
February 2016⎪Vol. 26⎪No. 2

J. Microbiol. Biotechnol. (2016), 26(2), 255–262
http://dx.doi.org/10.4014/jmb.1507.07052 Research Article jmbReview

Purification and Characterization of a New κ-Carrageenase from the
Marine Bacterium Vibrio sp. NJ-2
Benwei Zhu1,2 and Limin Ning1*

1Preclinical Medicine College, Nanjing University of Chinese Medicine, Nanjing 210023, P.R. China
2School of Chemistry and Chemical Engineering, Nanjing University, Nanjing 210093, P.R. China

Introduction

Carrageenans are linear sulfated galactans extracted

from several kinds of red seaweeds and share a common

backbone of D-galactose with altering α-1,3 and β-1,4

linkages [2, 6]. They are classified into three main groups

(λ-, ι-, and κ-carrageenan) according to the number and

position of the sulfated ester groups. Carrageenans have

been extensively used in the food, cosmetic, and

pharmaceutical industries owing to their various biological

activities [4], among which κ-carrageenan is the main

industrially exploited one. κ-Carrageenan shows various

kinds of physiological activities, including antitumor [8],

anti-coagulation [21, 23], anti-inflammation [24], anti-

thrombosis, and viral inactivation effects [19], which depend

on the different degrees of sulfate esterification of the

molecules. However, the shortcomings of polysaccharides,

such as the high molecular weight and poor tissue-

penetrating ability, have greatly limited their potential

applications in humans [9]. To improve the activity of

carrageenan in humans, it is a good way to degrade

carrageenan into oligosaccharides, which possess much

better biological activities and tissue-penetrating ability. 

κ-Carrageenase, a member of family 16 of the glycoside

hydrolases (GH 16), hydrolyzes β-1,4 linkages in κ-

carrageenan. It can specifically cleave the internal β-1,4

linkages of κ-carrageenan and yields a series of homologous

even-numbered oligosaccharides (Fig. 1). Thus, κ-carrageenase

is a valuable tool to produce oligosaccharides with various

physiological activities. The enzyme has been purified

from several marine bacteria, such as Alteromonas [1],

Cytophaga [18], Pseudoalteromonas [5], Pseudomonas [16], and

Vibrio [17] strains. However, the enzymes with high activity

for depolymerization of carrageenan polysaccharides are

rather rare. Moreover, many carrageenases have not been

purified to homogeneity and are not very well characterized.

Therefore, none of these carrageenases is commercially

available. In the present study, a novel κ-carrageenase with

high activity, being purified from the marine bacterium

Vibrio sp. NJ-2, has been characterized. The enzyme could

effectively degrade κ-carrageenan into even-numbered

oligosaccharides, and thus it may hold great potential to

produce oligosaccharides in industry.

Materials and Methods

Isolation and Identification of the Bacterium

The carrageenan-degrading marine bacterial strains were isolated
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The carrageenan-degrading marine bacterium Vibrio sp. strain NJ-2 was isolated from rotten

red algae, and κ-carrageenase with high activity was purified from the culture supernatant.

The purified enzyme with molecular mass of 33 kDa showed the maximal activity of

937 U/mg at 40°C and pH 8.0. It maintained 80% of total activity below 40°C and between

pH 6.0 and 10.0. The kinetics experiment showed the K
m

 and V
max

 values were 2.54 mg/ml and

138.89 mmol/min/mg, respectively. The thin layer chromatography and ESI-MS analysis of

hydrolysates indicated that the enzyme can endolytically depolymerize the κ-carrageenan into

oligosaccharides with degrees of depolymerization of 2-8. Owing to its high activity, it could

be a valuable tool to produce κ-carrageenan oligosaccharides with various biological activities.
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from rotten red algae from the Yellow Sea as follows. The samples

were collected from the coast of the Yellow Sea, washed with

sterilized seawater, and then spread on agar plates containing

0.1% κ-carrageenans, 0.05% (NH4)2SO4, and 0.001% FeCl3. The

plates were incubated at 30°C for 36 h and the positive colonies

showing clear zones were picked out from the selection plates.

The 16S rDNA sequence of the stain NJ-2 was amplified by PCR

from the genomic DNA and then sequenced. The sequence was

blasted and aligned with closely related sequences retrieved from

NCBI using the BLASTn and Clustal X programs, respectively.

