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Abstract k-Carrageenases exhibit apparent distinctions in
gene sequence, molecular weight, enzyme properties, and post-
translational processes. In this study, a new k-carrageenase
gene named cgkZ was cloned from the marine bacterium
Zobellia sp. ZM-2. The gene comprised an open reading frame
of 1,638 bp and encoded 545 amino acids. The natural signal
peptide of k-carrageenase was used successfully for the secre-
tory production of the recombinant enzyme in Escherichia coli.
A posttranslational process that removes an amino acid se-
quence of about 20 kDa from the C-terminal end of -
carrageenase was first discovered in E. coli. An increase in
enzyme activity by 167.3 % in the presence of 5 mM DTT was
discovered, and Na" at a certain concentration range was pos-
itively correlated with enzyme activity. The k-carrageenase
production of E. coli was 9.0 times higher than that of ZM-2.
These results indicate the potential use of the enzyme in the
biotechnological industry.

Keywords GenecgkZ - Natural signal peptide - Heterologous
expression - Posttranslational process - Enzyme properties

Introduction

Carrageenans are gel-forming linear sulfated galactans
extracted from the extracellular matrix of red marine algae.
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They consist of linear chains of galactopyranose residues
linked by alternating «-1,3 and (3-1,4 linkages. Based on the
number and position of sulfate substitutions, as well as the
presence of a 3,6-anhydro bridge in «-l,4-linked galactose
residues, carrageenans are mainly classified into three types:
K-, t-, and A-carrageenans (Barbeyron et al. 2000). Carra-
geenans are widely used as thickening and gelling agents in
structural and functional applications and generally regarded
safe by the United States Food and Drug Administration
(Zhou et al. 2008). Sulfated oligosaccharides obtained from
marine algae have diverse biological and physiological activ-
ities, including antitumor (Hiroishi et al. 2001), anticoagu-
lation (Alban et al. 2002), anti-inflammation (Arfors and Ley
1993), anti-thrombosis (Suzuki et al. 1991), and viral inacti-
vation (Caceres et al. 2000) activities, depending on the de-
gree of sulfate esterification of the molecules (Liu et al. 2000).
Carrageenans, which are important sources of sulfated oligo-
saccharides, have drawn considerable research interest (Mou
et al. 2003). Chemical degradation methods, such as acid
hydrolysis, are usually so severe that liable and valuable
native constituents do not keep intact during the depolymeri-
zation of carrageenan. Degrading carrageen with a specific
enzyme called carrageenase, which features high substrate
specificity and mild reaction conditions, is thus a promising
alternative to chemical degradation (Mou 2003).
k-Carrageenase (EC 3.2.1.83) belongs to a family 16 of the
glycoside hydrolases (GH 16). It specifically cleaves the in-
ternal (3 (1-4) linkages of carrageenans and yields a series of
homologous even-numbered oligosaccharides (Mou 2003).
Carrageenases have been obtained from several marine bac-
teria, such as Alteromonas (Michel et al. 2000), Cytophaga
(Barbeyron et al. 1998; Potin et al. 1991), Pseudoalteromonas
(Michel et al. 2001a, b), Pseudomonas (Dtgaard et al. 1993),
and Vibrio (Araki et al. 1999). In addition, the structure of k-
carrageenase from Pseudoalteromonas carrageenovora has
been determined (Mark et al. 2009). k-Carrageenases of
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different organisms have obvious distinctions in terms of
primary structure, enzymatic characteristics, and productivity.
k-Carrageenase genes have been cloned from Zobellia
galactanivorans (Potin et al. 1991), Alteromonas carrageeno-
vora (Barbeyron et al. 1994), Pseudoalteromonas tetraodonis
(Kobayashi et al. 2012), Pseudoalteromonas porphyrae (Liu
et al. 2011), and Cytophaga drobachiensis (Barbeyron et al.
1998). k-Carrageenase genes in these species are likely to
reflect not only the requirement of bacterium- and time-
specific expression of different genes but also functional dif-
ferences among individual isozymes. Very few carrageenase
genes have been studied through heterologous expression,
partly because of the lack of an efficient and generally appli-
cable system for the heterologous production of carrageenase
gene products. For instance, the k-carrageenase gene from P,
tetraodonis has been heterologously expressed in Escherichia
coli but the final yield of the soluble enzyme is rather low,
which is mainly due to protein interactions between the hy-
drophobic regions of the proteins (Kobayashi et al. 2012; Choi
and Lee 2004).

