
A-carrageenase. (A) The pH-activity curves of the purified
\-carrageenase are shown. The buffers used were 50 mM MES
(pH 5.5-7.0; open circles), MOPS (pH 6.5-8.0; closed circles),
HEPES (pH 6.5-8.0; open triangles), TAPS (pH 7.5-9.0; open
squares), CHES (pH 8.5-10.0; closed squares). The activity was
measured in the buffers including 0.4 M NaCl at 35°C. The values
are shown as percentages of the maximal activity of A-carrageenase
observed at pH 7, which is taken as 100%. (B) The temperature-
activity curve of the purified A-carrageenase is shown. The initial
activity at indicated temperature was measured at pH 7.0 in 50 mM
MOPS including 0.4 M NaCl. The values are shown as percentages
of the maximal activity of A-carrageenase observed at 35°C, which
is taken as 100%.

Relative activity (%)

Salt concentration (M)

Fig. 3. Effects of monovalent salts on activity of L-carragee-
nase. The reactions were carried out with monovalent salts at
various concentrations for 15 min at pH 7.5 in 50 mM Tris/HCI.
The salts tested were NaCl (open circles), KCl (closed circles), CsCl
(open squares), LiCl (closed squares), and RbCl (open triangles).
The values are shown as percentages of the maximal activity of
CglA observed in the presence of 0.4 M NaCl, which is taken as
100%.
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Fig. 4. Structure of the main product
of A-carrageenan hydrolysis by CglA
determined by NMR.
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Fig. 5. HPLC analysis of the A-carrageenan hydrolysis
pattern of CglA. The enzyme (0.2 U/ml) was incubated with
1% \-carrageenan at 25°C and at pH 7.0 in 50 mM MOPS including
0.4 M NaCl for up to 48 h. Samples were taken at the indicated
intervals and boiled for 5 min to terminate the reaction, and
analyzed on a YMC-Pack Diol-120 column (YMC).

DEPT HSQC, COSY, TOCSY, and HMBC analyses at
20-33°C on a Varian Unity Inova 600 system (Palo Alto,
CA, USA), operating at 599.9 MHz for 'H-NMR and
150.8 MHz for '3C-NMR, essentially as described by
Masubhiro et al. (16).

Analysis of A-Carrageenan  Hydrolysis  Pattern
and Substrate Specificity—Enzymatic hydrolyses of A-
carrageenan were carried out under the standard condition
using 1.0% of each substrate at 25°C for up to 48 h. Aliquots
of the reaction mixtures were analyzed on a YMC-pack
Diol-120 column (YMC) with the HPLC system described
above using 50 mM NaNOj as a mobile phase. To examine
the substrate specificity of the enzyme, i1-carrageenan
(from Eucheuma spinosa, Type V) and k-carrageenan
(from Eucheuma cottonii, Type III) were purchased from
Sigma-Aldrich. Agarose was purchased from Bio-Rad. Por-
phyran was prepared from Porphyra yezoensis, according
to the method of Takahashi et al. (17). Each polysaccharide
was used as a substrate under the standard conditions.

Nucleotide Sequence Accession Numbers—The 16S
rDNA and cglA gene nucleotide sequence data of strain
CL19 have been submitted to the DDBJ, EMBL, and
GenBank databases under accession numbers AB261170
and AB261169, respectively.

RESULTS AND DISCUSSION

16S rDNA Sequence Analysis of the Isolate—To
determine the phylogenetic position of the A-carrageenan—
degrading bacterium strain CL19, its 16S rDNA sequence
was determined and analyzed using comparative sequence
analysis against known 16S rDNA sequences. The 16S
rDNA sequence of the isolate showed a relationship
(99%) to Pseudoalteromonas haloplanktis str. TAC125
(CR954246), Pseudoalteromonas distincta KMM638T
(AF082564), Pseudoalteromonas elyakovii KMM 1627
(AF082562), and Pseudoalteromonas agarovorans KMM
2557 (AJ417594), suggesting that the isolate is a novel
member of the genus Pseudoalteromonas. Bacteria within
the genus Pseudoalteromonas are known to display notable
phenotypic diversity reflecting their ecological habitats
(18). Strain CL19 was also expected to adapt to its habitat.
Further genetic and physiological analyses of strain CL19
are in progress.