Purification of κ-Carrageenase

Strain NJ-2 was propagated in medium containing 0.1% κ-

carrageenans, 0.05% (NH4)2SO4, and 0.001% FeCl3 in sterile

seawater with shaking for 48 h at 30°C. The culture medium was

centrifuged (10,000 ×g, 60 min) and the cell-free supernatant was

fractionated at 40% and 80% ammonium sulfate saturation. The

precipitated protein with 40% ammonium sulfate saturation was

discarded, and the precipitated protein with 80% ammonium

sulfate saturation was suspended in distilled water and dialyzed

in a dialysis bag (MWCO: 8,000-14,000 Da) against distilled

water, and the freeze-dried successively. Protein contents were

determined by the Bradford method [3]. The obtained enzyme

powder was dissolved in 5 ml of Tris-HCl buffer (pH 8.0) and the

end concentration was 4%. Then the enzyme solution was applied

to Sephadex G-200 (Pharmacia Company, Stockholm, Sweden)

column chromatography (100 × 1.6 cm) equilibrated with the

same buffer, and eluted at a flow rate of 0.1 ml/min. The elutes

were monitored continuously at 280 nm for protein and fractions

were assay for activity against κ-carrageenan. All the fractions of

the first peak from Sephadex G-200 column chromatography

containing κ-carrageenase activity were gathered, concentrated,

and applied to another column of Sephadex G-75, and further

equilibrated with the same eluent. Fractions were collected and

monitored for the presence of κ-carrageenase. The purity of the

fractions was assessed by SDS-PAGE. Pure fractions with activity

were stored at −20°C. 

Assay of Enzymatic Activity and Substrate Specificity

The κ-carrageenase activity was determined by measuring the

increase in the concentration of reducing sugar by the DNS

method as described previously [11]. The assay system consisted

of 1.0 ml of substrate (0.5% κ-carrageenan in Tris-HCl buffer (pH

8.0)) and 1.0 ml of enzyme, and boiled (for 10 min). Inactivated

enzyme with the same treatment was used as a control. One unit

of κ-carrageenase activity was defined as the amount of enzyme

needed to release 1 µmol of reducing sugars (D-galactose equivalent)

per minute. 

Biochemical Characterization of the Purified Enzyme

The optimum temperature for κ-carrageenase activity was

determined under the standard assay condition by varying the

incubation temperature from 20°C to 80°C. The thermal stability

of the κ-carrageenase was determined by incubating the enzyme

solution at each temperature (20-80°C) for 0.5 h and then measuring

the residual enzyme activity. The activity of untreated enzyme

was regarded as 100% and the relative activity was determined.

The effect of pH on κ-carrageenase activity was assayed by

replacing Tris-HCl buffer (pH 8.0) with Na2HPO4-citric acid buffer

(pH 4.0-7.0), Tris-HCl buffer (pH 8.0 and 9.0), and glycine-NaOH

buffer (pH 10.0-11.0) at 40°C. The pH stability of the κ-carrageenase

was determined by pre-incubating the enzyme solution at each

pH (4.0-11.0) at 35°C for 6 h and then the enzyme activity was

determined in the same pH buffer. The activity of untreated

Fig. 1. Schematic diagram showing two disaccharide-repeating units of κ-carrageenan, where the site of enzymatic hydrolysis is

specific at the internal κ-1,4 linkage of the κ-carrageenans. 
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enzyme was regarded as 100% and the relative activity was

determined.

Kinetics Study of the Enzyme

The initial reaction rate of the enzyme was assayed at various

concentrations of κ-carrageenan (0.5-10 mg/ml) by the DNS

method and the reaction system was incubated at 40°C and pH

8.0. The Michaelis constant (Km) and the reaction rate at infinite

substrate concentration (Vmax) were determined according to the

Lineweaver-Burk plotting method [7].

TLC and ESI-MS Analysis of Degradation Products

Enzymatic hydrolysis of κ-carrageenan was conducted under

standard condition with 0.2% κ-carrageenan as the substrate, by

incubating for 20 min, 40 min, 1 h, 2 h, 3 h, 6 h, 9 h, 12 h, 15 h, 18 h,

20 h, 22 h, 24 h, 30 h, 36 h, 48 h, 60 h, and 72 h, respectively. After

incubation, the mixture solutions were boiled for 10 min and then

centrifuged at 12,000 rpm for 10 min to remove the unsolved

materials. The hydrolysates were loaded onto a carbograph column

(Alltech, Grace Davison Discovery Sciences, UK) to remove salts

after removing proteins, and then concentrated, dried and re-

dissolved in 1 ml of acetonitrile/1 mM NH4HCO3 (1:1 (v/v)).

