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A complex of the enzymes from the liver of the marine mollusk Littorina kurila that hydrolyzes laminaran
was investigated. Two (1-3)-p-p-glucanases (G-I and G-II) were isolated. The molecular mass of G-I as
estimated by gel-permeation chromatography and SDS-PAGE analysis was 32 and 40 kDa, respectively.
The G-Il molecular mass according to SDS-PAGE analysis was about 200 kDa. The pH optimum for both
G-I and G-Il was pH 5.4. The G-I had narrow substrate specificity and hydrolyzed only the (1—3)-p-p-glu-
cosidic bonds in the mixed (1-3),(1-6)- and (1-3),(1—4)-B-p-glucans down to glucose and glucooligo-
saccharides. This enzyme acted with retention of the anomeric configuration and catalyzed a
transglycosylation reaction. G-I was classified as the glucan endo-(1-3)-B-p-glucosidase (EC 3.2.1.39).
G-II exhibited both exo-glucanase and B-p-glucoside activities. This enzyme released from the lamin-
aran glucose as a single product, but retained the anomeric center configuration and possessed transgly-
cosylation activity. The hydrolysis rate of glucooligosaccharides by G-I decreased with an increase of the
substrate’s degree of polymerization. In addition to (1—3)-B-p-glucanase activity, the enzyme had the
ability to hydrolyze p-nitrophenyl B-p-glucoside and B-p-glucobioses: laminaribiose, gentiobiose, and cel-
lobiose, with the rate ratio of 50:12:1. G-Il may correspond to B-p-glucoside glucohydrolase (EC 3.2.1.21).

© 2008 Elsevier Ltd. All rights reserved.

1. Introduction

Laminarans, the storage polysaccharides of marine brown algae
and diatoms, consist of linear mannitol or glucose-ended chains of
B-(1—-3)-linked glucose residues, with occasional B-(1—-6)-linked
branches. Laminarans are low-molecular-mass (1-3),(1-6)-B-p-
glucans whose heterogeneity depends on differences in molecular
masses and on both the localization and content of B-(1—6)-linked
glucose residues.’~3 Thus, laminaran from Laminaria hyperborea is
a practically linear (1-3)-B-p-glucan, and a laminaran from Lami-
naria saccharina has about two p-(1—6)-branches per molecule.* -
(1-6)-Linked glucose residues, however, can be included in the
main chain. For example, the Eisenia bicyclis laminaran has a block
structure: the B-(1—-6)-linked glucose residues are included in the
chain of p-(1-3)-glucan in a ratio of 1-3:1-6 = 3:1.° Laminarans
from the Ishige okamurai and Chorda filum also have a block struc-
ture with branches at C-6." Finally, the polysaccharide from the
calcium alga Emiliania huxleyi has a B-(1—6)-linked glucose chain
and gentiobiose as branches at C-3 (1-3:1-6 =2:3).” Laminarans
possess various pharmacological activities: antitumor, immuno-
modulating, and radioprotective activity.3°

* Corresponding author.
E-mail address: mik@piboc.dvo.ru (M. 1. Kusaykin).

0008-6215/$ - see front matter © 2008 Elsevier Ltd. All rights reserved.
doi:10.1016/j.carres.2008.06.025

In this context, (1—3)-pB-p-glucanases (laminarinases) of known
specificity and mode of action are important tools for study on
laminaran and other B-p-glucan structures. Furthermore, enzy-
matic transformation of laminarans yields a new biologically active
(1-3),(1>6)-p-p-glucan.'® Laminarinases are widespread in bac-
teria, fungi, plants, and in marine micro- and macroorganisms.
Functions of the enzymes are diverse. In bacteria they participate
in the pathogenic digestion of cell walls. In higher plants they
cleave glucans in seeds and act as inducible defense enzymes. They
are involved in autocatalysis of extracellular matrix glucans in
fungi and also in yeast cell development. In the animal kingdom,
laminarinases are commonly found in marine invertebrates, where
they take part in digestion of algal food and play an important role
in embryogenesis. The amount of research on marine invertebrate
laminarinases is extremely small.