Purification of A-Carrageenase—Addition of A-
carrageenan to the medium increased the enzyme activity
in culture broth of strain CL19 by about 200-fold compared
to that in the absence of additional carbohydrates to
marine broth 2216 medium, although the growth of the
strain CL19 was almost unchanged. Maximal activity
was observed in the presence of 0.4% A-carrageenan,
which corresponded to 4,600 Ulliter. The enzyme was inac-
tivated by a column chromatography without addition of
high concentration (>0.5 M) of carbohydrate such as sorbi-
tol, sucrose, and trehalose to the buffers. Then, we used
sorbitol as a stabilizer for the enzyme during all the puri-
fication steps. The enzyme was purified homogeneously
(160-fold) by three steps of chromatographies. The purified
enzyme had a specific activity of 253 U/mg protein at
35°C. The molecular mass of the enzyme was determined
to be 100 kDa using gel-filtration chromatography. The
SDS-PAGE of the purified enzyme gave a single band
with an apparent mass of 100 kDa (Fig. 1A), consistent
with the result of gelfiltration chromatography.
Consequently, the enzyme is a monomeric protein. The
hydrolytic activity of the protein was visualized by ac-
tivity staining with cethylpyridinium chloride (Fig. 1B).
Cetylpyridinium chloride forms insoluble salt with acidic
polysaccharide like alginic acid and carrageenans. A
clear zone against white background was formed at
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BAAGAGACAATCCTAGTTTTGACCGTTTACGCCAACACTCTCATCARATGGTCCCCAACCATGCACTAAGGCARATARTATATAAGATAGT
R DN P S F DRILUROQHS HQMV P NUHATLIROQTITIZYEKTI A

Fig. 6. Continued
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2161 GTCTGGTGCCAGATATATAAATAACTTCGGCTTCAATCAGGAGTATATGAGCCTTGCTTGEGAGTTAATTGGTAAAGGCGCTCTTTATGT 2250
5 G AR Y I N N F G F N Q E Y M 5 L A WE L I G K G AL Y V 689
2251 ACCAAAGCGTGRAAGRATTATTAAGCTTGTCACCAGTTCACATAAGTATGAAAGAACCAGATCCAATCTACAGAGAARCATCARATAATGT 2340
P K R E E L L 8 L 8 P V HI S MK E?PDU PTI Y RET S N N V 719
2341 GRAGTGGACTACGTTCTATGATGAAGAARAAGACTCTATTCCATATGTGTTTAGTCGCTTARATGGTACTTGGCCAGGTGCARARACTTT 2430
K wTTF Y D E E KD S I P Y V F 5 RL NGTWUPGAI KT L 749
2431 GCCGTGGGATTACTCTAATTATGCTGCAGATACTAAAGRARGGCGATTAGATTTTATACCARAATTTCCTARAGGATTAGTTTTAATTAC 2520
P WD Y 5 N ¥ A A DT X E R R L D F I P K F P K G L VvV L I T 779
2521 GCCTGTTCAGCAAGGTAARATTTAAAGATGAAGGCACCGTTAGAGGCACATTGGCTGATARCATGCACCCTATCTATARAGATATAATGAR 2610
P VvV Q Q G K F K DEGT TV R GG T UL ATDWNMMHU®P I Y KD I M K B809
2611 AGAGTATATCACTGACGGTARARACTACTATARCGCTAATGGTGAGCAAGTAATGGCTGCTGATAGTGTTAGATACAGACAARATTARARA 2700
E ¥ I T p G K N Y ¥ N A NG E ¢ VvV M A A D S V R Y R Q I K N 839
2701 TAAGATTGAAGRARAATCCAATCTTTTGCCAATGACTGTATCAGGAGAAGCTGCTTGGGTTGTTGCTCAATCTGCTAGRARGCATTTGCG 2790
K I E E K §8 N L L P M T V 5 G E A A W WV V A Q 5 A R K H L R B8%
2791 ACTGACGCTGGTTGATAGTGGTTATTTARATCCGAGTAACRRAGTTGCTAAGGTTARATTTAACTCTGTARCACCAGTAGCGATAGTAGE 2880
L T L v D S G Y L N P §$ N K V A K V K F N S V T P V A I vV D 898
2881 CGTATTGTCAGGTGAGACATTTTCGCCAGATTCARATGGGGTTGTAGARATACCGGTCTTAGCTGGTGCTTTTAGGTTCATTGATGTGRA 2970
v L §s 6 ETF S P D S NGV WV E I P VL AGA AT FURUF I DV K 929
2971 AATTACTGAAGACCTTAGRAAACATGCAAAGTTCAARCATTGTAATTACGGCGTTTAATTTATAGTGCGGGATTGAAGTTTATTAGTCCTGC 3060
I T E DL RNMOS S T L * 942