We found and fully analyzed a new k-carrageenase gene
cloned from the marine bacterium ZM-2. To analyze the
function of the natural signal peptide in the recombinant
strain, two expression plasmids, HTa-cgkZ-SIG™ (encoding
k-carrageenase without signal peptide) and HTa-cgkZ
(encoding k-carrageenase with signal peptide), were con-
structed and heterologously expressed in E. coli. A recombi-
nant strain capable of extracellular production of recombinant
proteins was obtained, and its degradation products were
detected by electrospray ionization—mass spectrometry (ESI-
MS). Compared with the natural strain, the productivity of
extracellular k-carrageenase by the recombinant bacterium
was evidently increased. The recombinant enzyme was puri-
fied and its properties were further studied.

Materials and methods
Strains, plasmids, and media

ZM-2 (CCTCC no. M2013256) is now preserved in China
Center for Type Culture Collection, Wuhan, China, and used
as the original strain of the k-carrageenase gene (cgkZ). E.
coli BL21 (DE3) and E. coli DHs, were cultured in Luria-
Bertani (LB) medium containing 100 pg/mL ampicillin,
10 % bacto-tryptone, 5 % yeast extract, and 10 % NaCl.
Two plasmids, pUCm-T (Sangon, Shanghai China) and
pProEX-HTa (Yellow Sea Fisheries Research Institute, Chi-
nese Academy of Fishery Science), were used as cloning
and expression vectors, respectively. The k-carrageenase-
producing bacterial strain ZM-2 was cultured in modified
2216E medium (Mou 2003).
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Sequencing and phylogenetic analysis of 16S rDNA

ZM-2 was inoculated into modified 2216E medium and aer-
obically grown on a shaker (32 °C, 170 rpm) for approximately
24 h. Genomic DNA, as the template for polymerase chain
reaction (PCR), was extracted and purified from the culture
using a genome DNA extraction kit (Sangon, Shanghai China).
The gene was amplified with the universal primers 27F/1,492R
(Table 1) in a DNA thermal cycler (Applied Biosysterms 2720)
and then sequenced. A phylogenetic tree was constructed by
MEGA 5.0 based on the DNA alignment using BLAST (http://
blast.ncbi.nlm.nih.gov/Blast.cgi).

Cloning and sequencing of k-carrageenase

Three pairs of primers (PF1/PR1, PF2/PR2, and PF3/PR3;
Table 1) were designed using Primer-BLAST (http://www.
ncbi.nlm.nih.gov/tools/primer-blast/) with reference to the
complete genome sequence of Z. galactanivorans strain
Dsij’ (GenBank accession no. FP476056), which contains a
full k-carrageenase gene. PCR was conducted in a thermal
cycler using the genomic DNA of ZM-2 as a template and pfis
DNA polymerase (Sangon, Shanghai China). The PCR con-
ditions were as follows: 5 min at 94 °C, followed by 30 cycles
of 40 sat 94 °C, 45 s at 57 °C, and 2 min at 72 °C. The DNA
fragment amplified by the primer pair PF2/PR2 was se-
quenced and analyzed using open reading frame (ORF) Finder
(http://www.ncbi.nlm.nih.gov/projects/gorf/), SignalP 4.0
(http://www.cbs.dtu.dk/Services/SignalP/), and NEBcutter
V2.0 (http://tools.neb.com/NEBcutter2/index.php). To
amplify the pure k-carrageenase gene, two forward primers,
KC-PF2 (BamH1, Table 1) and KC-PF3 (BamH1, Table 1),
which share the same reverse primer KC-PR (2/3) (Xhol,
Table 1), were designed. The k-carrageenase gene with a signal
peptide sequence (cgkZ) was amplified with the primer pair
KC-PF3/KC-PR(2/3); the primer pair KC-PF2/KC-PR(2/3)
was used to amplify the k-carrageenase gene without a signal
peptide sequence (cgkZ-SIG ). The target genes were ligated
into the T-cloning vectors (pUCm-T) and sequenced to further
determine the accuracy of the open reading frame of the k-
carrageenase gene. The cgkZ gene was translated into an amino
acid sequence by EMBOSS Transeq (http://www.ebi.ac.uk/
Tools/st/emboss_transeq/). A phylogenetic tree of the deduced
amino acid sequence was constructed using MEGA 5.0.
Further analysis of this amino acid sequence was performed
using ProtParam (http://web.expasy.org/protparam/) and
ProtScale (http://web.expasy.org/protscale/).

