
Glycosidases (EC 3.2.1 O-glycoside hydrolases) are

key enzymes of carbohydrate metabolism. They catalyze

cleavage of O-glycoside bonds in carbohydrates and car-

bohydrate-containing biopolymers. Although involved in

complicated vital functions, O-glycosidases have a rela-

tively simple action mechanism and, therefore, can be

used as a convenient model for studies on important

problems of enzymology [1].

1→3-β-D-GLUCANASES OF MARINE

ORGANISMS AS O-GLYCOSIDE HYDROLASES

1→3-β-D-Glucanases (laminarinases) responsible for

cleavage of O-glycoside bonds in 1→3-β-D-glucans are a

special case among O-glycoside hydrolases. These enzymes

are found in representatives of all kingdoms of Nature from

archaebacteria to eukaryotes, where they are responsible for

various functions [2-4]. In particular, 1→3-β-D-glucanas-

es of bacteria are involved in degradation of polysaccha-

rides, which are used by the bacteria as a source of energy.

In fungi, these enzymes perform lysis of their own cellular

matrix during cell development. In plants, these enzymes

are involved in cell differentiation, the system of plant

defense against pathogenic fungi, and degradation of the

1→3-β-D-glucan layer of the seed envelope during seed

sprouting. 1→3-β-D-Glucanases play an important role in

the digestion and reproduction of marine invertebrates.

Marine invertebrates include numerous taxons at

different stages of evolution and different nutrition type

and habit of life, and they are rich and relatively available

sources of 1→3-β-D-glucanases and of some other O-

glycoside hydrolases [5]. Most frequently, these enzymes

are found in digestive tracts of marine animals and occur

in waste on their industrial processing.

We performed a comparative analysis of the 1→3-β-

D-glucanase activity in digestive organs of marine inver-

tebrates inhabiting various regions of the World Ocean

and have obtained a general picture of distribution of

these enzymes. 1→3-β-D-Glucanases are widely distrib-

uted in marine organisms, similarly to cellulases and

amylases in terrestrial organisms. The highest activity of

1→3-β-D-glucanases has been recorded in digestive

organs of marine mollusks and crustaceans [6].

An active 1→3-β-D-glucanase was found not only in

the digestive organs but also in unfertilized oocytes of the

majority of sea urchin species [7, 8]. This enzyme is local-

ized in the cortical granules, and on fertilization the

major part of the enzyme is released into the perivitelline

space and the environmental seawater [9]. In some sea

urchin species the enzyme reappears on the stage of gas-

trulation and larval development, and it functions already

as a digestive enzyme. The role of 1→3-β-D-glucanase in

unfertilized oocytes is not established. It is supposed to be

involved in fertilization; however, endogenous 1→3-β-D-

glucan (the enzyme substrate) has not been identified in

the fertilization envelope.

Crystalline styles of bivalve mollusks are unique nat-

ural accumulators of these enzymes: the contents of

1→3-β-D-glucanases in them are 500-1000 times higher

than in other biological materials [5]. The crystalline style

is a glass-like rod inside the mollusk’s stomach. This style

contains absorbed digestive enzymes, which are released

into the intestine for extracellular digestion of food.
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We have chosen crystalline styles of marine bivalve

mollusks as a source for isolation and investigation of

1→3-β-D-glucanases. Estimation of O-glycosidases in

extracts of crystalline stalks revealed that 1→3-β-D-glu-

canase was the major hydrolase. Activities of enzymes

catalyzing such polysaccharides as amylopectin, CM-cel-

lulose, and pustulan were insignificant: from 0.2 to 6%

relative to the activity by laminaran. Other hydrolases,

such as lipases, proteinases, and nucleases, were not

found in this organ [6].

The high concentration of 1→3-β-D-glucanase in

crystalline styles of mollusks allowed us to use simple

purification schemes with 2-3 stages for isolation of

enzymes, which were homogenous by SDS-electrophore-

sis data [10-14]. Isolation of individual 1→3-β-D-glu-

canases from the liver or gastric juice of marine mollusks

was more difficult [15-18].

All studied 1→3-β-D-glucanases from marine mol-

lusks are rather resistant to different influences (tempera-

ture, pH, NaCl, organic solvents, denaturing agents),

have pH-optimums in the slightly acidic region specific

for 1→3-β-D-glucanases from other sources, and rela-

tively low molecular weight, from 32,000 to 40,000 Da.

The traditional classification of enzymes (EC)

adopted by IUPAC is based on the reaction catalyzed and

the substrate specificity. This classification is generally

adopted but has some limitations. It is difficult to use this

system to compare reaction mechanisms. There are also

other classifications available on the Internet: hierarchi-

cal classifications of protein structures (CATH, SCOP,

DALI); database of protein domain families (Pfam); clas-

sifications based on the reactions catalyzed, action mech-

anisms, and structural features of enzymes (RLCP,

SFLD); Varfolomeev’s hierarchical classification of cat-

alytic sites of hydrolases [19]; classification based on

homology of amino acid sequences of glycosidases

(CAZy). Describing 1→3-β-D-glucanases (laminarinas-

es), authors commonly use the classification of IUPAC

(EC) and the structural classification system (CAZy).

