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Sea cucumber glycosaminoglycan (SC-GAG) was isolated from the body wall of the sea
cucumber Stichopus japonicus. The SC-GAG consists of a chondroitin sulfate E-type
core polymer with sulfated fucose branches attaching glycosidically to almost every dis-
accharide unit of the core polymer at the C-3 position of the GlcA or at C4 and/or C-6
position(s) of GalNAc. SC-GAG was subjected to mild acid-hydrolysis, which cleaved
selectively the glycosidic linkages between the core polymer and the fucose branches,
resulting in two types of partially defucosylated SC-GAG derivatives. One type (type A),
obtained by 3 h-hydrolysis, contained 33% of the fucose branches and the other type
(type B), obtained by 6-h hydrolysis, contained 10% of the fucose branches. The molecu-
lar masses of types A and B were determined to be 8 and 4 kDa, respectively, by gel per-
meation HPLC. A chondroitinase ABC (Chase ABC)-digestion demonstrated that types A
and B contained 46 and 66% of digestable disaccharide units, respectively, and both
types contained 29% of E-type unsaturated disaccharide units bearing no fucose
branches. Intact SC-GAG and types A and B were compared for t-PA-mediated plasmi-
nogen activation by an in vitro assay system. Although intact SC-GAG and type B exhib-
ited rather weak activity at 6.25 pg/ml, type A exhibited 5 to 10-fold higher activity than
intact SC-GAG and type B at the same concentration. The activity of type A was almost
one-third that of purified chondroitin sulfate E (127 kDa containing 64.5% E-type disac-
charide units) from squid cartilage at 6.25 pg/ml concentration. These results suggest
that t-PA-mediated plasminogen activation requires the presence of E-type disaccharide
units bearing no fucose branches and a molecular mass larger than 7.5 kDa in terms of
the chondroitin sulfate E structure with or without fucose branching.

Key words: E-type disaccharide unit, partial removal of fucose branches, sea cucumber
glycosaminoglycan, threshold of molecular weight, t-PA-mediated plasminogen activa-

tion.
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hex-4-enopyranosyluronic acid)4,6-bis-O-sulfo-np-galactose; ADi-diS,
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glycosaminoglycan; GalNAc, N-acetylgalactosamine; GlcA, glucu-
ronic acid; HA, hyaluronic acid; HCII, heparin cofactor II; HPLC,
high performance liquid chromatography; SC-GAG, sea cucumber
GAG; t-PA, tissue-type plasminogen activator; u-PA, urinary-type
plasminogen activator.
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organisms contain linear polysaccharide structures in
which the main repeating disaccharide unit is composed of
glucuronic acid (GleA) and N-acetylgalactosamine (GalNAc)
sulfated at both the C-4 and C-6 positions (I, 2). This type
of CS-E was isolated for the first time from squid cartilage
and characterized more than thirty years ago (1, 2). Habu-
chi et al. (3) later showed that the C-6 positions of GalNAc
are modified by glucose at a small percentage in the squid
CS-E structure. In the case of mammals, CS-E is found in
mast cells (4-7), monocytes (8, 9), and mesangial cells (10-
12). Very recently, a key enzyme involved in the biosynthe-
sis of human CS-E, N-acetylgalactosamine 4-sulfate 6-O-
sulfotransferase, was cloned and characterized (13). On the
other hand, peculiar types of CS-E derivatives have been
found and characterized over the last decade (14-16), exclu-
sively sourced from the connective tissues of echinoderms
such as sea cucumber. Accordingly, these unusual types of
CS-E are alternatively called sea cucumber glycosamino-
glycans (SC-GAGs). As summarized in Fig. 1A, the struc-
ture of SC-GAG from Stichopus japonicus comprises a CS-
E-type polysaccharide (core polymer) with sulfated fucose
branches glycosidically linked to almost every disaccharide
unit of the core polymer at the C-3 position of GleA or at
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Fig. 1. (A) Hypothetical structure of SC-GAG derived from previ-
ous studies (14, 16) and the present study. Fucose branches are at-
tached to a core chondroitin sulfate unit of the E-type (d) and to other
core disaccharide units (a~c). The sequence of core disaccharide units
i8 based on assumption. The linear backbone of core chondroitn sul-
fate E polymer represented by the shaded area is likely to be gener
ated by mild acid hydrolysis. The glycosidic linkage indicated by
arrow 1 should be cleaved rapidly, followed by slow cleavage at the

the C-4 and/or C-6 position (s) of GalNAc (14, 16).