Heterologous expression of the recombinant enzyme
The target genes, cgkZ and cgkZ-SIG ", were ligated into the

expression plasmid pProEX-HTa and then transferred to
BL21 (DE3) competent cells. Transformed E. coli, BL21-
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Table 1 Primers used in this
study Primer name Primer sequences (5—3) Size (bases)
27F AGAGTTTGATCCTGGCTCAG 20
1492R GGCTACCTTGTTACGACTT 19
PF1 TCGCTTTGGCCGATTCGGGAC 21
The underlined PRI GGGCATAGCGGCGCAAATGG 20
€ underlined sequences
GGATCC and CTCGAG repre- PF2 ACCGCATTCGCTTTGGCCGA 20
sented the restriction sites of PR2 CGCCCAACGGGGAAAAACCG 21
BamH1 and Xhol, respectively. PF3 TTGGCCCGAAACACCTTGGC 20
KC-PF2/KC-PR(23) wasusedto  ppy CGGAAAGGAGGCGGCACCAG 21
amplified the k-carrageenase
gene without signal peptide, and KC-PF2(BamH1) CGGGATCC CAACAACCTACGAAAACG 26
KC-PF3/KC-PR(2/3) could am- KC-PE3(BamH1) CGCGGATCC ATGACAAAACTAAAGT 25
plified the full k-carrageenase KC-PR(2/3) (Xho) CCGCTCGAGACTCCACAAGTATCTT 24

gene sequence

HTa-cgkZ, and BL21-HTa-cgkZ-SIG were cultured in LB
medium containing 100 pg ampicillin/mL at 23 °C and
120 rpm for 2 h. Afterwards, the expression of the target gene
was induced by 1 mM isopropyl-3-thiogalactoside. Cultiva-
tion was continued at 23 °C and 120 rpm for 24 h.

Purification of recombinant k-carrageenase

Supernatant and precipitate cells of the culture medium, which
were separated by centrifugation (10,000 rpm, 5 min), were
used for the purification of extracellular and intracellular
enzymes, respectively. Precipitated cells were resuspended in
lysis buffer containing 20 mM sodium phosphate, 0.5 M NaCl,
5 mM imidazole, 0.2 mg/mL lysozyme, 20 ng/mL DNase, and
1 mM MgCl, and then disrupted by ultrasonication. Cell debris
was removed by centrifugation, and the cell extract solution
was brought to 40 % (w/v) saturation with solid ammonium
sulfate and centrifuged once more. Then, the supernatant was
brought to 80 % (w/v) saturation with solid ammonium sulfate
and kept at 4 °C overnight. The sediment was redissolved and
dialyzed against distilled water to desalt. The protein was
purified further by loading into a Ni sepharose 6FF column
(GE Healthcare, USA). His-tagged target protein was eluted
with imidazole at concentrations ranging from 50 to 150 mM.
Active fractions were pooled, dialyzed against 20 mM potas-
sium phosphate buffer (pH 7.4), and then supplemented with
1 mM DTT (DL-dithiothreitol) for storage. The extracellular
enzyme was also purified according to the procedures de-
scribed above. To detect the purified enzyme, 12 % sodium
dodecyl sulfate polyacrylamide gel electrophoresis (SDS-
PAGE) was performed.

Assay of enzyme activity
k-Carrageenase activity was assayed using the 3,5-dinitro-

salicylic acid method (Miller 1959). The enzymatic hydrolysis
reaction was conducted in 20 mM sodium phosphate buffer

(pH 6.0) containing 0.5 % (w/v) k-carrageenan (average
molecular mass, 37.3 kDa) for 10 min. One unit of enzyme
(U) was defined as the amount of protein needed to release
1 pmol reducing sugar (measured as D-galactose) from k-
carrageenan per minute.

Characterization of the recombinant k-carrageenase

The optimum temperature for enzyme activity was measured
in standard conditions at seven temperatures ranging from 30
to 55 °C. The thermal stability of recombinant k-carrageenase
was determined by detecting the residual activity of the en-
zyme that had been pre-incubated at different temperatures.

The optimum pH of the enzyme was determined by
assessing its activity at different pH. Three buffers, including
100 mM Na,HPO,-citric acid buffer (pH 3.0, 4.0, and 5.0),
100 mM sodium phosphate buffer (pH 6.0, 7.0, and 8.0), and
100 mM Gly-NaOH buffer (pH 9.0, 10.0, and 11.0), were
used. pH stability was tested after 2 h pre-incubation of the
extracellular enzyme at pH values ranging from 5.0 to 10.0 at
20 °C.