Laminarinases are enzymes that catalyze degradation of B-p-
glucan chains by two mechanisms. Exo-action enzymes (EC
3.2.1.58) sequentially split off the terminal bonds, yielding only
p-glucose!! or one of the oligosaccharides, for example, laminari-
pentaose,'? as the main hydrolysis product, whereas endo-action
enzymes (EC 3.2.1.39) hydrolyze the internal linkages in laminaran
to release a set of oligosaccharides as the main reaction products.
Depending on substrate recognition, two classes of endo-(1-3)-
B-p-glucanase are known: (1) those that require the presence of
at least two adjacent (1-3)-linked B-p-glucosyl residues (EC
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3.2.1.39),"® and (2) less-specific enzymes (EC 3.2.1.6) that can also
hydrolyze B-(1—4) linkages adjacent to (1—3)-linked B-p-glucosyl
residues as in lichenans.'

Based on amino acid sequence and folding similarities, endo-
(1-3)-B-p-glucanases fall into at least five distinct structural
families of glucoside hydrolases: 16, 17, 55, 64, and 81.!> To our
knowledge, amino acid sequences were reported for only three
metazoan (1-3)-B-p-glucanases: the enzyme from the eggs of
the sea urchin Strongylocentrotus purpuratus,'® endo-(1-3)-p-p-
glucanases from marine bivalve mollusks Spisula sachalinensis'’
and Mizuhopecten yessoensis.!®

In this work, we report the purification, properties and mode of
action of enzymes from the gastropodean marine mollusk Littorina
kurila that catalyze the hydrolysis of laminaran.

2. Results and discussion

It has been shown that marine invertebrates, represented by a
great number of types and species at various stages of evolution,
are rich sources of carbohydrases. Some species, especially mol-
lusks, produce active (1-3)-p-p-glucanases (laminarinases).!®~22

The enzymes catalyzing the hydrolysis of laminaran were iso-
lated from the liver of the gastropodean marine mollusk L. kurila.
Two peaks of laminarinase activity (major peak G-I and minor peak
G-II) were separated by DEAE-cellulose column chromatography.
Each of the enzyme forms was purified to electrophoretic homo-
geneity, followed by gel filtration on Sephacryl S-100 (Sephacryl
S-300) and anion-exchange chromatography with TSK: DEAE-
5PW (Tables 1 and 2). As a result of the purification procedure,
we obtained a preparation of G-I with specific activity (laminaran
as substrate) 0.285 U/mg protein (yield of the enzyme was 3.6%).
A purified preparation of G-II had a specific activity of 2.4 U/mg
protein (p-nitrophenyl pB-p-glucopyranoside substrate; yield, 0.9%).

The molecular mass of G-I according to SDS-PAGE analysis was
40 + 1 kDa (Fig. 1). The SDS electrophoresis showed some minor
bands (>3%). Analytical gel filtration G-I on a Superdex 75 HR 10/
30 column (FPLC) showed a single symmetrical peak of laminarin-
ase activity, corresponding to 32 + 5 kDa.

Activity of the laminarinase G-I was observed over a pH range of
4.5-7.5 with a maximum value at pH 5.4 in 0.2 M citrate-phos-
phate buffer. Note that the optimum pH values for laminarinases
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Figure 1. SDS-PAGE of L. kurila laminarinases: G-I (1), G-II (2), the molecular mass
markers (3).

from the marine invertebrates are in slightly acidic'®~2! or neutral

pH range.?? Activity of laminarinase G-I was maximal at 40 °C and
was inactivated by temperatures over 45 °C.