Fig. 6. Nucleotide and amino acid sequences of CglA. A and-10. The stop codon is marked with an asterisk. N-terminal and

putative ribosome-binding sequence is indicated by RBS. Sequences
similar to the consensus promoter of E. coli are indicated by —35

corresponding position of the purified protein band. It
showed the absence of carrageenan polymer in the zone
due to enzymatic hydrolysis by the purified protein. The
N-terminal sequence of the purified protein was deter-
mined to be SQSAIKSIETNRTITKVRTG. Two internal
amino acid sequences were determined to be SRISIKK-
GIGDL and SMEMSVAGRMG after lysyl endopeptidase
treatment.

Biochemical Properties of the Enzyme—The pH optimum
for the activity of the enzyme was examined (Fig. 2A). The
enzyme showed maximal activity at pH 7.0. The optimal
temperature for the activity of the enzyme was 3°C
(Fig. 2B). In the low temperature range (<10°C), this
enzyme showed significant activity. The thermostability
of the enzyme was examined in the presence of 0.4 M
NaCl. The enzyme was stable at up to 25°C during
120 min incubation. When 0.5 M sorbitol was added to
the buffer, the enzyme was stable at up to 30°C during
120 min. The activity of the enzyme strongly depended
on the concentration of monovalent salt (Fig. 3). Maximal
activity was observed in the presence of 0.4 M NaCl, which
is almost the same concentration with that in seawater.
Other monovalent salts such as KCI, LiCl, CsCl, and RbCl1
are thought to be able to compensate for the role of NaCl.
Divalent salts such as CaCl,, MgCl,, FeCly, MnCly, and
CoCly; at 1 mM had no apparent effect on the enzyme
activity.

Analysis of Hydrolysis Products and Substrate
Specificity—After completion of enzymatic A-carrageenan
hydrolysis, the main product was purified and analyzed
using ESI-MS and 'H- and '®C-NMR spectrometry. The
results confirmed that the enzyme cleaved the f-1,4
linkages of the A-carrageenan backbone, resulting in a

internal amino acid sequences of the mature CglA isolated from the
culture of strain CL19 are shown in bold-oblique typeface.

tetrasaccharide of ideal structure with galactose
2,6-disulfate at the reducing end (Fig. 4).

The A-carrageenan hydrolysis pattern of the enzyme was
monitored on HPLC on a gel-filtration column (Fig. 5). In
the initial stage, CglA hydrolyzed A-carrageenan to gener-
ate a series of large oligosaccharides. This hydrolysis pat-
tern indicates that this enzyme acts on A-carrageenan in an
endo-manner. Undigested material was present through-
out the reaction. To assess the substrate specificity of this
enzyme, different types (1-, k-, and A-) of carrageenan and
red seaweed galactans were used as substrates. No activity
was detected toward 1- and k-carrageenans, agarose, and
porphyran (highly sulfated agarose) under the standard
assay conditions. Taken together, this enzyme is an
endo-B-1,4-carrageenose 2,6,2'-trisulfate-hydrolase with
strict substrate specificity.