To discover the effects of ions and chemical reagents on
enzyme activity, the enzyme assay was performed in the
presence of 5 mM Na" K, Li", Mn", Mg**, Ba®", Cu*",
Pb>*, Ca®", NH*", EDTA, SDS, DTT, 0.5 % (v/v) tritonX-
100, and 0.5 % (v/v) Tween-80. Enzyme activity was mea-
sured at 39 °C and pH 6.0. Reaction systems without addition
of ions and chemical reagents were used as controls.

Kinetic parameters were determined by measuring initial
velocities at k-carrageenan concentrations ranging from 0.5 to
10 mg/mL under optimal temperature and pH conditions. The
enzyme solution, including extracellular and intracellular en-
zymes, was prepared from the same volume of culture broth
and used to determine the maximum velocity. The Michaelis
constant (K ,) and V. were determined using Lineweaver—
Burk double reciprocal plots.
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Identification of hydrolytic products of recombinant
K-carrageenase

The purified enzyme was mixed with 0.5 % k-carrageenan and
kept at 39 °C for approximately 12 h. Then, hydrolytic products
were precipitated by alcohol, freeze-dried (FD-1A-50 vacuum
freezer dryer, Xi A DP Biological Technology, China), and
detected using electrospray ionization mass spectrometry. Oli-
gosaccharide samples were dissolved in acetonitrile/1 mM
NH4HCOs (1:1, v/v) and injected into Micromass Q-TOF and
Q-TOF Ultima instruments (Waters, Manchester, UK) in
negative-ion mode. ESI-MS conditions were as follows: N,
was used as both the drying gas and nebulizing gas at flow rates
of approximately 1,000 and 80 L/h, respectively. The cone
voltage was set to 50 V, and the electrospray capillary was set
to 3 kV. The source was operated at a temperature of 100 °C, and
the desolvation temperature was 180 °C (Ekeberg et al. 2001).

Accession numbers

The nucleotide sequences of 16S rDNA and k-carrageenase gene
cgkZ of Zobellia sp. ZM-2 have been deposited in GenBank
with accession numbers KC503904 and KC503903, respectively.

Results
Isolation and identification of ZM-2

The k-carrageenan degrading strains were isolated from decayed
seaweed collected from the Yellow Sea, in China. Based on the
sole carbon source culture and clearing zone screening on K-
carrageenan plates, the strain showing the highest activity was
selected for isolation of the k-carrageenase gene. According to
its morphological, physiological, biochemical characteristics, as
well as phylogenetic analysis (Fig. 1) of its 16S rDNA sequence,

this strain was assigned to the genus Zobellia and named
Zobellia sp. ZM-2.

Cloning and analysis of the full k-carrageenase gene

The DNA fragment that was amplified by the primer pair PF2/
PR2 contained a single ORF 1,638 bp long and displayed
87 % similarity with existing k-carrageenase encoding genes
(GenBank accession nos. FP476052 and AF007559). The
deduced amino acid sequence of k-carrageenase was com-
posed of 545 aa, with a signal peptide of 29 aa. Signal IP 4.0
analysis showed that the most probable cleavage site of the
signal peptide is between Gly,o and Glnzg. Meanwhile,
ProtScale analysis suggested that a strong helical transmem-
brane motif is located at the region of amino acids 1-28. The
molecular mass (Mw) and isoelectric point of the mature
enzyme deduced from its amino acid sequence by ProtParam
were 58.5 kDa and 8.76, respectively. According to conserved
domain analysis based on the NCBI database, the deduced
protein was classified as belonging to family GH 16. Twelve
active sites (Thr;gg-Cysiz7-Seri39-Trp141-Gluiso-Aspiei-
Gluyg4-Aspigr-Asnygs-Lys,19-Serrs50-Glyog1) and three cata-
lytic sites (Gluyso-Aspi¢1-Glu;es; Fig. 2) were found within
545 aa (Johansson et al. 2004; Michel et al. 2001a, b). Protein
blast of the deduced amino acid sequence of the cgkZ gene
showed that the protein obtained shared 87 % homology with
the k-carrageenase from Z. galactanivorans (GenBank
accession no. YP 004734701). The next closest match (85 %
shared identity) was a k-carrageenase precursor (GenBank
accession no. AAC27890) of Z. galactanivorans . Low similar-
ities were obtained with the k-carrageenase amino acid se-
quences of Cellulophaga Iytica (GenBank accession no. YP
004263603; 46 %), Rhodopirellula baltica (GenBank accession
no. ZP 12091460; 45 %), Rhodopirellula europaea (GenBank
accession no. ZP 21769815; 46 %), Coraliomargarita
akajimensis (GenBank accession no. YP003547637; 40 %),