The K, values of G-I in the reaction with L. cichorioides lamina-
ran as substrate (0.13 mg/mL) were close to those formerly found
for other (1-3)-p-p-glucanases.!*!8

Using a series of glucans with different types of bonds (1-3)-p-
p-glucanase G-I was estimated to be specific to B-1—3-bonds in B-
p-glucans (Table 3). Glucanase G-I hydrolyzed soluble substrates

Table 1
Purification of a laminarinase G-I
Step Total protein (mg) Total activity (U)? Specific activity (U/mg) Purification factor Yield (%)
Extraction 1174 4.66° 0.004 1 100
DEAE-cellulose Batch variation 190 3.14 0.016 4.0 67.4
DEAE-cellulose chromatography 99.6 2.23 0.022 5.5 47.9
Ultrafiltration 38.5 1.56 0.040 10.0 335
Sephacryl S-100 chromatography 6.4 0.47 0.073 18.2 10
TSK: DEAE-5PW chromatography 0.6 0.17 0.285 71.3 3.6

¢ Laminaran as substrate.

b Summation of the activity of G-I and G-II.
Table 2
Purification of a laminarinase G-II
Step Total protein (mg) Total activity (U)? Specific activity (U/mg) Purification factor Yield (%)
Extraction 1174 55 0.05 1 100
DEAE-cellulose Batch variation 201.6 23 0.11 2.2 41.8
DEAE-cellulose chromatography 62.3 16.5 0.26 52 30
Ultrafiltration 32 11 0.34 6.8 20
Sephacryl S-300 chromatography 2.3 1 0.43 8.6 1.8
TSK: DEAE-5PW chromatography 0.2 0.48 24 48 0.9

@ p-Nitrophenyl B-p-glucopyranoside as substrate.
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Table 3
Relative hydrolysis rates of substrates by G-I and G-II from L. kurila

Substrate Type of bond M; (kDa) Relative hydrolysis rate (%)
G-1 G-Il

Laminaran B-1,3; B-1,6 5-6 100 100
90:10

Translam B-1,3; B-1,6 8-10 86 80
75:25

Periodate-oxidized B-1,3; B-1,6 5-6 95 0

laminaran

90:10

Yeast glucan B-1,3; B-1,6 >200 0.24 0
90:10

Pachyman B-1,3; B-1,6 50-120 0.18 0
98:2

CM-pachyman B-1,3; B-1,6 >200 0.54 0
98:2

Zymosan B-1,3; B-1,6 >200 0 0

Aubasidan B-1,3; B-1,6 500-550 0.17 0
50:50

Lichenan B-1,3; p-1,4 10-74 0.17 0.06
70:30

Xylan B-1,4 10-20 0 0

Amylopectin o-1,4 2000 0 0

Pustulan B-1,6 30 0 0

CM-cellulose B-1,4 >2000 0 0

p-Nitrophenyl-B-p- B 0.301 0 1000

glucopyranoside

(laminaran and translam) at high rates. The rates of cleavage of
high-molecular-mass and partly soluble substrates (yeast glucan,
pachyman, CM-pachyman, aubasidan, and lichenan) were low.
The enzyme did not digest zymosan, xylan, amylopectin, pustulan,
or CM-cellulose. The differences in the rate of hydrolysis of
laminaran and translam can be related to structural features of
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these glucans. Translam, obtained by enzymatic transformation
of natural laminaran, contains in comparison with laminaran more
B-1—6-bonded glucose residues, which are not only the branches,
but are also included in the main chain of the glucan. pB-1-6-
Bonded glucose residues are concentrated on the nonreducing
end of the translam molecule.'® In laminaran molecules branches
are fairly evenly distributed throughout the (1-3)-B-glucan
chain.? Probably a high concentration of p-(1—6)-bonded glucose
residues on the nonreducing end of the translam molecule slows
down the rate of its digestion by enzymes in comparison with lam-
inaran. At the same time laminarinase G-I hydrolyzed periodate-
oxidized laminaran (modification of the terminal glucose unit of
the nonreducing end) at the same rate as natural laminaran that
is characteristic of endo-enzymes.