According to the EC nomenclature, the enzyme

number (EC 3.2.1.21) is given to glycosidases, i.e.

enzymes catalyzing hydrolysis of glucosides and also of

oligosaccharides. These enzymes can be considered as

oligosaccharide hydrolases, because an increase in the

polymerization degree of the substrate is associated with a

decrease in the enzymatic hydrolysis rate, and polysaccha-

rides are not cleaved under the influence of such enzymes.

1→3-β-D-Glucanases preferentially catalyzing hydrolysis

of polysaccharides (polysaccharide hydrolases) are subdi-

vided into exo-1→3-β-D-glucanases (EC 3.2.1.58),

which successively cleave mono- (less frequently di- or

oligosaccharides) from the non-reducing end of the glu-

can molecule, and endo-1→3-β-D-glucanases, which

cleave internal glycosidic bonds in polymeric substrates.

There are two types of endo-1→3-β-D-glucanases

catalyzing hydrolysis of internal bonds of polymeric mol-

ecules: endo-1→3-β-D-glucanases (EC 3.2.1.39), which

require for the action at least two adjacent 1→3-bound

glucose residues, and less specific endo-1→3-β-D-glu-

canases (EC 3.2.1.6) that can hydrolyze even β-1→4-

bonds near the β-1→3, as it is in the lichenan molecule.

Note that to assign endo-1→3-β-D-glucanase to one of

these types, it is necessary to prove hydrolysis of the β-

1→4-bond, i.e. to establish the structure of products of

hydrolysis of a mixed (1→3);(1→4)-β-D-glucan. Most

frequently, no such proofs are presented, and endo-1→3-

β-D-glucanases of marine invertebrates with similar

properties and specificities are assigned to different types:

EC 3.2.1.6 [11, 12, 17, 18, 20] and EC 3.2.1.39 [13, 14,

16].

In terrestrial organisms, 1→3-β-D-glucanases func-

tion as components of laminarinase complexes, possibly

for the more complete utilization of a polymeric sub-

strate. Such complexes include endo-/exo-enzymes and

glucosidases. Thus, a laminarinase complex isolated from

digestive organs of the terrestrial gastropod Eulota maakii

contained two endo-laminarinases, exo-laminarinase,

and glucosidase [21]. It is interesting that crystalline styles

of marine mollusks contain “incomplete” laminarinase

complexes; in the presence of endo-1→3-β-D-glucanas-

es, they lack exo-1→3-β-D-glucanases and glycosidases.

The absence of exo-enzymes is compensated by specific

features of the action of endo-1→3-β-D-glucanases of

crystalline styles: in products of laminaran hydrolysis by

them, there is a high content of glucose (from 40 to 60%)

and the hydrolysis depth of a substrate under the influ-

ence of endo-1→3-β-D-glucanases from marine organ-

isms is 2-5 times higher than in the presence of the

enzymes from terrestrial organisms [22, 23]. From the

liver of Littorina sitkana (= kurila), in addition to endo-

1→3-β-D-glucanase, we have isolated an unusual β-D-

glucosidase capable of catalyzing hydrolysis of laminaran.

A similar enzyme was found in the digestive juice of the

marine mollusk Aplysia kurodai, which was characterized

by the authors as exo-1→3-β-D-glucanase manifesting

the β-D-glucosidase activity [18]. But it is not excluded

that this enzyme could be also most correctly assigned to

β-D-glucosidase capable of catalyzing hydrolysis of lam-

inaran. We have already mentioned that glucosidases are

different from glucanases mainly by a decrease in the

hydrolysis rate of a substrate with increase in its polymer-

ization degree. These features were displayed by both

enzymes. Note that enzymes with this specificity were

earlier found only in the cell walls of plants [24-26].

SUBSTRATES OF 1→3-β-D-GLUCANASES

Substrates of 1→3-β-D-glucanases are 1→3-β-D-

glucans and mixed 1→3;1→4- and 1→3;1→6-β-D-glu-

cans. As discriminated from functionally highly special-

ized glucans, such as amylose (a reserve polysaccharide)
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or cellulose (structural polysaccharide), 1→3-β-D-glu-

cans are polyfunctional substances. They are components

of cell walls of many plants and fungi [27, 28], are pro-

duced by some bacteria as exopolysaccharides [29, 30],

and are used as reserve substances by fungi of the

Ascomycetes and Basidiomycetes genera [31, 32] and by

algae [33]. The heterogeneity of 1→3-β-D-glucans is due

to differences in molecular weights and presence either of

β-1,6- or of β-1,4-bonds, which are also different in con-

tents and location in glucan molecules. Such 1→3- or

mixed 1→3;1→6-β-D-glucans as curdlan, zymosan, and

a corpuscular β-D-glucan schizophillan are well known

as immunomodulators, antitumor agents, and radiopro-

tectors [34].