98  —— ZM-2 (KC503904)
4 ~— Zobellia galactanivorans strain Dsij (NR 025053.1)
97 [_4___' - Zobellia amurskyensis strain KMM 3526 (NR 024826.1)
5 [ 91 —— Zobellia laminariae strain KOPRI 22206 (EU000235.1)

Zobellia russellii strain KMM 3677 (NR 024828.1)

adll [ Bacteroidetes bacterium CECT 7477 strain CECT 7477 (FN554868.1)
34 66— Kriegella aquimaris strain KMM 3942 (EU246690.1)
67 Occanistipes pacificus strain HTCC2170 (EF108216.1)
37 ‘ Maribacter arcticus strain KOPRI 20941 (NR 043176.1)

Maribacter dokdonensis strain DSW-8 (NR 043294.1)
Maribacter aquivivus strain KOPRI 22223 (EU090721.1)
Maribacter orientalis strain KMM 3947 (NR 025749.1)
Zobellia galactanivorans strain DsiJT (FP476056.1)

Fig. 1 Neighbor-joining tree of marine bacterial strain ZM-2 and 12 close relative type strains. Strain numbers and sequence accession numbers are
displayed in the phylogeny tree, which is constructed with MEGA 5.0, based on the alignment result using Clustal W
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Fig. 2 Comparison of predicted k-carrageenase amino acid sequence of
gene cgkZ with eight published amino acid sequences deduced from
other k-carrageenase genes cloned from Z. galactanivorans (GenBank
accession no. CAZ94309), P. tetraodonis (GenBank accession no.
BAJ61957), R. baltica (GenBank accession no. ZP 12091460), C.
akajimensis (GenBank accession no. YP 003547637), Pseudoalteromonas
sp. LL1 (GenBank accession no. ADD92366), Z. galactanivorans

P carrageenovora (GenBank accession no. P43478S;
39 %), and P. tetraodonis (GenBank accession no.
BAJ61957; 39 %). The polygenetic tree of the deduced

Fig. 3 The neighbor-joining tree
of ZM-2 kappa carrageenase and
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no. P43478). Eleven columns that were marked with white stars indicated
active sites (active site Lys,1o not shown in this figure), among which three
black stars represented catalytic sites (E-D-E). The yellow columns indi-
cated completely identical amino acid zones

amino acid sequence of the cgkZ gene (Fig. 3)
manifested its relationship with k-carrageenases from
other microorganisms.
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Fig. 4 SDS-PAGE analysis of recombinant k-carrageenase produced by
BL21-HTa-cgkZ. A Lines I and 3 were intracellular protein components
induced with IPTG; /ines 2 and 4 were intracellular protein components
without induction; /ine 5 indicated extracellular protein components
induced with IPTG. Line M represented protein markers. The bands
marked with circles indicate the recombinant enzyme at 45 kDa. B
purified His-tagged protein produced by BL21-HTa-cgkZ

Heterologous expression, productivity, and purification
of the recombinant enzyme

The recombinant protein was mostly expressed in soluble form
under the growth and induction conditions described above.
Both the recombinant strain BL21-HTa-cgkZ-SIG ™ and BL21-
HTa-cgkZ showed apparent and almost-equivalent intracellular
enzyme activities. However, compared with BL21-HTa-cgkZ-
SIG, BL21-HTa-cgkZ displayed significant extracellular en-
zyme activity. The recombinant enzyme produced by BL21-
HTa-cgkZ was further studied. Transformed £. coli BL21-
HTa-cgkZ was propagated in LB broth at 23 °C for 24 h.
Productivity of recombinant k-carrageenase in 1 mL of culture
broth was 1.35 U in supernatant and 1.63 U in cell extract.
Hence, the total productivity of the recombinant enzyme may
be considered as 2.98 U/mL culture broth, 9.0 times higher than
that of ZM-2 (0.33 U). Comparative analysis of the intracellular
proteins of the experimental and control groups by SDS-PAGE
indicated that the Mw of recombinant k-carrageenase was
approximately 45 kDa (Fig. 4), which is in accordance with
the Mw of the purified enzyme. Meanwhile, the extracellular k-
carrageenase had the same Mw with the intracellular enzyme.

The intracellular recombinant enzyme was purified 19-fold to a
specific activity of 107.3 U/mg, and the overall protein yield
was approximately 67.4 %. Meanwhile, the extracellular en-
zyme was purified 23-fold to a specific activity of 74.8 U/mg,
and the overall protein yield was 47 % (Table 2).