Since the SC-GAG from S. japonicus possesses such a
unique structure, its physicochemical properties are also
interesting. It has been suggested that SC-GAG is involved
in the cation-dependent change in connective tissue tough-
ness of the sea cucumber (17, 18). In this process, the vis-
cosity alteration of SC-GAG by the valency and species of
cation is quite different from those of common GAGs such
as dermantan sulfate (DS) (19, 20). Ultracentrifugation
analysis of SC-GAG also demonstrated a conformational
change from an extended to a flexible form with increasing
cation concentration, accompanied by aggregation of the
SC-GAG molecule (21). Furthermore, SC-GAG is digested
by neither chondroitinase ABC [EC 4.2.2.4] nor AC [EC
4.2.2.5] (21).

From a pharmaceutical point of view, SC-GAG has been
examined for biological effects such as anticoagulant activ-
ity by the measurement of its interactions with heparin
cofactor II (HCII), which binds to a specific structure of DS
with high affinity (22). Mouréo et al. (23) revealed that the
SC-GAG from another sea cucumber, L. grisea, possesses
anticoagulant activity as determined by measuring acti-
vated partial thromboplastin time using defucosylated, des-
ulfated and carboxyl-reduced SC-GAG derivatives. They
claimed that the activity is due to an interaction between
SC-GAG and HCH or SC-GAG and antithrombin. However,
they did not clarify the involvement of SC-GAG in fibrinoly-
sis, which is another kind of antithrombotic system in ani-
mals. Very recently, we reported that squid CS-E markedly
enhances plasminogen activation by tissue-type plasmino-
gen activators (t-PAs) and urinary-type plasminogen acti-
vators (u-PAs) in vitro (24). Our SC-GAG, however, pro-
duced almost no enhancement of t-PA-mediated plasmino-
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site indicated by arrow 2 during mild acid hydrolysis. See “DISCUS-
SION” for details. Sulfate substitution patterns in fucose branches,
whose possible localizations are represented by R!, R?, and R? are
classified into six types as follows; [R!, R?, R?] = [0SO,, OSO,", OH],
{0S0,, OH, OH], [OH, OSO4-, OH], [080,, 0S0,-, 050,71, [0SO,
OH, 0S0,7], and [OH, 0S0,, OSO,]. (B) Percentage distribution
of core chondroitin sulfate units comprising SC-GAG. Core chon-
droitin sulfate units represented by (a—d) are those shown in (A).

gen activation, possibly because the presence of the sul-
fated fucose branch hindered the development of the ac-
tivity (24). This explanation can also be applied to the indi-
gestibility of intact SC-GAG by chondroitinases. After mild
acid-hydrolysis of SC-GAG, the resultant partially hydro-
lyzed SC-GAG containing a reduced amount of sulfated
fucose branches was substantially digested by the enzymes
(14). Thus, it is possible that partially hydrolyzed SC-GAG
also exhibits t-PA-mediated plasminogen activation due to
the reduced content of fucose branches.

This situation prompted us to prepare partially defucosy-
lated SC-GAG derivatives and to assess their capabilities to
enhance t-PA-mediated plasminogen activation. Two kinds
of partially defucosylated SC-GAG derivatives were pre-
pared according to the preparative conditions for partially
hydrolyzed SC-GAG (14). The physicochemical properties of
the resultant two products were determined, and they were
subjected to the t-PA-mediated plasminogen activation
assay (24, 25). Analyses of the activities of partially defuco-
sylated SC-GAGs in comparison with intact SC-GAG and
squid CS-E revealed that an intermediately defucosylated
SC-GAG derivative exhibits substantial activity (ca. 30% of
that of squid CS-E at a concentration of 6.25 pug/ml), if the
following two conditions are satisfied: (i) Defucosylation
occurs preferentially at E-type disaccharide units within
the SC-GAG derivatives; and (ii) the molecular mass of the
derivative remains greater than 7.5 kDa irrespective of the
presence of fucose branches.

MATERIALS AND METHODS

Materials—Live specimens of a sea cucumber Stichopus
Japonicus (about 400 g in body weight) were purchased at
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the Tokyo Central Wholesale Market. The dorsal portion of

the body wall was dissected, desalted under running tap
water, and used in the following experiments.