Laminarans (1→3- or 1→3;1→6-β-D-glucans) are

the most traditional substrates for 1→3-β-D-glucanases

(laminarinases), which have conditioned the trivial name

of the enzymes. Laminarans are components of water-

soluble polysaccharides of brown algae and microalgae

considered as serving reserve substance. This function of

laminarans seems to be not the only one, and not only

laminarans are used as reserve substances, because many

brown algae contain only a small amount of laminaran or

do not contain it at all [35, 36]. The contents and struc-

ture of laminarans depend on the algal species, develop-

ment stage, growth conditions, and season of the gather-

ing of the algae [37-39]. Laminarans are colorless amor-

phous substances without smell or taste. Two forms of

laminarans are known to be different in solubility in cold

water: “soluble” and “insoluble” ones. The solubility is

associated with structural features of the laminarans [40].

By chemical nature, laminarans are polysaccharides con-

sisting of β-D-glucose residues linked by 1,3- and/or 1,6-

bonds, with the polymerization degree of 20-40, which

corresponds to molecular weight of 3-6 kDa. On the

reducing end of some laminaran molecules a mannitol

residue (M-chains) can be present, whereas other mole-

cules are terminated with a glucose residue (G-chains)

[41].

Laminarans from various alga species are markedly

different in both the ratio of 1,3/1,6-bonds and the mode

of inclusion of these bonds in the β-D-glucan chain (Fig.

1). Laminarans from Laminaria hyperborea and

Turbinaria conoides, as well as a fraction of laminarans

from Saccharina gurjanovae, are virtually linear 1→3-β-

D-glucans (Fig. 1a) [40-42]. Such laminarans are “insol-

uble” ones. Their content of 1,6-bound residues of

β-D-glucose is no more than 1-2%. Laminarans enriched

with 1,6-bound residues of β-D-glucose are “soluble”.

Laminarans from S. cichorioides and Costaria costata con-

tain 1,6-bound glucose residues as singular branches from

the major chain of 1→3-β-D-glucan (ratio of bonds

1,3/1,6 = 9 : 1 and 5 : 1, respectively) (Fig. 1c), whereas

laminaran from Fucus evanescens (ratio of bonds

1,3/1,6 = 2 : 1) contains in the branches at C6 both glu-

cose and gentibiose residues [43, 44]. Laminarans from

Eisenia bicyclis are 1→3;1→6-β-D-glucans characterized

by a high content of 1,6-bound glucose residues (ratio of

bonds 1,3/1,6 = 3 : 1), which are present in this lami-

naran as branches and as inclusions in the main chain

(Fig. 1b) [45, 46]. Laminarans from Ishige okamurai and

Chorda filum also include 1,6-bound glucose residues in

the major chain of the laminaran along with branches at

position 6 (Fig. 1, b and c) [47, 48]. Finally, a polysac-

charide from the microalga Emiliania huxleyi is 1→6-β-

D-glucan containing gentibiose residues as branches at

C-3 (Fig. 1d) [49].

Thus, in laminarans there are different combinations

of 1,3- and 1,6-glycosidic bonds included in both the

major chain and branches of the molecules, and this

allows us to successfully use them for studies on the speci-

ficity of 1→3-β-D-glucanases [22].

Fig. 1. Fragments of laminaran structure.

a b

c

d
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STRUCTURE OF ENDO-1→3-β-D-GLUCANASES

OF MARINE MOLLUSKS

The development of new approaches for studies on

protein structure during the last decades and their wide use

has led to a rapid accumulation of data on the structure of

O-glycoside hydrolases. As a result, in 1991 a new classifi-

cation of O-glycoside hydrolases was proposed that subdi-

vided them into families according to their structural simi-

larity [50]. In 1991, structures of 291 O-glycoside hydro-

lases were established, and they were subdivided into 35

families [50]. Now the structural classification embraces

more than 137,000 sequences of O-glycoside hydrolases

and their homologs joined in 131 families. Fifty-two of

these families are grouped in 14 clans depending on the

spatial structure of their catalytic domains (http://www.

cazy.org/Glycoside-Hydrolases.htm). Based on the adopt-

ed two-level classification (family/clan), a multi-level clas-

sification (subfamily/family/clan/superfamily) of O-gly-

coside hydrolases is now being developed. This classifica-

tion takes into consideration the homology of amino acid

sequences, similarity of the spatial structure, and mecha-

nisms of the enzyme action [1].

Amino acid sequences have been established for

endo-1→3-β-D-glucanases from the marine mollusks

Spisula (= Pseudocardium) sachalinensis [51], Chlamys

albidus [52], Mizuhopecten yessoensis [12, 53], Perna

viridis [54], L. sitkana [55], Tapes literata [14], and

Haliotis discus hannai [17] (Fig. 2). The structure of

endo-1→3-β-D-glucanase from the marine scallop M.

yessoensis has been independently determined by two

groups of researchers. Structures of the enzymes isolated

from the crystalline styles [12] and internal organs of the

mollusk were found to be fully identical [53]. According

to the structural classification, all endo-1→3-β-D-glu-

canases of the marine mollusks are assigned to family 16

of O-glycoside hydrolases (GH16). The GH16 family is

polyspecific and includes enzymes catalyzing hydrolysis

of a wide spectrum of carbohydrates: glucans, xyloglu-

cans, galactans, carrageenans, agarose, and lichenans.