The MALDI-TOF mass spectra of the final hydrolysis products of
laminaran by G-I revealed the presence of glucose and different oli-
gosaccharides (Fig. 2). They are Glc ([M+Na]* at m/z =203.3), Glc;
([M+Na]" at m/z=365.2), Glcs ([M+Na]" at m/z=527.2), Glcy
([M+Na]" at m/z=689.2), Glcs ([M+Na]" at m/z=851.3), Glcg
([M+Na]* at m/z=1013.5), Glc; ([M+Na]" at m/z=1175.7), Glcg
([M+Na]* at m/z=1338.0), Glcg ([M+Na]" at m/z=1501.0), Glcyo
([M+Na]* at m/z=1663.1), Glcy; ([M+Na]* at m/z=1825.5), Glc;,
([M+Na]" at m/z =1987). According to HPLC quantitative analysis,
glucose and laminaritriose were the major products of the reaction
(Fig. 3). Based on the analysis of the reaction products, endo-
(1-3)-B-p-glucanases that degrade (1-3)-B-p-glucans down to
oligosaccharides of high molecular mass are classified as larger-oli-
gosaccharide-producing types of enzymes.?> (1-3)-p-Glucanases
that hydrolyze (1-3)-B-p-glucans in an endo manner yielding glu-
cose, laminaribiose, and other small oligosaccharides as end prod-
ucts are classified as smaller-oligosaccharide-producing types of
enzymes.* So, G-I apparently catalyzes hydrolysis of laminaran
as an endo-enzyme like laminarinases from the marine mollusks

se0 ] 689.1
851.2

3001203.1
250 -

1 DHB 1013.3
200 17558

N

1198 574

150 1337.4
1499.5
16
1823.6
i 1985.6 2147.7 5409 7

600 800 1000 1200

SE———

2000

1400 1600 1800 2200 miz

Figure 2. MALDI-TOF mass spectrum of the final products of laminaran hydrolysis by G-I.
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addition of G-I did not change practically in course of reaction

Gle

e (from [a]p —12.7 to —10.6). The negative rotation was maintained

after addition of NH4OH also. It is most likely that B anomers of

5000 - oligosaccharides were formed in the initial stage of the reaction,

and enzymatic cleavage proceeded with retention of configuration.

4000 4 These data are confirmed by NMR experiments (Fig. 4). The very

early appearance upon hydrolysis of the B-glucose anomeric sig-

3000 | nals (97.2 ppm) indicated that enzymatic cleavage proceeded with
retention of configuration.

Our previous studies showed that endo-(1-3)-B-p-glucanases

2000 from sea mollusks, in comparison to other carbohydrases, display

high transglycosylation activity.?® The ability of the enzymes to

1000 4 catalyze a transglycosylation reaction is the typical reaction of

retaining glycosyl hydrolyses. Transglycosylating enzymes are tra-

o ditionally considered to be good tools for the enzymatic synthesis

) of new substances.?”?® The purified endo-(1—3)-B-p-glucanase G-I

- : : possessed transglycosylation activity, that is, it catalyzed the trans-

4 6 8 10 fer of glyconic parts of the substrate to the hydroxyl-containing

i acceptors. Laminaran was used as donor while methanol, methyl

Figure 3. HPLC elution profile of the final products of laminaran hydrolysis by G-I. B-p-glucopyranoside, and methyl B-p-xylopyranoside were

employed as acceptors (Fig. 5). The products of hydrolysis (oligo-

saccharides) and transglycosylation (oligomeric methyl glycosides)

were revealed by MALDI-TOFMS (Table 4). G-I catalyzed the trans-

H. tuberculata,?? S. sachalinensis,>> and Chlamys albidus'® and corre- glycosylation reaction more effectively using methyl p-p-glucopy-

spond to the smaller-oligosaccharide-producing type of enzyme. ranoside as acceptor (Fig. 5a). The incubation of laminaran with

The configuration of products formed during hydrolysis of lam- the enzyme in a buffer solution containing 20% of the methanol

inaran was determined by the optical rotation and NMR spectros-  yjelded more reducing oligosaccharides than oligomeric methyl

copy of the reaction mixture. The optical rotation observed upon glycosides (Fig. 5b).
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Figure 4. '3C NMR spectra of laminaran recorded after 0-45 min of hydrolysis by G-I.
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Figure 5. MALDI-TOF mass spectra of the products generated from laminaran with G-I in the presence of various acceptors: (A) methanol, (B) methyl p-b-glucopyranoside,

and (C) methyl B-p-xylopyranoside.
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Table 4