Chondroitinase ABC [EC 4.2.2.4] from Proteus vulgaris,
along with unsaturated disaccharides, ADi-0S, ADi-6S,
ADi4S, ADi-S,,, ADi-Sg, and ADi-triS, and authentic GAGs,
chondroitin sulfate C (CS-C), chondroitin sulfate E (CS-E),
and hyaluronic acid (HA) were obtained from Seikagaku
Corporation (Tokyo). Heparin was purchased from Scien-
tific Protein Laboratories (Waunakee, WI), and Actinase
[EC 3.4.24 4] from Kakenseiyaku (Tokyo).

Glu-plasminogen, whose N-terminal amino acid is Glu
(26), was purchased from Molecular Innovations Inc
(Southfield, MI). Singlechain tissue-type plasminogen acti-
vator (t-PA) was from American Diagnostica (Greenwich,
CT), and chromogenic substrate 8-2251 was a product of
Chromogenix AB (Molndal, Sweden).

Preparation of Sea Cucumber Glycosaminaglycan—Prep-
aration of sea cucumber glycosaminoglycan (SC-GAG) was
performed according to the method reported previously
(14). Briefly, sea cucumber body wall (ca. 2 kg) was minced
and homogenized. The homogenate was treated with chlo-
roform/methanol (2:1, v/v) to remove lipids, then autoclaved
at 120°C for 30 min. The resulting residue was digested
with Actinase at 55°C for 8 h, followed by treatments with
0.4 M NaOH and 10% trichloroacetic acid. After dialysis,
the solution was centrifuged and icecold ethanol in the
presence of 2.5% sodium acetate was added to the resultant
supernatant, resulting in precipitation. The pellet was
recovered, dried under reduced pressure, and pulverized.
The preparation (ca. 15 g) was used as the crude SC-GAG
fraction.

A portion (500 mg) of the crude SC-GAG powder was dis-
golved in 5 ml of 50 mM ammonium bicarbonate (pH 8.0)
and applied to a Sephadex G-100 column (3.4 x 100 c¢m)
equilibrated with 50 mM ammonium bicarbonate. Elution
was performed with the same solution, under monitoring
for SC-GAG by the carbazole (27) and the anthrone meth-
ods (28) as described below. This gel-filtration chromatogra-
phy was repeated twice, yielding 574 mg of SC-GAG from
1,000 mg of crude powder. A portion (500 mg) of the SC-
GAG was further purified on a DEAE-ellulose column
(1.8 x 18 cm). Elution was performed with a linear gradi-
ent of 200 ml each of 100 mM sodium acetate (pH 5.0) with
and without 1.2 M NaCl. SC-GAG was monitored by the
carbazole method (27) and the corresponding fractions were
combined, desalted, and lyophilized. The yield of SC-GAG
thus purified was approx. 210 mg.

Preparation of Partially Defucosylated SC-GAGs—We re-
ported previously (14) that SC-GAG is converted to a par-
tially hydrolyzed form containing reduced amounts of sul-
fate and fucose, and susceptible to enzymatic digestion with
chondroitinases after hydrolysis with 0.05 M H,SO, at 80°C
for 6 h. A portion (40 mg) of purified SC-GAG was hydro-
lyzed under the same conditions as above, while another
portion (40 mg) of purified SC-GAG was hydrolyzed with
0.05 M H,SO, at 80°C for 3 h in order to produce another
partially hydrolyzed form of SC-GAG. The reactions were
terminated by cooling and neutralization with 0.1M NaOH,
and the hydrolysates were evaporated to dryness. The re-
sulting solids and purified SC-GAG (40 mg) as a control
were dissolved separately in 5 ml aliquots of 0.2 M NaCl
and applied successively to a Cellulofine GCL-90 column
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(¢3.4 x 100 cm) equilibrated with 0.2 M NaCl. Elutions
were performed with 0.2 M NaCl at a flow rate of 60 ml/h,
with monitoring for uronic acid and neutral sugars as de-
scribed above. The elution profiles of purified, 3 h-hydro-
lyzed and 6 h-hydrolyzed SC-GAGs were compared in order
to estimate the difference in the degree of fucose branch-
removal. Fractions containing purified and partially hydro-
lyzed SC-GAGs (indicated by bold bars in Fig. 2) were
applied to a Cellulofine GCL-25 column ($2.0 x 25 cm)
equilibrated with distilled water for desalting. Elutions
were performed with distilled water, with monitoring for
purified and partiallly hydrolyzed SC-GAGs by absorbance
at 210 nm. Purified and partially hydrolyzed SC-GAGs
thus desalted were dried under reduced pressure. The
yields of purifed, 3 h-hydrolyzed (type A) and 6 h-hydro-
lyzed (type B) SC-GAGs were 34.7, 18.1, and 15.0 mg, re-
spectively. The partially hydrolyzed SC-GAGs were used as
partially defucosylated SC-GAGs in the following experi-
ments.