This family also includes lipopolysaccharide- and glucan-

binding proteins of invertebrates (http://www.cazy.org/

Glycoside-Hydrolases.htm). The identity degree of the

amino acid sequences from members of different GH16

subfamilies does not exceed 10-25% [56]. They are sup-

posed to have a common evolutionary precursor but have

developed different substrate specificities during evolu-

tion [57]. But despite significant differences in the amino

acid sequences and substrate specificity, all members of

the GH16 family have a similar type of molecule arrange-

ment as a β-jelly roll (Fig. 3) and the same mechanism of

hydrolyzing glycoside bonds: they cleave equatorially ori-

ented glycosyl bonds, preserving their anomeric configu-

ration in the hydrolysis products.

Comparison of catalytic domains of known endo-

1→3-β-D-glucanases revealed their significant structural

diversity. The identity degree of amino acid sequences of

endo-1→3-β-D-glucanases of prokaryotes and eukaryotes

does not exceed 15-27%. The homology between amino

acid sequences of endo-1→3-β-D-glucanases from

marine mollusks is 67.3-97.2% (Table 1). The sequence

GEIDIXE (X being a hydrophobic amino acid residue),

which is the active center of GH16 (Fig. 2), is conserved.

This sequence contains two catalytically active residues of

glutamic acid, the first being a nucleophile, whereas the

other is an acid-base catalyst. This has been proven by a

mutational analysis of laminarinase from the marine bac-

terium Rhodotermus marinus [58], X-ray crystallographic

and mutational analysis of endo-1→3-β-D-glucanase

GHF16 from the bacterium Nocardiopsis spp. [59], and of

some other enzymes of family 16 of O-glycoside hydro-

lases: 1→3;1→4-β-D-glucanase from Bacillus [60-62], κ-

carrageenases from Pseudoalteromonas carrageenovora

[57], and agarase from Zobellia galactanivorans [56].

The other conserved sequence enriched with trypto-

phan residues (Fig. 2) is supposed to be the substrate-bind-

ing site [63]. The endo-1→3-β-D-glucanase BgIF from

Nocardiopsis spp. [59] suggests that the conserved trypto-

phan residues are important for binding the substrate and

its correct orientating inside the active center cavity due to

T. literata

75.9

75.8

75.5

82.0

77.5

100

P. viridis

78.8

77.5

78.5

69.3

100

P. sachalinensis

70.2

75.8

68.7

100

Ch. rosealbus

96.0

97.2

100

Ch. albidus

96.0

100

M. yessoensis

100M. yessoensis

Ch. albidus

Ch. rosealbus

P. sachalinensis

P. viridis

T. literata

H. discus 

L. sitkana

L. sitkana

74.9

75.5

73.7

76.7

77.0

82.4

67.3

100

Table 1. Structural homology of endo-1→3-β-D-glucanases from marine mollusks (%)

H. discus

74.6

75.1

74.6

67.6

71.0

72.6

100
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stacking interaction of the tryptophan aromatic ring with

pyranose rings of glucose residues. The involvement of

tryptophan residues in the enzyme–substrate interaction

of endo-1→3-β-D-glucanases from the mollusks S. sacha-

linensis, Ch. albidus, and M. yessoensis was shown earlier

using a chemical modification approach [12, 64, 65].

Analysis of the multiple alignment of amino acid

sequences of endo-1→3-β-D-glucanases has revealed

two conserved histidine residues (Fig. 2). The importance

of histidine residues for the catalytic activity was con-

firmed by an approach of chemical modification for

endo-1→3-β-D-glucanases from S. sachalinensis, M.

yessoensis, Ch. albidus, and Tenebrio molitor [12, 65-67].

By X-ray crystallographic analysis, one of histidine

residues was shown to be included in the active center of

endo-1→3-β-D-glucanase from Nocardiopsis spp. [59].

Based on studies on the three-dimensional structure of κ-

carrageenase from the bacterium P. carrageenovora, it was

supposed that the histidine residue together with the

aspartic acid residue of the active site GEIDIXE should

be involved in the proton transfer during the deglycosyla-

tion stage [57].