Products of transglycosylation reaction obtained by the action of G-I on laminaran in the presence of various acceptors

Acceptor Products, m/z

MeOH GlcOMe Glc,0Me GlcsOMe Glc,OMe GlcsOMe GlcgOMe Glc;0Me
2171 379.1 541.2 703.2 865.3 1027.3 1189.4

Glc-0-Me Glc,0Me GlcsOMe Glc,OMe GlcsOMe GlcgOMe Glc;OMe GlcgOMe
379.1 541.2 703.2 865.3 1027.3 1189.4 1351.4

Xyl-O-Me GlcXylOMe Glc,XylOMe GlcsXylOMe GlcyXylOMe GlcsXylOMe GlcgXylOMe Glc;XylOMe
349.1 511.1 673.2 835.3 997.3 1159.4 13214

Some of the most important properties of minor laminarinase
G-II were examined. The molecular mass of G-II corresponding to
a single protein band on SDS 13% polyacrylamide gel was esti-
mated to be about 200 kDa. The activity of the laminarinase G-II
was maximal at pH 5.4 and a temperature 35 °C, while the temper-
ature stability of laminarinase G-II was relatively low. The activity
of laminarinase G-II was lost very rapidly between 30 °C and 40 °C.
The K, values of G-II in the reaction with laminaran as substrate
was 0.34 mg/mL.

MALDI-TOFMS and HPLC analysis of hydrolysis products of lam-
inaran by G-II revealed glucose as the major product at the both
initial and final stages of reaction (data not shown). Investigation
of the specificity showed that G-II hydrolyzed soluble glucans
(laminaran and translam) and p-nitrophenyl B-b-glucopyranoside
at high rates. The enzyme did not digest zymosan, xylan, amylo-
pectin, pustulan, or CM-cellulose. G-II did not cleave periodate-
oxidized laminaran like an exo-glucanase. According to the
polarimetry data, the optical rotation of the incubation mixture
practically did not change during the enzymatic hydrolysis. Addi-
tion of NH4OH also did not influence the optical rotation of the
reaction mixture. Thus, the B anomer of glucose appeared in the
initial stages of the reaction, and the cleavage of the glucosidic
linkages proceeded without inversion of configuration. It is likely
that G-II belongs to the class of exo-(1—3)-B-p-glucanases or it is
a B-p-glucosidase that exhibits a unique ability to catalyze hydro-
lysis of laminaran. B-p-Glucosidases can be easily distinguished
from exo-(1—3)-B-p-glucanases by their ability to hydrolyze aryl
B-p-glycosides and to decrease in reaction rate with an increase
of substrate chain length. It was shown that the hydrolysis rate
of glucooligosaccharides by G-Il decreased with increase of their
degree of polymerization (Fig. 6). G-II also hydrolyzed B-b-glucod-
isaccharides with various types of bonds. Activity of G-II was
observed against laminaribiose (100% hydrolysis), cellobiose (24%
hydrolysis), and gentiobiose (2% hydrolysis). An exo-(1-3)-B-p-

100
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Relative hydrolysis rate (%)
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Degree of polymerization

Figure 6. The G-Il action on the laminaran and laminarioligosaccharides with
various degrees of polymerization.

glucanase also exhibiting B-p-glucosidase activity has been only
described from the walls of plant cells.?®3! The other (1-3)--p-
glucanases isolated from higher plants are endo-glucanases with,
occasionally, some B-p-glucosidase activity.3?3> G-II possesses a
small transglycosylating activity using laminaran as donor and
methyl B-p-glucopyranoside as acceptor. The presence of methyl
glucobi- and triosides was revealed with MALDI-TOFMS (data not
shown).

Thus, G-I from liver L. kurila had catalytic properties typical for
endo-(1-3)-B-p-glucanases from marine invertebrates: high abil-
ity to catalyze a transglycosylating reaction and producing a large
amount of glucose in the hydrolysis products. According to the
rules of enzyme nomenclature, G-I can be classified as glucan
endo-(1-3)-B-p-glucosidase (EC 3.2.1.39). It is most likely that
G-Il is B-p-glucoside glucohydrolase (EC 3.2.1.21), with unusual
ability effectively to cleavage the laminaran. The purified enzymes
G-I and G-II can be used for the structural analysis of laminarans
and other (1-3)-B-b-glucans.