Preparation of Low Molecular Mass CS-E Derivatives by
Partial Digestion of Squid CS-E with Chondroitinase
ABC—Two kinds of low molecular mass CS-E derivatives
were prepared according to the previous method for the
partial depolymerization of squid CS-E by chondroitinase
ABC (Chase ABC)digestion for 10 min or 1 h (24). Condi-
tions for enzymatic digestion are described below. After ter-
minating the digestion of 20 mg each of squid CS-E, each
digest was applied to a Cellulofine GCL-30 column ($3.4 x
100 cm) equilibrated with 0.2 M NaCl and eluted with the
same solvent with monitoring for uronic acid. The fractions
that eluted earlier than the unsaturated disaccharide frac-
tions were collected, desalted and lyophilized, yielding 15.3
and 10.7 mg for 10 min- and 1 h-digested squid CS-E deriv-
atives, respectively. The molecular masses of the resultant
CS-E derivatives were measured together with their abili-
ties to enhance t-PA-mediated plasminogen activation as
described below.

Measurement of Molecular Masses of Partially Defucosy-
lated SC-GAGs, of Squid CS-E and Its Low Molecular
Mass Derivatives, and of CS-C—Five kinds of molecular
mass markers (HA of 104 kDa, CS-Cs of 52.2, 39.1, and
8.05 kDa, and ADi-diS of 458 Da) were applied to a Tosoch
CCPM HPLC equipped with a series of TSK-gel G-4,000,
G-3,000, and G-2,500 PW,; columns (7.5 x 300 mm each)
for gel permeation chromatography using 0.2 M NaCl at
40°C and a flow rate of 0.6 mVmin, with monitoring by
refractometry. The molecular masses of HA and CS-Cs
were determined alternatively by light scattering (29).
Peak-maximum retention times of GAG samples were mea-
sured and compared with the molecular mass standard
curve in order to estimate their molecular masses.

Enzymatic Digestion and HPLC Analyses—Two hundred
micrograms each of purified, 3 h-hydrolyzed or 6 h-hydro-
lyzed SC-GAG were digested with 0.5 U of Chase ABC in
30 pl of 130 mM Tris-HCl (pH 8.0) containing 130 mM
sodium acetate and 0.03% bovine serum albumin at 37°C
for 18 h. After the addition of 50 ul of distilled water, the
mixture was heated at 100°C for 1 min to terminate the en-
zymatic reaction. A portion (15 pl) of the supernatant ob-
tained by centrifugation at 3,000 xg for 15 min was applied
to a Tosoh CCPM HPLC equipped with the same three col-
umns described above (¢7.5 x 300 mm each) and eluted
with 0.2 M NaCl at 40°C and a flow rate of 0.6 ml/min, with
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monitoring by refractometry. Peak areas were measured by
a Shimadzu C-R4A integrator. The elution profiles of the
digests of purified, 3 h-hydrolyzed and 6 h-hydrolyzed SC-
GAGs were compared in order to estimate the difference in
the degree of enzymatic digestion.

The digests obtained above were analyzed for unsatur-
ated disaccharides by a Hitachi 1-6,200 HPLC equipped
with a YMC-PA120S5 column ($4.0 x 250 mm), essentially
according to a previously described method (30). HPLC was
performed at 40°C using a linear gradient from 16 to 520
mM NaH,PO, over 38 min at a flow rate of 1.0 ml/min,
with monitoring by spectrophotometry at 230 nm. Peak ar-
eas were measured by a Tosoh multistation LC-8,020 inte-
grator. The elution profiles of the digests of purified, 3 h-
hydrolyzed and 6 h-hydrolyzed SC-GAGs were compared in
order to estimate the difference in the percentage distribu-
tions of unsaturated disaccharides.