The products of different reaction times were analyzed by TLC

with the development system containing butanol-acetic acid-

water (2:1:1). In order to further determine the composition and

degree of polymerization (DP) of the products, ESI-MS was

employed. In brief, 2 ml of supernatant was loop-injected to

Micromass Q-TOF and Q-TOF Ultima instruments (Waters,

Manchester, UK) after centrifugation. The oligosaccharides were

detected in a negative-ion mode using the following settings. The

spray voltage was set at 4 kV, with a sheath gas (nitrogen gas)

flow rate of 30 arbitrary units, an auxiliary gas (nitrogen gas) flow

rate of 5 arbitrary units, a tube lens voltage of −250 V, a capillary

temperature of 350°C, and a capillary voltage of −48 V. The scan

rate was normal, and the type was full, with a microscan number

of 3, searching for a mass range of m/z 200−2,000.

Results and Discussion

Isolation and Identification of Strain NJ-2

The strain NJ-2 was isolated and purified. The 16S rDNA

sequence of the strain was sequenced and submitted to

GeneBank (Accession No. KT765103). According to

phylogenetic analysis of the 16S rDNA sequence, the strain

was assigned to the genus Vibrio and named Vibrio sp. NJ-2.

Purification and Substrate Specificity of κ-Carrageenase

As shown in Table 1, the κ-carrageenase was purified by

a series of purification procedures and finally yielded a

significantly high activity of 937 U/mg and a fold of 40,

while only 18.9% recovery was achieved. The result of SDS-

PAGE showed that the purified enzyme was a single

protein band with molecular mass of 33 kDa (Fig. 2). The

molecular mass of carrageenase from different sources

differed from one other. For instance, the κ-carrageenase

from marine strain WZUC10 has a molecular mass of

45 kDa [25]. Three isozymes with molecular masses of 39,

58, and 100 kDa from Cytophaga have also been reported

[18]. Moreover, the enzyme from Pseudoalteromonas elongata

Table 1. Purification of the κ-carrageenase from Vibrio sp. NJ-2.

Step
Volume

(ml)

Total protein

(mg)

Total activity

(U)

Specific activity

(U/mg)
Folds

Recovery

(%)

Crude medium 1000 51.88 1349 26 1 100

(NH4)2SO4 precipitation 70 2.202 947 130 5 70.2

Sephadex G-200 filtration 6 0.688 519 754 29 38.5

Sephadex G-75 filtration 3 0.272 255 937 40 18.9

Fig. 2. SDS-PAGE of the enzyme for each purification step. 

Lane M, PAGE ruler; Lane 1, sample of medium supernatant

cultivated for 48 h; Lane 2, sample after (NH4)2SO4 precipitation; Lane

3, condensed sample after (NH4)2SO4 precipitation; Lane 4, sample

after Sephadex G-200 filtration; Lane 5, condensed sample after

SephadexG-75 filtration.
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has a molecular mass of 128 kDa [10]. 

The enzyme effectively degraded κ-carrageenan, but

showed no activity towards λ- and ι-carrageenans (data not

shown). 

Biochemical Characterization of the Enzyme 

The enzyme showed maximum activity at 40°C (Fig. 3A)

and was stable below 40°C (Fig. 3B). This enzyme possessed

approximately 90% activity after incubation at 40°C for

30 min and was gradually inactivated as temperature

increased. The enzyme showed optimal activity at pH 8.0

(Fig. 3C) and retained more than 80% activity after being

incubated at a broad pH range of pH 6.0-10.0 for 24 h

(Fig. 3D). However, this enzyme was mostly stable at pH

8.0. Thus, it was an alkaline-stable carrageenase and it

could retain stability in a broader pH range. Most of

characterized enzymes showed the maximum activity

around 40°C, whereas CgkLL1 from Pseudoalteromonas.

porphyrae [13] and CgkAJ5 from Pseudoalteromonas sp. AJ5-

913 [15] both had the optimal reaction temperature of 55°C.

Therefore, owing to its high activity and thermal stability,

the enzyme would be a potential tool for preparation of

carrageenan oligosaccharides and detailed structural analysis

of carrageenan.