3. Experimental
3.1. Substrates

Laminaran from brown alga Laminaria cichorioides was obtained
as previously described.* Periodate-oxidized laminaran was syn-
thesized by a published method.>®> Translam was obtained by the
enzymatic transformation of laminaran from L. cichorioides.'®

Aubasidan from Aureobasidium pullulan was kindly provided by
Professor I. P. Elinov (St. Petersburg, Russia). Pachyman, CM-pachy-
man, yeast glucan, lichenan, zymosan, xylan, amylopectin, pustu-
lan, CM-cellulose, and laminarioligosaccharides were kindly
provided by our colleagues from the Pacific Institute of Bioorganic
Chemistry.

Methyl B-p-gluco- and xylopyranosides, p-nitrophenyl p-p-
glucopyranoside, gentiobiose and cellobiose were purchased from
Sigma-Aldrich.

3.2. Analytical methods

Protein concentration was measured by the Lowry procedure
using BSA as the standard.>® The homogeneity and molecular
masses of the enzymes were determined by SDS-PAGE according
to the method of Laemmli.>” Analytical gel filtration was carried
out by FPLC on an AKTA chromatograph (column: Superose 12
HR 10/30; eluent: 0.025M acetate buffer, pH 5.4 with 0.15M
Nacl). y-Globulin (158,000 Da), ovalbumin (44,000 Da), myoglobin
(17,000 Da) and vitamin B, were used as standards.

The oligosaccharide composition was analyzed by HPLC on an
Agilent 1100 chromatograph (column: Asahipak NH,P-50 4A; elu-
ent: 6:4 CH3;CN-water). MALDI-TOFMSs of laminaran and products
of its transformation were recorded on a Bruker Biflex IIl MALDI-
TOFMS instrument equipped with a nitrogen laser. Sample
preparation: a mixture containing 1 pL of sample (1 mg/mL for
oligosaccarides or 5 mg/mL for laminaran) and 1 pL of 0.5 M DHB
matrix solution in MeOH was introduced onto the sample plate
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and air dried. Instrument settings: accelerating voltage, 19 kV;
laser power, 40%; number of shots, 30; laser shot rate, 4 Hz. All
spectra were recorded in reflector mode.

3.3. Purification of enzymes

Mollusks (L. kurila) were collected in Posieta Bay (northwestern
part of the Sea of Japan) in August 2006 near the Marine Experi-
mental Station of the Pacific Institute of Bioorganic Chemistry.

The mollusk liver (150 g) was homogenized and extracted with
the 0.2 M acetate buffer, pH 5.4 at a ratio 1:1. Insoluble material
was removed by centrifugation (9000g for 20 min at 1 °C), and
the supernatant was mixed with 0.5 L of DEAE-cellulose (Pharma-
cia) and loaded on a filter Shott (9 x 12 cm). The proteins were
eluted using a stepwise gradient of NaCl (0.1; 0.2; 0.3; 0.4; 0.5
and 1 M) in 0.025 M acetate buffer, pH 5.4 (buffer A). Fractions
containing (1-3)-B-p-glucanase activity were pooled, concen-
trated on a 10 kDa cut-off ultrafiltration membrane (Amicon) and
dialyzed against buffer A. The concentrated solution of enzyme
was applied to a DEAE-cellulose column (2 x 15 cm), equilibrated
with buffer A. The proteins were eluted with a linear NaCl gradient
(from 0 to 0.5 M, 200 mL) in buffer A.

Two fractions (G-I or G-II) containing (1-3)-B-p-glucanase
activity were further purified by gel-filtration chromatography
with a Sephacryl S-300 or Sephacryl S-100 (Pharmacia) column
(1.5 x 35 cm) equilibrated with buffer A. Fractions containing the
enzyme were loaded onto a TSK DEAE-5PW column (HPLC), equil-
ibrated with buffer A. The proteins were eluted with a linear NaCl
gradient (from 0 to 0.4 M, 40 mL) in buffer A.