General properties of recombinant k-carrageenase

The optimal temperature of the recombinant k-carrageenase was
3642 °C; the highest enzyme activity was obtained at 39 °C.
This result is nearly consistent with that of the natural enzyme
from Zobellia sp. ZM-2 (Fig. 5a). Thermal stability analysis of
enzyme showed that it was stable after incubation at 35 °C for 3 h
with retention of its maximum activity of 95 %. When incubated
at 40 °C for 60 min, approximately 50 % of the enzyme activity
remained. However, approximately 80 % of the activity was lost
after incubation of the enzyme at 45 °C for 15 min (Fig. 5b).

The effect of pH on enzyme activity is shown in Fig. Sc.
Maximum enzyme activity was observed at pH 6.0 in sodium
phosphate buffer. The enzyme was stable from pH 6.0-8.0;
over 85 % of the total activity remained after incubation at
pH 6.0-8.0 and 20 °C for 120 min. When the pH was de-
creased to 5.0 or increased to 9.0, approximately 65 % of the
initial activity was observed. At pH 10.0, the recombinant
enzyme almost completely lost its activity.

The enzyme activity was measured in the presence of
various chemicals under standard assay conditions. lons
such as NH*', Li*, Mn?*", Mg*', and Ba*" appeared to
slightly impair enzyme activity, whereas K" and Ca®"
slightly stimulated the enzyme. Partial activation (12.3—
18.3 % enhancement) was observed in the presence of
TritonX-100, 5 mM Na', and 150 mM Na'. More apparent
stimulation (32.9-167.3 %) was induced by 100 mM Na",
Tween-80, and DTT. In contrast, enzyme activity was
strongly inhibited by Cu®**, Pb>*, EDTA, and SDS (Table 3).
The Michaelis constant (K,,) and V., of recombinant k-
carrageenase in the culture broth were determined using
Lineweaver—Burk double reciprocal plots. K, and V.
values were estimated to be 0.84 mg/mL (0.023 mM) and
2.92 U/mL, respectively.

Table 2 Purification and productivity of recombinant k-carrageenase from BL21-HTa-cgkZ

Purification procedure Total Total Total Activity Specific Purification
volume (ml) protein (mg) activity (U) recovery (%) activity (U/mg) (-fold)
Extracellular enzyme Crude enzyme 800 340 1,080 100 3.17 1
Ammonium sulfate fractionation 40 75.06 802 74.3 10.69 3.37
Ni sepharose 6FF 34 6.78 507 47 74.8 23.6
Intracellular enzyme  Crude enzyme 20 233.04 1,303.0 100 5.59 1
Ammonium sulfate fractionation 27 110.43 1,290.0 99.0 11.68 2.09
Ni sepharose 6FF 20 8.19 878.4 67.4 107.3 19.2
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Fig. 5 Characterization of the 120
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Analysis of hydrolytic products

The main depolymerized end-products were collected after
sufficient hydrolysis and repeated fractionation by ethanol

pH

precipitation with different volume ratio of ethanol to reaction
solution (3:1 and 6:1). According to ESI-MS spectra, carra-
geenan oligosaccharides, including tetrasaccharides,
hexasaccharides, octasaccharides, and decasaccharides, were
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Table 3 Effects of ions and chemical reagents on the activity of recom-
binant k-carrageenase

Ions and chemical regents Concentrations Relative activity (%)*
K" 5 mM 104.1+5.68
Na* 5 mM 118.3£0.13
Na* 50 mM 122.3+0.03
Na” 100 mM 132.940.13
Na* 150 mM 112.3£1.90
NH," 5 mM 96.4+1.40
Li" 5 mM 95.5+0.29
Mn** 5 mM 92.2+5.68
Mg** 5 mM 98.0+5.80
Ba®" 5 mM 94.0+3.90
Ccu** 5 mM 26.6+0.99
Pb>* 5 mM 62.3+1.62
Cca** 5 mM 102.8+0.17
SDS 5 mM 9.3+0.48
Tween-80 0.5 % (v/v) 137.4+2.46
Triton X-100 0.5 % (v/v) 114.0+£2.42
EDTA 5 mM 52.0+0.01
DTT 5 mM 267.3+3.54

#Values represent the means + SD (n =3) relative to the untreated control
samples

released after hydrolysis by the recombinant enzyme. The first
three oligosaccharides were detected in hydrolytic products
separated by ethanol precipitation (3:1; Fig. 6a), whereas
decasaccharides were detected in hydrolytic products prepared
by ethanol precipitation (6:1; Fig. 6b). These oligosaccharides
had repeating units consisting of (3-D-galactopyranose-4-O-
sulfate (Gys) residues and 3,6-anhydro-galactopyranose (A,)
residues (Liu et al. 2011; Lu et al. 2009).