The effects of metal ions (1 mM) on the enzyme are

shown in Table 2. The monovalent ions, such as Na+ and

K+, showed activation effects on enzyme activity. Specifically,

the enzyme activity was boosted by various concentrations

of NaCl, where the activity reached the maximum with

300 mM NaCl, being boosted around four times compared

with that without NaCl. It is reasonable that because the

enzyme was purified from a marine-derived bacterium, a

certain degree of NaCl concentration was indispensable for

the survival of the strain and activation of the enzyme.

Moreover, the carrageenase was activated by NaCl in a

broad concentration range. Therefore, it was a salt-activated

Fig. 3. Effects of pH and temperature on the activity and stability of the carrageenase. 

(A) The optimal temperature of the enzyme was determined by measuring the activities at various temperatures (10-80°C). (B) The thermostability

of the carrageenase was determined by measuring the residual activities after the enzymes were incubated at different temperatures (10-80°C) for

0.5 h. (C) The optimal pH of the enzyme was determined by measuring the activities at 40°C in Na2HPO4-citric acid buffer (pH 4.0-7.0), Tris-HCl

buffer (pH 8.0 and 9.0), and glycine-NaOH buffer (pH 10.0-11.0). (D) The pH stability of the enzyme. The residual activities were measured at

40°C in Tris-HCl buffer (pH 8.0) after incubation in the above buffers at 4°C for 24 h. The highest activity was set to be 100%. Each value represents

the mean of three replicates ± standard deviation.
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carrageenase. As shown in Table 2, divalent ions such as

Mg2+ and Ca2+ showed activation effects on enzyme

activity, whereas other ions like Mn2+, Cu2+, Zn2+, Ni2+, Fe2+,

and Fe3+ showed inactivation effects on the activity of the

carrageenase. Additionally, chemical agents such as EDTA

and SDS showed inactivation effects on the activity of the

enzyme. The effects of metal ions on the activity of the

enzymes were similar, as shown in Table 3. CgkP from

Pseudoalteromonas sp. QY203 [12] and CgkZM2 from Zobellia

galactanivorans [14] were both activated by Na+, K+, and

Mg2+. The inhibitory ions of these enzymes were Cu2+, Pb2+,

and Zn2+. 

Kinetics Analysis of the Enzyme

As calculated from the Lineweaver-Burk curve (Fig. 4),

the apparent Km and Vmax values were 2.54 mg/ml and

138.89 µmol/min/mg, respectively. Compared with the Km

values of other κ-carrageenases, such as those from

Pseudoalteromonas porphyrae (4.4 mg/ml) [13], Vibrio sp.

CA-1004 (3.3 mg/ml) [17], Tamlana sp. HC4 (7.63 mg/ml)

[20], Pseudoalteromonas sp. AJ5-913 (9.8 mg/ml) [15], and

Pseudoalteromonas elongata (6.6 mg/ml) [10], our enzyme

showed higher affinity to the κ-carrageenan substrate.

Action Mode and Analysis of Degradation Products 

The action mode of the enzyme was monitored by thin

layer chromatography. As shown in Fig. 5, at the initial

stage of the hydrolysis reaction, the polysaccharide

substrate was hydrolyzed into the oligomers with high

Table 2. Effects of metal ions and chemical agents on the

activity of the enzyme.

Additives Concentration (mmol/l) Relative activity (%)

Control 0 100 ± 2.1

100 273 ± 5.2

Na+ 300 369 ± 3.8

500 221 ± 2.7

K+ 1 153 ± 1.9

Mg2+ 1 112 ± 2.8

Ca2+ 1 108 ± 1.5

Mn2+ 1   39 ± 2.5

Cu2+ 1   32 ± 1.7

Zn2+ 1   21 ± 2.4

Ni2+ 1   49 ± 5.7

Ba2+ 1   98 ± 2.3

Fe2+ 1   51 ± 3.6

Fe3+ 1   38 ± 7.2

EDTA 1   71 ± 2.5

SDS 1   56 ± 2.7

Table 3. Comparison of the enzyme with carrageenases from other strains.

Enzyme Source pH
Temperature

(oC)

Cation

activators
Cation inhibitors Km (mg/ml) Products Ref.