Cellulose-acetate Membrane Electrophoresis—Electro-
phoresis was performed on a Separax cellulose—acetate
membrane (Fuji Film, Tokyo) in 0.1 M pyridine~formic acid
(pH 3.3) at 0.6 mA/cm width for 40 min. After the run, the
membrane was stained with 0.25% Alcian blue in 0.5% ace-
tic acid, and destained with 0.5% acetic acid (31, 32).

Measurement of the Stimulatory Effects of SC-GAG De-
rivatives on the Activation of Plasminogen by t-PA and Cal-
culation of Potentiation Factors—Assays were carried out
essentially according to the previously described methods
(24, 25), using a 96-well microtiter plate at 37°C in 50 mM
Tris-HCI (pH 7.4) containing 0.05% Tween 80. Briefly, 0.2
pM Glu-plasminogen and 2.5 nM t-PA were incubated with
varying amounts of SC-GAG derivatives and 0.6 mM of
chromogenic substrate S-2251 (H-D-Val-Leu-Lys-p-nitroa-
nilide). The 96-well microtiter plates were monitored every
15 s by absorbance at 405 nm with an automatic micro-
plate reader. Progression curves were analyzed using the
plots of absorbance at 405 nm versus (time)?. Initial velocity
was determined from the slope of straight lines fitted to
progression curves by the Microsoft Excel version 7.0 soft-
ware. When the stimulation of SC-GAG derivatives was too
high, the progression curves deviated appreciably from lin-
earity. On such occasions, experimental data points more
than 10% above the maximum level were omitted. The
potentiation factor was calculated as the ratio of initial
velocity in the presence of GAG to that in the absence of
GAG (33). CS-E, low molecular mass CS-E derivatives and
CS-C were used as controls.

Chemical Analyses—Sulfate: The sample was subjected
to a 2 h-hydrolysis with 2 M HCI at 110°C, followed by re-
moval of the HCl under reduced pressure at 50°C. To the
residue was added 50 pl of distilled water, and an aliquot
(10 pl) of the solution was applied to a TSK-gel IC-Anion
PW column (¢$4.6 x 50 mm). HPLC was performed isocrati-
cally on a Tosoh CCPM liquid chromatograph equipped
with a CM-8,000 conductivity monitor, using TSK IC-A as
the eluent at 40°C and a flow rate of 1.2 ml/min. Peak areas
were measured by a Shimadzu C-R4A integrator.

Uronic acid: Uronic acid was determined by the carba-
zole method (27), using authentic D-glucuronolactone as the
standard. Hexosamine: Hexosamine was determined essen-
tially according to a previously described method (34), us-
ing authentic D-galactosamine as the standard. Neutral
sugars: Neutral sugars were determined by the anthrone
method (28), using authentic fucose as the standard.
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RESULTS

Characterization of Two Types of Partially Defucosylated
SC-GAG Derivatives—In the previous study (14), SC-GAG
was treated by mild acid-hydrolysis at 80°C for 6 h, result-
ing in a partially hydrolyzed SC-GAG derivative (type B)
susceptible to enzymatic digestion with chondroitinases.
Thus, it appears that SC-GAG had lost a substantial num-
ber of sulfated fucose branches and was converted to par-
tially hydrolyzed SC-GAG possessing a linear CS-E back-
bone bearing no sulfated fucose, together with a branched
backbone still bearing sulfated fucose (Fig. 1A).

A sample of the purified SC-GAG was subjected to mild
acid-hydrolysis at 80°C for 3 h to prepare a partially hydro-
lyzed SC-GAG (type A). The type A contains less linear CS-
E backbone and more branched CS-E backbone, compared
with type B (14). The time condition of 3 h was chosen from
the results of a time-course study of mild acid hydrolysis as
described previously (14).