Analysis of amino acid sequences of endo-1→3-β-

D-glucanases has shown that two cysteine residues are

conserved in all endo-1→3-β-D-glucanases of mollusks

(Fig. 2). These residues seem to form a disulfide bond

important for stabilization of the molecules. In many

cases, thermostability of enzymes is determined by their

conformational mobility: the higher the conformational

mobility of a protein molecule, the lower its thermosta-

bility usually is [14]. In particular, the presence of disul-

fide bonds in the protein molecule macrostructure

decreases conformational mobility. As published in work

[14], the thermostability of endo-1→3-β-D-glucanases

of marine mollusks increases in the following series (bio-

logical sources of the enzymes are indicated): Ch. albidus,

M. yessoensis, T. literata, S. sachalinensis, and P. viridis.

These glucanases are different in the contents of cysteine

residues: the enzymes from the scallops Ch. albidus and

M. yessoensis have two cysteine residues, those from T. lit-

erata three, from S. sachalinensis four, and from P. viridis

seven. The following regularity seems to exist: the higher

the number of cysteine residues (and probably, of disul-

fide bonds) in the endo-1→3-β-D-glucanase molecule,

the higher is the enzyme thermostability.

Table 2 presents the distribution of endo- and exo-

1→3-β-D-glucanases in different taxons, and Table 3

shows the membership of these enzymes in the structural

CAZy families. Obviously, the majority of known 1→3-β-

D-glucanases have the endo-type of the action. Only

fungi preferentially contain glucanases with the exo-type

action. Note that in marine fungi, as discriminated from

Fig. 3. Model of complex of the endo-1→3-β-D-glucanase from the bivalve mollusk M. yessoensis and halistanol sulfate in two projections (a,

b). The glucanase is presented as a ribbon diagram, catalytic residues are shown as spheres, and the ligand as a pivot [12].

a b
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invertebrates and bacteria, exo-1→3-β-D-glucanases

have also been found [68, 69].

By homology of primary structure, 1→3-β-D-glu-

canases are members of some families of O-glycoside

hydrolases (the CAZy classification): 3, 5, 16 (β-jelly-roll

structure), 17 ((β/α)8 structure), 55 (β-helix structure),

64, and 81. Thus, structural families 5 and 55 of CAZy

include only exo-glucosidases (EC 3.2.1.58). The struc-

tural family 17 of CAZy includes only endo-glucanases,

except two exo-1→3-β-D-glucosidases. These two exo-

enzymes are found in the Ascomycota fungi, their primary

structure is established, and their post-translational mod-

ifications and active sites are also studied. However, the

authors did not study biochemical properties of these

enzymes, and in one case they assigned the enzyme to EC

3.2.1.58 based on the likeness of the amino acid sequence

with another enzyme [70]. In the other case, it has been

mentioned that the enzyme can successfully hydrolyze

both 1→3-β-D-glucans and mixed 1→3-;1→4 and 1→6-

β-D-glucans; nevertheless, the authors classified the

enzyme as EC 3.2.1.58 and not as EC 3.2.1.6 [71]. Thus,

the action type of these enzymes remains unclear.

TRANSGLYCOSYLATION

To date, investigation of O-glycoside hydrolases from

marine sources has focused on enzymatic hydrolysis of

polysaccharides. Glycosidic bonds under the influence of

O-glycoside hydrolases are mainly hydrolyzed by the

acid-base catalysis. This mechanism needs two amino

acid residues: one of them donates protons and the other

accepts them, and the process is accompanied either by

inversion, or by retention of the bond configuration at the

anomeric carbon atom. Enzymes retaining the configura-

tion are shown to catalyze not only hydrolysis of glycoside

bonds, but also glycosyl residue transfer from the sub-

strate (donor) onto another acceptor – a molecule that

Endo/Exo
ratio

8/0
235/10
73/143

38/4

179/34
6/0

1/0

540/191

Table 2. Distribution of 1→3-β-D-glucanases with endo- and exo-type of action in different taxons

Exo-type of action
(EC 3.2.1.58)

–
10

143
4

34
–

–

201

Endo-type of action
(EC 3.2.1.39)

6
228
32
36

135
2

1

463

Endo-type of action
(EC 3.2.1.6)

2
7

41
2

44
4

–

106

Taxons

Eukaryotes:

animals
plants
fungi
Protozoa

Prokaryotes:
bacteria
Archae

Viruses

Total

Endo/Exo
ratio

0/4

0/20

64/0

75/2

4/20

3/0

12/0

Table 3. Distribution of 1→3-β-D-glucanases with endo- and exo-type of action in families of O-glycoside hydrolases

according to the CAZy classification

Exo-type of action
(EC 3.2.1.58)

4

20

–

2

20

–

–

Endo-type of action
(EC 3.2.1.39)

–

–

48

75

4

3

12

Endo-type of action
(EC 3.2.1.6)

–

–

13

–

–

–

–

Family

GHF 3

GHF 5

GHF 16

GHF 17

GHF 55

GHF 64

GHF 81
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has at least one hydroxyl group (Fig. 4). This catalytic

process was discovered for O-glycoside hydrolases in 1964

and termed transglycosylation [72, 73]. In this case, the

reaction products display a set of oligosides “labeled” on

the reducing end with the acceptor molecule residue.

Transglycosylating activity is not displayed by exo-gly-

canases, which act with inversion of the configuration of

the bond under cleavage [74]. The majority of “retaining”

O-glycoside hydrolases (endo-glycanases and glycosidas-

es) can be used for synthesis of new glycosides.