CgkNJ Vibrio sp. 8.0 40 Na+, K+, 

Mg2+, Ca2+ 

Cu2+, Zn2+, Ni2+, Mn2+, 

Fe2+, Fe3+

2.54 2, 4, 6, 8 This 

study

Cgkp Pseudoalteromonas sp. QY203 7.2 45 Na+, K+, Mg2+ Cu2+, Zn2+, Ni2+, Mn2+, 

Fe2+, Al3+

- 2,4 [22]

CgkN5-2 Cellulophaga lytica N5-2 7.0 35 - - 1.647 2, 4, 6, 8 [25]

CgkLL1 Pseudoalteromonas porphyrae 8.0 55 Mg2+, Ba2+ Cu2+, Zn2+, Ni2+, Mn2+ - [20]

CgkZM2 Zobellia galactanivorans 6.0 39 Na+, Ca2+ Cu2+, Pb2+, Mn2+ 0.842 4, 6, 8, 10 [23]

CgkCA Vibrio sp. CA-1004 8.0 40 - Cu2+, Pb2+, Zn2+ 3.3 2, 4 [14]

CgkHC4 Tamlana sp. HC4 8.0 30 Cu2+, Pb2+, Zn2+ 7.63 2 [24]

CgkAJ5 Pseudoalteromonas sp. 8.0 55 - - 9.8 2, 4, 6, 8, 10 [21]

Fig. 4. Lineweaver-Burk plot for determining the kinetic

parameters of the enzyme with various concentrations of κ-

carrageenan (0.5-10 mg/ml) at 40°C and pH 8.0.
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degree of depolymerization (DP). As the reaction proceeds,

the products with low DP (2-4) appeared, while the

oligomers with DP of 8 decreased. The results indicated

that the enzyme hydrolyzed the carrageenan in an

Fig. 5. TLC analyses of the degradation products of the enzymes after different incubation times (20 min, 40 min, 1 h, 2 h, 3h, 6 h,

9 h, 12 h, 15 h, 18 h, 20 h, 22 h, 24 h, 30 h, 36 h, 48 h, 60 h, and 72 h). 

Lanes 0-17 present the hydrolysates of different incubation times. 

Fig. 6. ESI-MS analysis of the degradation products of the enzyme incubated with 0.2% κ-carrageenan for 12 h and 72 h,

respectively.
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endolytic manner and produced a series of even-numbered

oligosaccharides with low DPs. After incubation for 72 h,

the dimers accounted for a large fraction of the

hydrolysates. Owing to the presence of sulfate groups on

the oligosaccharides, all mass spectral experiments were

performed in negative-ion mode. The mass spectra of the

degradation products obtained at 12 and 72 h are shown in

Fig. 6. The hydrolysates prepared for 12 h contained

oligosaccharides with high DP, including hexasaccharide,

octasaccharide, and decasaccharide. The peak at m/z 544.50

is assigned to hexasaccharide ([(A-G4S)2(An-G)]2-). The peak

corresponding to m/z 496.05 is assigned to octasaccharide

([(An-G4S)3(An-G)]3-). The peak at m/z 909.60 is likely to be

decasaccharide ([(An-G4S)3(An-G)2Na]2-). Moreover, the

peaks of dimers and tetramers also appeared as 445.05

([(An-G4S) Na2]
-) and 709.05 ([(An-G4S) (An-G)]-). With the

progressing hydrolysis reaction, the oligomers with high

DP decreased, while disaccharides and tetrasaccharides

increased, as shown in Fig. 6B. Almost all of the characterized

enzymes were endolytic, as shown in Table 3. Generally,

carrageenases from different organisms degrade κ-

carrageenan substrate to yield distinct oligosaccharides.

The Cgkp from Pseudoalteromonas sp. QY203 [12] and

CgkCA from Vibrio sp. CA-1004 [17] yielded dimers and

tetramers as the main products. The distribution of

degradation products of CgkN5-2 from Cellulophaga lytica

N5-2 [22], CgkZM-2 from Zobellia galactanivorans [14], and

CgkAJ5 from Pseudoalteromonas sp. AJ5-913 [15] were similar,

as they all produce even-numbered oligosaccharides. 

In conclusion, in this study, a k-carrageenase with high

activity was purified from the culture supernatant of Vibrio

sp. NJ-2. The purified enzyme with a molecular mass of

33 kDa showed the maximal activity of 937 U/mg at 40°C

and pH 8.0. It maintained 80% of total activity below 40°C

and between pH 6.0 and 10.0. The metal ions Na+, K+, Mg2+,

and Ca2+ enhanced the enzyme activity. The TLC and ESI-

MS analyses of the hydrolysates indicated that the enzyme

endolytically depolymerized the κ-carrageenan into

oligosaccharides with degrees of depolymerization of 2-8.

Because of its high activity, it could be a valuable tool for

the production of κ-carrageenan oligosaccharides with

various biological activities.
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