3.4. Enzyme assay

The activity of the (1-3)-B-p-glucanase was deduced from the
increase in the amount of reducing sugars found by the Somo-
gyi-Nelson method.>® The incubated mixture contained 100 pL of
the enzyme and 400 pL of a laminaran solution (1 mg/mL in
0.025 M acetate buffer, pH 5.4). The time of incubation did not
exceed that needed to cleave about 10% of the substrate. Gluco-
sidase activity was determined under the same conditions using
p-nitrophenyl B-p-glucopyranoside as substrate. The amount of
the enzyme that catalyzed the formation of 1 pmol of glucose (or
p-nitrophenol) per minute was accepted as a unit of activity.

3.5. Enzyme characterization

The optimal pH for (1-3)-B-p-glucanases was determined by
the standard activity assay at 37 °C using 0.2 M citrate-phosphate
buffer in the pH interval of pH 3.5-8.0 The reaction mixture con-
tained 100 pL of the enzyme solution, 200 pL of substrate solution
(1 mg/mL), and 200 pL of buffer with various pH values.

The optimal temperature was determined by the standard
activity assay at 25, 35, 40, 50, and 55 °C. The concentration of
reducing sugars was then measured.

Thermal stability was estimated by measuring of the residual
activity after pre-incubation of the enzyme solution at various
temperatures (10-70 °C) for 20 min.

The Michaelis-Menten constant was determined from Linewe-
aver-Burk plots®® of data obtained by measuring the rate of lamin-
aran hydrolysis by enzyme under the standard assay conditions
using a substrate concentration from 0.125 to 2.0 mg/mL.

Substrate specificity was determined with a series of B-b-glu-
cans at a concentration 1 mg/mL. The enzymes were incubated
with laminaran and translam for 20 min; the incubation with other
substrates was continued for 3-24 h. Relative hydrolysis rate was
expressed as a percentage of the rate of L. cichorioides laminaran
degradation, assumed to be 100%.

3.6. Preparation of products from the hydrolysis of the
substrates

Laminaran (2 mg) was dissolved in 1 mL of enzyme solution
(5 x 1072 U). Gentiobiose, cellobiose, and laminarabiose (1 mg)
were dissolved in the 0.5 mL of enzyme solution and incubated
at 37 °C. Samples of 50 pL were taken in definite intervals and were
analyzed by HPLC and MALDI-TOFMS.

3.7. Preparation of transglycosylation products

Laminaran (2 mg) and 2 mg of methyl B-p-glucopyranoside (or
methyl B-p-xylopyranoside) were dissolved in 1 mL of enzyme
solution (102 U). The concentration of methanol (as acceptor) in
the probe was 20%. Reaction tubes were incubated at 37 °C. Ali-
quots of 50 pL were taken at 10-min intervals up to 120 min for
analysis by MALDI-TOFMS.

3.8. Polarimetric analysis of hydrolysis products

The optical rotations of the enzyme reaction mixtures were
measured in quartz cuvettes on a Perkin—Elmer 141 polarimeter
(USA). The enzyme solution (0.2 mL, 5 x 1072U) prepared in
0.025 M acetate buffer, pH 5.4, was added to solution of laminaran
(1.2 mL, 10 mg/mL), and the optical rotation was measured at the
time intervals of 5, 10, 15, and 30 min. After 30 min, a drop of
concd NH4OH was added to the polarimeter tube to catalyze the
mutarotation of sugars, and the optical rotation was measured
again.

3.9. Investigation of the hydrolytic mechanism by NMR
spectroscopy

The enzyme solution (0.2 mL, 1 U) in 0.025 M acetate buffer, pH
5.4, was added to solution of laminaran (70 mg in 0.4 mL D,0), and
13C NMR spectra were recorded at 37 °C at time intervals of 15, 30,
and 45 min using a Bruker DRX-500 spectrometer.
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