As compared to hydrolases from terrestrial sources

(lysozymes, α-amylases, cellulases, etc.), O-glycoside

hydrolases from marine organisms are characterized by

an increased ability for transglycosylation [5, 22, 23, 75].

Thus, endo-1→3-β-D-glucanases from P. sachalinensis

and Ch. albidus when using laminaran as a donor of gly-

cosyl residues and of p-nitrophenyl-β-D-glucoside as an

acceptor have ratio of transglycosylation and hydrolysis

rate constants kt/kh = 2·104. For terrestrial enzymes

(amylases and lysozyme) this ratio does not exceed 102.

The transglycosylating abilities of 1→3-β-D-glucanases

from marine mollusks are different. Thus, for endo-1,3-

β-D-glucanases from P. sachalinensis and L. sitkana the

kt/kh values are, respectively, 80 and 225 [55].

Obviously, to determine key characteristics of O-gly-

coside hydrolases, their specificity and action mechanism,

the structure of products of hydrolysis and transglycosyla-

tion reactions catalyzed by these enzymes must be studied

in detail. Such analysis can be successfully performed with

mass-spectrometric approaches. The first works using

mass-spectrometry to study reactions catalyzed by glu-

canases [76, 77], including transglycosylation [78], were

performed in the Pacific Institute of Bioorganic

Chemistry, Far-Eastern Branch of the Russian Academy

of Sciences in cooperation with the Institute of Analytic

Instrument-Making of the Russian Academy of Sciences

using an experimental equipment ERIAD (ESI MS).

Note that transglycosylation reactions were earlier

studied mainly with acceptors containing chromophore

groups, because the reaction products were analyzed by

liquid chromatographic approaches [79, 80]. However,

modern mass-spectrometric approaches have significant-

ly enlarged the number of acceptors. Aliphatic alcohols,

amino acids, pyranosides, and sugars can be used as

acceptors in transglycosylation reactions. Thus, Japanese

authors have used a wide spectrum of acceptors in their

studies on the ability for transglycosylation of laminari-

nases of marine origin. Using MALDI-TOF mass-spec-

trometry, the laminarinase from the scallop M. yessoensis

was shown to include studied acceptors into laminari-

oligosaccharides [81]. The transglycosylating activity of

endo-1→3-β-D-glucanases from the mollusks S. sachali-

nensis and Ch. albidus [23] and later from L. sitkana [55],

T. literata [14], and P. viridis [54] was studied with various

alcohols, monosaccharides, and glycosides as acceptors.

The structure of transglycosylation products and the rate

of their accumulation were shown to depend on the struc-

ture of the aglycon part of the studied acceptor and on the

nature of the enzyme.

Endo-glucanase from L. sitkana was shown to syn-

thesize during transglycosylation both β-1→3- and β-

1→4-glycoside bonds (Fig. 5), whereas endo-1→3-β-D-

glucanase from Ch. albidus also catalyzed synthesis of the

β-1→6-glycoside bond [82, 83]. The ability of endo-

1→3-β-D-glucanases to synthesize other bonds in addi-

tion to β-1→3-glycoside ones frequently determines the

ability of the enzyme to catalyze the glucanosyl trans-

ferase reaction. The endo-1→3-β-D-glucanase from Ch.

albidus is shown to have a unique glucanosyl transferase

activity resulting in fractions of 1→3;1→6-β-D-glucans

with higher molecular weight and greater branching than

the initial laminaran. These fractions, “translam” and

“antivir”, have high biological activity [83].

Thus, endo-1→3-β-D-glucanases of marine organ-

isms, which were initially detected as hydrolases, are now

shown to catalyze three concurrent reactions (hydrolysis,

transglycosylation, and glucanosyl transferase reaction)

that have virtually the same efficiency.

The sensitivity and selectivity of mass-spectrometry

allows researchers not only to identify small quantities of

Fig. 4. Scheme of hydrolysis and transglycosylation reactions catalyzed by “retaining” O-glycoside hydrolases.

Hydrolysis
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reactions products, but also to simultaneously record

products of hydrolysis and transglycosylation for semi-

quantitative analysis that could not be realized by other

approaches. Concurrent reactions of hydrolysis and

transglycosylation were studied for endo-1→3-β-D-glu-

canases isolated from L. sitkana and P. sachalinensis (Fig.

6). Products of hydrolysis and transglycosylation reac-

tions catalyzed by these enzymes were analyzed by

MALDI and ESI MS methods, which resulted in deter-

mination of some kinetic characteristics of these enzymes

[55].

Based on studies on endo-1→3-β-D-glucanases

from marine invertebrates, it was concluded that,

notwithstanding high structural homology, especially in

the active center region, the action mechanisms and

specificity of these closely related enzymes are signifi-

cantly different (Table 4). These differences can be asso-

ciated with acceptor regions of these enzymes. There is

virtually no literature data on the structure and location

of such regions.