Discussion

We have cloned a new k-carrageenase-encoding gene, cgkZ,
from the newly isolated marine bacterium Zobellia sp. ZM-2.
The maximum similarity of cgkZ with existing k-carrageenase
genes was 87 %. The deduced k-carrageenase was 545 aa in
length, with a theoretical Mw of 61.9 kDa, close to that of the k-
carrageenase from C. drobachiensis (Barbeyron et al. 1998).
Protein blast combined with phylogenetic analysis also indicat-
ed that the k-carrageenase studied in this paper is a new enzyme
of family GH 16. Active sites of glycoside hydrolases com-
monly encompass two amino acids, Glu and Asp, which are
extremely conserved in every glycoside hydrolase family. Al-
though different carrageenases have notable distinctions in their
primary sequences, they usually feature a common catalytic
motif. The result in Fig. 2 shows that the deduced protein has
the characteristic motif E(I/L/V)D(I/V/A/F)(V/I/L/M/F)(0,1)E

@ Springer

(E-I-D-V-V-E in Fig. 4) (Planas et al. 1992; Juncosa et al. 1994;
Krah et al. 1998). This organization is characteristic of the
catalytic site of family GH 16, which features two glutamic
acid residues separated either by three amino acids or by four
residues (Barbeyron et al. 1998).

To facilitate overexpression, the predicted natural signal
peptide was generally removed or substituted by a secretion
signal peptide before insertion into the expression plas-
mid (Kim et al. 2010; Kaewthai et al. 2010). In this
paper, the natural signal peptide successfully achieved
secretory production of recombinant k-carrageenase in
E. coli. This signal peptide was composed of 29 aa
(MTKLKFNGKIRRTALSCLFYLFYLGLVYG), most of
which were hydrophobic amino acids. Although an addi-
tional 28 aa, including His-tag sequence and the other 22
aa located upstream the signal peptide, it seemed that the
N-terminal tag had no negative effect on the function of
signal sequence. To date, no general rule in selecting a
proper signal sequence for a given recombinant protein to
guarantee its successful secretion has been made (Choi
and Lee 2004). Thus, this natural signal peptide sequence
may be a good option for constructing secretory expres-
sion vectors.

The theoretical Mw of the deduced enzyme of gene cgkZ
was 61.9 kDa, whereas that of the recombined protein deter-
mined by SDS-PAGE electrophoresis was 45 kDa. After
removal of the signal peptide and fusion of His-tag sequences
to the recombinant product, the Mw of the mature «-
carrageenase from ZM-2 was estimated to be 40 kDa, which
corresponds to the k-carrageenase produced by C.
drobachiensis . This experimental phenomenon indicates the
posttranslational removal of a large portion of the C-terminal
end of the protein, a process that is likely required for crossing
the outer membrane (Barbeyron et al. 1998). Interestingly, the
posttranslational process of k-carrageenase from ZM-2 can
also occur in E. coli. k-Carrageenases from different organ-
isms vary in terms of Mw (Liu et al. 2011). For instance, k-
carrageenases secreted by the marine Pseudoalteromonas-like
bacterium WZUC10 has a molecular mass of 45 kDa (Zhou
et al. 2008). The Mw of k-carrageenase encoded by cgkA
gene in the marine bacterium A. carrageenovora (ATCC
43555) is 44.4 kDa (Barbeyron et al. 1994). Pseudomonas
elongata yields a k-carrageenase with an approximate Mw of
128 kDa (Khambhaty et al. 2007a, b). Three isozymes (Mw of
39, 58, and 100 kDa) from Cyfophaga sp. have also been
reported (Sarwar et al. 1987).