Cloning and Sequence Analysis of the Gene for CgIA—
First, the N-terminal and two internal amino acid
sequences of the purified enzyme were determined as
described above. Two primers (primers A and B) designed
from the amino acid sequences were used for PCR, and a
1.6-kDa DNA fragment coding partial cglA gene was
amplified and sequenced. Based on the results of the
sequence analysis, primers were designed and used to
amplify the flanking regions that include the whole cglA
gene, as described in “MATERIALS AND METHODS.” Finally, the
3.1-kb DNA fragment containing the cglA gene was
sequenced. The G+C content of the gene was 37.3%. The
fragment contains a single open reading frame (ORF),
which begins with an ATG codon at nucleotide 185 and
ends with a TAA codon at nucleotide 3013, as shown in
Fig. 6. The ORF encodes 942 amino acid residues.
Upstream from this ORF, the putative ribosome-binding

J. Biochem.
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pRSETC

pECL113

Fig. 7. Heterologous expression of the cglA gene in E. coli.
E. coli harboring the plasmid pECL113 (containing structural gene
for CglA) was streaked on a LB plate containing 0.5% \-carragee-
nan and incubated at 25°C for 2 days. The activity of the
\-carrageenase expressed by the transformant was detected by
flooding the solid medium with 10% cetylpyridinium chloride as
a clear zone around the colony (lower). As a control, E. coli harbor-
ing the plasmid pRSETC was also cultured (upper).

sequence AAGGA was found, separated by 6 bp from the
initiation codon ATG. It is remarkable that a database
search using the BLAST program revealed that the nucleo-
tide sequence of cglA has no significant similarity to
nucleotide sequences deposited in the databases.

Amino Acid Sequence Analysis—As shown in Fig. 6, the
N-terminal amino acid sequence SQSAIKSIETNR-
TITKVRTG and internal amino acid sequences SRISIKK-
GIGDL and SMEMSVAGRMG of the A-carrageenase
secreted by strain CL19 were all found in the deduced
amino acid sequences at amino acids 26-45, 231-242,
and 604-614, respectively. The molecular mass of the
mature enzyme secreted by strain CL19 was calculated
based on the deduced amino acid sequence (amino acids
26-942), to be 102,989 Da. A Database search using the
BLAST program with the deduced amino acid sequence of
CglA showed that this protein has no similarity to reported
proteins, indicating this protein is a completely new
enzyme.

Expression of the CglA Gene in E. coli—To clarify
whether A-carrageenan hydrolysis is catalyzed by a single
protein, heterologous expression of the cglA gene was per-
formed using E. coli as a host. We amplified a 2.8-kb frag-
ment of the cglA gene corresponding to nucleotides
257-3013, which encode the mature A-carrageenase puri-
fied from strain CL19, using appropriate primers and
cloned the fragment into an expression vector, pRSETC
in the frame to construct a plasmid, pECL113. The enzyme
activity expressed by E. coli transformant harboring
pECL113 was confirmed by cetylpyridinium chloride stain-
ing of a Luria-Bertani (LB) plate containing 0.5%
A-carrageenan after the transformant was cultured on
the medium (Fig. 7). After 2-days incubation, a clear
zone was formed around the colony by enzymatic hydro-
lysis of A-carrageenan, showing heterologous and fuctional
production of the A-carrageenase was successful. The
result demonstrated that A-carrageenan hydrolysis is
catalyzed by a single gene product.

In conclusion, we isolate a novel A-carrageenan—
degrading bacterium, and purified and characterized a
novel enzyme, \A-carrageenase, that it produced. Moreover,
the nucleotide sequence for the enzyme was determined.
This protein is a new enzyme with no similarity to any
reported proteins. These findings will provide a new cate-
gory for enzyme.

Vol. 140, No. 4, 2006

We are grateful to Prof. K. Horikoshi of Japan Agency
for Marine-Earth Science and Technology for his critical
discussions.