There have been intensive searches for glycosidases

with transglycosylating activity in recent years. These

Fig. 5. Mass spectrum CID ESI-MS/MS obtained in the positive ion mode, and the structure of products of transglycosylation reaction cat-

alyzed by endo-1→3-β-D-glucanase from L. sitkana. The donor is laminaran, the acceptor is 6-O-methyl-β-D-glucuronic acid. The square

marks a peak of the [GlcGlcA-H+2Na]+ ion, m/z 401.063 [55].
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searches were performed among many enzymatic prepa-

rations, mainly among commercial ones, and the region-

associated selectivity of transglycosylation reactions was

analyzed. These searches resulted in creation of a library

of glycosidases [84]. The accumulated experience has

shown that marine organisms are very promising sources

of new enzymes with different specificity and capability of

producing glycoside bonds. Studies on the transglycosy-

lating activity of O-glycoside hydrolases allow us to get

information about the action mechanism of these

enzymes and on the structure of their active center. Using

these enzymes for preparing conjugates with different

Fig. 6. ESI MS spectrum of products of hydrolysis and transglycosylation reactions catalyzed by endo-1→3-β-glucanases from L. sitkana (a)

and P. sachalinensis (b). Laminaran was used as a donor and glycerol as an acceptor [55].
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degree,
%

60

70

60

70

68

Km,
mg/ml

0.7

0.2

0.6

0.3

0.25

0.13

hydro-
lyzed
bond

β-1→3

β-1→3

β-1→3

β-1→3

β-1→3

β-1→3

MW,
kDa

37.0

38.0

36.0

33.0

37.0

39.3

Table 4. Main properties of endo-1→3-β-D-glucanases from marine mollusks

HMW
yield,
%**

20

4

0

0

0

0

Np-
Glcn,

%*

43

28

30

n.d.

n.d.

n.d.

syn-
the-
sized
bond

β-1→3
β-1→4
β-1→6

β-1→3

β-1→3

β-1→3

β-1→3

β-1→3
β-1→4

Glc
yield,

%

30

40

30

n.d.

n.d.

n.d.

NaCl,
M

0.1-0.3

0.01-0.3

0.2-0.5

n.d.

0-1.5

n.d.

T, °C

20

45

45

45

40

40

Transglycosylation
reaction

Enzyme
source

Ch. albidus 

P. sachali-
nensis 

M. yessoen-
sis 

P. viridis

T. literata

L. sitkana

* High molecular weight products.

** Yield of transglycosylation products calculated by incorporation of p-nitrophenyl label.

Hydrolysis reaction

pH

4.4

5.8

4.5

4.5-6.0

4.5-7.0

5.4

Optimal conditionspI

7.5

7.6

n.d.

n.d.

6.3

n.d.
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structures is necessary for solution of important problems

in biotechnology, pharmacology, and chemistry of carbo-

hydrates.

NATURAL REGULATORS OF ACTIVITY

OF 1→3-β-D-GLUCANASES

Inhibitors are frequently used as efficient tools for

studies on action mechanisms of enzymes. Natural

inhibitors have some specific features: they are usually

irreversible and act in extremely low concentrations. In

Nature, inhibitors frequently act as regulators of inter-

species relations. Thus, studies on biotic interrelations of

the sea urchin Strongylocentrotus intermedius and the

brown alga Laminaria (= Saccharina) japonica have

shown that sea urchins do not eat healthy and strong

algae. The urchins prefer to eat plantlets, old plants, and

“scraps” of laminaria plants torn from the bottom during

storms. Our biochemical studies have shown that during

the first year of life extracts from laminaria contain sub-

stances that were toxic for sex products of urchins and

inhibited 1→3-β-D-glucanase, which is the major diges-

tive enzyme of sea urchins [85]. In senescent or

“scrapped” algae, these substances were absent. Such

protection is known in terrestrial plants, which synthesize

inhibitors of digestive amylases of insects and herbivorous

animals [86].

We have performed a wide search for substances

inhibiting (or activating) O-glycoside hydrolases in

marine invertebrates, microorganisms, and algae from

various regions of the Pacific and Indian Oceans. We have

found the highest inhibitory activity in substances

obtained in alcoholic extracts of invertebrates (sponges,

alcyonarians, ascidians) and of brown algae of the Indian

Ocean. The picture was different for inhabitants of the

Sea of Okhotsk and of the Japanese Sea: virtually no

inhibitors of O-glycoside hydrolases were detected in the

marine invertebrates. Moreover, more than half of the

objects contained activators of endo-1→3-β-D-glu-

canases of marine mollusks. As in the tropical zone, the

inhibitory activity was detected in extracts from brown

algae [5]. Note that there are virtually no reports about

searching, chemical nature, and action mechanism of

substances influencing the activities of enzymes from

marine organisms. Various individual substances with dif-

ferent chemical nature capable of influencing the activity

of O-glycoside hydrolases have been isolated from some

marine sources. These substances include a peptide from

the actinian Stoichactis helianthus [87], a proteinaceous

inhibitor from the brown alga L. cichorioides [88], a high

molecular weight glycoprotein from the tropical sponge

Myrmekioderma granulate [89], and sulfated polyoxy-

steroids from sponges, marine stars, and basket stars [90].