Based on ESI-MS analysis of enzymolysis products sepa-
rated by different volumes of ethanol, we concluded that the
main products of recombinant k-carrageenase hydrolyzing k-
carrageenan are tetrasaccharides and hexasaccharides. ESI-
MS spectra also showed that the main component of hydro-
lytic products separated by ethanol precipitation (3:1; Fig. 6a)
was hexasaccharide, while tetrasaccharide was the main
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product of hydrolytic products separated by ethanol precipi-
tation (6:1; Fig. 6b). This demonstrated that k-carrageenan
oligosaccharides with different polymerization degrees could
be roughly separated by fractional precipitation with ethanol.
In addition, octasaccharides and decasaccharides were detect-
ed in the hydrolytic products. Such findings are in accordance
with the hydrolytic products of the natural k-carrageenase from
Zobellia sp. ZM-2 (data not shown). Generally speaking, K-
carrageenases produced by different organisms degrade -
carrageenan to yield distinct oligosaccharides. k-Carrageenases
secreted by P carrageenovora yield k-neocarratetraose-sulfate
and k-neocarrabiose-sulfate as end-products (McLean and
Williamson 1979; Weigl and Yaphe 1966). The enzyme from
Cytophaga sp. MCA-2 breaks down k-carrageenan into K-
neocarratetraose and k-neocarrahexaose (Lu et al. 2009). k-
Neocarratetraose-sulfate and larger oligosaccharides with re-
peating 3-D-Gyg-(1—4)--D-A,, structures have been obtained
from enzymolysis products of k-carrageenases from Pseudo-
alteromonas -like bacterium, WZUC10 (Zhou et al. 2008).

Heavy metal ions such as Cu®>" and Pb*" strongly inhibited
the activity of recombinant k-carrageenase, mainly because
these metals combine with —SH groups of the cysteine residue
(Cys,37) at the active site. This finding indicates that Cys, 3 is
necessary for the recombinant enzyme exerting enzymatic ac-
tivity or maintaining integrity of protein conformation. Based on
this consideration, the addition of DTT improves enzyme activ-
ity, because thiols play a role in protecting Cys, 37 in a reduction
state to become active (Yao et al. 2012). Consequently, Cys;z;
is indispensable for the activity of k-carrageenase, and
DTT could serve as a protective agent during purifica-
tion and storage of recombinant k-carrageenases.

Lineweaver—Burk plots in this study showed that the K,
value of the recombinant enzyme for k-carrageenan was
0.842 mg/mL (0.023 mM). This value is smaller than those
of most reported k-carrageenases, such as those from P
porphyrae (4.4 mg/mL) (Liu et al. 2011), Vibrio sp. CA-
1004 (3.3 mg/mL; 16), and P. elongata (MTCC 5261;
6.66 mg/mL) (Khambhaty et al. 2007a, b). The smaller K,

Fig. 6 ESI-MS of k-carrageenase a
hydrolytic fragment. a Hydrolytic 25
products separated by ethanol .
precipitation (3:1). b Hydrolytic m
products prepared by ethanol o] 20 - ®
precipitation (6:1). D, A;—Gas— 5 ]
A;—GuCl-A,~G4Na—Na; D), g ] 598.06
An7G4szn7G4szn4G4szn7 = 1 5 j z=2
e N& . A G Ao G < 3 ®
An7G4sta; > An4G4sC17An7 o :
GaCl-A,~GuCl-Na; 5), A, % 10 B 31@; - 3 652126 © &
G457An7G457Na; @7 An7G457 E : o
Ay—GaAn-GgNa-—Na; (D), A— T 53 z=4 527 06 811.09 3 29 -
G4S7An7G4szn7G4s7An7 - | Z=3 Z=1 i _i
G4sCl-A—GysCl-A~GyNa—Na. 7 =
A: standsfor43,6-anhyd;0-oc-D- 0 T |'L"‘\Mt| T II'|.' | |'ll — T =TT
galactopyranose, G 45 stands for 200 400 600 800 1000 1200
[3-D-galactopyranose with 4-O- m/z
sulfo group
b
25 3 ®
Q - 811.08
§ 20 z=1
E s 827.06
5 ] :
2 153 =1
o 3
= =
S 10
5 598.06 @
] s 1236.10
: L ll_ [ — z=2
0|III|III|III|I1I|III|II
200 400 600 800 1000 1200
m/z

@ Springer



10066

Appl Microbiol Biotechnol (2013) 97:10057-10067

value of the recombinant enzyme indicates higher affinity for
K-carrageenan.

In conclusion, structural and phylogenetic analyses indi-
cate that the k-carrageenase-encoding gene of Zobellia sp.
ZM-2 is anew gene. The function of the natural signal peptide
on the extracellular transport of the recombinant enzyme in E.
coli indicates its potential for the construction of secretory
expression vectors. Further studies on the signal peptide se-
quence will yield more precise information on its structure—
function relationships. Moreover, a posttranslational process
was discovered in E. coli. To the best of our knowledge, this
study is the first to report the discovery of a posttranslational
process of k-carrageenase in a recombinant strain. The recom-
binant enzyme has high affinity to k-carrageenan, and its
productivity is 9.0 times higher than that of the original strain.
All of these characteristics indicate the potential use of the
enzyme in the biotechnological industry
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