REFERENCES

1. Arrigo, K.R. (2005) Marine microorganisms and global
nutrient cycles. Nature 437, 349-355
2. Horikoshi, K., and Tsujii, K. (1999) Extremophiles in Deep-Sea
Environments, pp. 3-292, Springer-Verlag, Tokyo
3. Takami, H., Kobata, K., Nagahama, T., Kobayashi, H.,
Inoue, A., and Horikoshi, K. (1999) Biodiversity in deep-sea
sites near the south part of Japan. Extremophiles 3, 97-102
4. Ohta, Y., Hatada, Y., Ito, S., and Horikoshi, K. (2005) High-
level expression of a neoagarobiose-producing B-agarase gene
from Agarivorans sp. JAMB-A11 in Bacillus subtilis and enzy-
mic properties of the recombinant enzyme. Biotechnol. Appl.
Biochem. 41, 183-191
5. Ohta, Y., Hatada, Y., Nogi, Y., Li, Z., Ito, S., and Horikoshi, K.
(2004) Cloning, expression, and characterization of a glycoside
hydrolase family 86 p-agarase from a deep-sea Microbulbifer-
like isolate. Appl. Microbiol. Biotechnol. 66, 266-275
6. Van de Velde, F., Knutsen, S.H., Usov, A.I., Rollema, H.S., and
Cerezo, A.S. (2002) 'H and '3C high resolution NMR spectro-
scopy of carrageenans: application in research and industry.
Trends. Food. Sci. Technol. 13, 73-92
7. Yaphe, W., and Baxter, B. (1955) The enzymic hydrolysis of
carrageenan. Appl. Microbiol. 3, 380-383
8. Weigl, J., and Yaphe, W. (1966) The enzymic hydrolysis of
carrageenan by Pseudomonas carrageenovora: purification of
a k-carrageenase. Can. J. Microbiol. 12, 939-947
9. Akagawa-Matsushita, M., Matsuo, M., Koga, Y., and
Yamasato, K. (1992) Alteromonas atlantica sp. nov. and
Alteromonas carrageenovora sp. nov., bacteria that decompose
algal polysaccharides. Int. J. Syst. Bacteriol. 42, 621-627
10. McLean, M.W., and Williamson, F.B. (1979) k-Carrageenase
from Pseudomonas carrageenovora. Eur. J. Biochem. 93,
553-558
11. Barbeyron, T., Michel, G., Potin, P., Henrissat, B., and
Kloareg, B. (2000) 1-Carrageenases constitute a novel family
of glycoside hydrolases, unrelated to that of x-carrageenases.
J. Biol. Chem. 275, 5499-5505
12. Miller, G.L. (1959) Use of dinitrosalicylic acid reagent for
determination of reducing sugar. Anal. Chem. 31, 426-428
13. Weisburg, W.G., Barns, S.M., Pelletier, D.A., and Lane, D.J.
(1991) 16S ribosomal DNA amplification for phylogenetic
study. J. Bacteriol. 173, 697-703
14. Laemmli, U.K. (1970) Cleavage of structural proteins during
the assembly of the head of bacteriophage T4. Nature 227,
680-685
15. Ohta, Y., Hatada, Y., Miyazaki, M., Nogi, Y., Ito, S., and
Horikoshi, K. (2005) Purification and characterization of a
novel o-agarase from a Thalassomonas sp. Curr. Microbiol.
50, 212-216
16. Matsuhiro, B., Conte, A.F., Damonte, E.B., Kolender, A.A.,
Matulewicz, M.C., Mejias, E.G., Pujol, C.A., and Zuniga, E.A.
(2005) Structural analysis and antiviral activity of a sulfated
galactan from the red seaweed Schizymenia binderi (Gigarti-
nales, Rhodophyta). Carbohydr. Res. 340, 2392—2402
17. Takahashi, K., Hirano, Y., Araki, S., and Hattori, M. (2000)
Emulsifying ability of porphyran prepared from dried nori,
Porphyra yezoensis, a red alga. J. Agric. Food. Chem. 48,
2721-2725
18. Ivanova, E.P., Kiprianova, E.A., Mikhailov, V.V,
Levanova, G.F., Garagulya, A.D., Gorshkova, N.M.,
Vysotskii, M.V., Nicolau, D.V., Yumoto, N., Taguchi, T., and
Yoshikawa, S. (1998) Phenotypic diversity of Pseudoalteromo-
nas citrea from different marine habitats and emendation of
the description. Int. J. Syst. Bacteriol. 48, 247-256

2102 ‘62 Jequieldss Lo gled op leped apepisieAlun ke /Blosfeuinolpioxo-qlj/:dny woiy pspeojumod


http://jb.oxfordjournals.org/