A 7.5-kDa peptide from the actinian S. helianthus was

highly specific to α-amylases from different sources [87].

A 46-kDa proteinaceous inhibitor from L. cichorioides

and a 100-kDa glycoprotein from M. granulate were spe-

cific to digestive endo-1→3-β-D-glucanases of marine

mollusks. Removal by proteinases of 30% of protein from

the glycoprotein molecule did not change its inhibitory

activity, but oxidation of the carbohydrate component

with periodate decreased 50% the activity, which con-

firmed the importance of this component for the

inhibitory activity of the glycoprotein [89].

Compounds found in sponges of the Halihondriidae

family, which irreversibly inactivated endo-1→3-β-D-

glucanases of marine mollusks, were identified as sulfat-

ed polyoxysteroids [90]. Using synthetic analogs of these

compounds and natural polyoxysteroids from marine

stars and ophiuroids, the inhibitory effect on glucanases

was studied in dependence on the inhibitor structure [90,

91]. The inhibitory properties of sulfated polyoxysteroids

were concluded to depend on the ratio between the

hydrophilic and hydrophobic moieties of the molecules.

Studies by UV-, CD-, and fluorescence spectroscopies

indicated that binding of the natural polyoxysteroid hal-

istanol sulfate (Fig. 7) with endo-1→3-β-D-glucanases

induces a conformational transition in molecules of these

enzymes resulting in changes in their catalytic activity

[92]. A model was designed of a complex of endo-1→3-

β-D-glucanase from the marine mollusk M. yessoensis

and halistanol sulfate. It was supposed that the inhibition

should be due to electrostatic interaction of two sulfate

groups of halistanol sulfate with arginine residues adja-

cent to the catalytic region of the enzyme [12] (Fig. 3).

Being efficient inhibitors of endo-1→3-β-D-glucanases

of marine mollusks, halistanol sulfate and other poly-

oxysteroids markedly activated exo-1→3-β-D-glucanas-

es from a terrestrial mollusk and marine fungi [92]. In

2008, a new structural group of natural inhibitors of

endo-1→3-β-D-glucanases was found – halogen-con-

taining steroid trisulfates from the marine sponge

Topsentia spp. [93]. Endo-1→3-β-D-glucanases were

activated by sphingolipid A from the sponge Theonella

swinhoei [94].Fig. 7. Halistanol sulfate structure.
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PERSPECTIVES FOR USING O-GLYCOSIDE

HYDROLASES

The experience in this field has shown that marine

invertebrates are poorly studied but very promising

sources of new enzymes with different specificity and

ability of both hydrolyzing and producing glycosidic

bonds. Aspects of practical use of O-glycoside hydrolases

are important. It has been shown that the enzymes able to

deeply hydrolyze glucans can be used in various biotech-

nological processes: for preparation of oligosaccharides

from natural raw materials, in particular, from brown

algae, for destruction of plant cell walls for more com-

plete extraction of useful substances, for utilization of

microbiological industry waste, etc.

Individual O-glycoside hydrolases are used for struc-

tural analysis of polysaccharides and are characterized by

highly specific and in some cases even by the absolute

specificity of the action. Enzymes cleaving polysaccha-

rides are usually absolutely specific to the configuration of

the glycoside bond that is cleaved and to the size of the

oxide cycle of the detached monosaccharide residue, and

they are highly specific to the structure and configuration

of the monosaccharide bond. Moreover, O-glycoside

hydrolases are usually highly selective to the type of bonds

and structure of the residues in the nearest environment

[95]. Consequently, just the cleavage of a particular bond

by the studied enzyme gives useful information about the

nearest positions of residues in this region of the chain.

The highly selective fragmentation of polysaccharide

chains for which endo-enzymes are used most frequently

promotes the solution to problems of standardization of

natural biologically active polysaccharides. Polysaccha-

ride preparations are difficult to use in medicine because

of their high heterogeneity. Moreover, for using polysac-

charide preparations as pharmaceuticals, it is necessary to

establish the relation between their structure and biologi-

cal activity. And enzymes are very important for such

studies. It has been shown that the enzymatic transforma-

tion of natural polysaccharides can increase their biolog-

ical activities.

“Retaining” O-glycoside hydrolases including, in

particular, endo-1→3-β-D-glucanases of marine mol-

lusks capable of catalyzing the transglycosylation reaction

and thus, of producing new glycoside bonds are widely

used during recent years for regio- and stereospecific in

vitro synthesis of glycoconjugates with various structures.

The use for this purpose of available glycosidases

from marine organisms, which are resistant to different

influences and possess unique properties and specificity,

is very promising. Note also that many of these marine

organisms (scallops, oysters, mussels, sea cucumbers,

shrimps) are objects of mariculture.
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