Figure 2 shows the elution profiles of intact SC-GAG and
types A and B on Cellulofine GCL-90 chromatography. In-
tact SC-GAG (Figure 2a) gave a single peak in a high mo-

144
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Fig. 2. Elution profiles of intact SC-GAG (a) and 3 h- (b) and 6 h-
hydrolyzates of SC-GAGs (c) from Cellulofine GCL-90 column
chromatography. Eluates were monitored for GlcA and fucose by
the carbazole (8) and the anthrone methods (0), respectively. Spec-
trophotometries for the carbazole and the anthrone methods were
performed at 530 and 620 nm, respectively. The fractions indicated
by bold bars were combined and used as intact SC-GAG, type A and
type B SC-GAG derivatives, respectively.
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lecular mass region that was rich in both GlcA and fucose.
Type A (Fig. 2b) showed two peaks, the first of which eluted
in the high molecular mass region where intact SC-GAG
was detected. The second peak eluted in a lower molecular
mass region. The first peak was rich in GlcA but poor in
fucose, whereas the second peak was rich in fucose. Type B
(Fig. 2¢) also contained two peaks, the first in the high mo-
lecular mass region where intact SC-GAG eluted, and the
second in the lower molecular mass region where the sec-
ond peak of the 3 h-hydrolyzate of SC-GAG eluted. The
first peak was rich in GlcA but low in fucose, whereas the
second peak was rich in fucose but low in GlcA. Further-
more, prolonged hydrolysis made the first peaks of the par-
tially hydrolyzed SC-GAGs much broader. Overall, these

logo(MW)

Refractive intensity (mv)

B H 5 8 oc88588B8,388888.

|

3 85 8,

5

Retention time (min)

Fig. 3. Gel permeation HPLC patterns of intact SC-GAG (a),
type A (b) and type B SC-GAGs (c), squid CS-E (d) and its low
molecular mass derivatives digested by Chase ABC for 10 min
(e) and for 1 h (f), and CS-C (g). Molecular mass standards used
were HA (104 kDa), CS-Cs (52.2, 39.1, and 8.05 kDa), and ADi-diS
(458 Da). Molecular masses of intact SC-GAG, type A and type B SC-
GAG derivatives, CS-E and its low molecular mass derivatives and
CS-C were calculated using their peak-maximum retention times to-
gether with the standard curve shown in (a).
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results show that fucose branch-release from the core poly-
mer is time-dependent. In order to clarify the number of fu-
cose branches released from the core polymer, the degree of
defucosylation for each of the three samples was calculated
using the peak areas determined by the anthrone method.
Peak areas of A and A, (Fig. 2) were quantified with NTH
Image 1.62 software. The percentages of the peak A, area
to the sum of peak A, and A, areas are 67% for type A and
90% for type B. These values correspond to the degree of
defucosylation of types A and B, as intact SC-GAG was
taken as 0%.

As shown in Fig. 3, the molecular masses of intact SC-
GAG, and types A and B are 21, 8, and 4 kDa, respectively,
as determined by gel permeation HPLC . Using the same
method, the molecular masses of squid CS-E, its low molec-
ular mass derivatives prepared by Chase ABC-digestion for
either 10 min or 1 h, and CS-C were measured as 127, 21,
7, and 45 kDa, respectively.

Figure 4 shows the cellulose-acetate membrane electro-
phoretic patterns of types A and B in comparison with
those of intact SC-GAG and authentic GAGs. It is well
known that electrophoretic mobility depends on the net of
negative charge of sample molecules in the buffer system
used. Although the mobility of intact SC-GAG was identical
to that of heparin, the mobility of type B decreased almost
as much as that of CS-C. The mobility of type A was inter-
mediate between those of intact SC-GAG and type B. The
degree of defucosylation and mobility were reversely corre-
lated, confirming that the removal of sulfated fucose
branches increases with reaction time of mild acid hydroly-

~—0rigin
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Fig. 4. Cellulose-acetate membrane electrophoretic patterns of
intact SC-GAG (a), type A (b) and type B SC-GAG derivatives
(c). Authentic GAGs used were CS-C (d), HA (e) and heparin (f).
Electrophoresis was carried out in 0.1 M pyridine-formic acid (pH
3.3) at 0.6 mA/cm width for 40 min.

TABLE 1. Chemical compositions of partially defucosylated
S8C-GAGSs in comparison with intact SC-GAG.

Fraction Sulfate GalNAc GleA Fucose
(mmol/g)

Intact SC-GAG 2.99 0.81 0.69 1.93
(3.69* (1.00) (0.84) (2.38)

Type A® 2.63 1.49 1.31 0.87
(1.70) (1.00) (0.88) (0.58)

Type B¢ 1.44 1.37 1.07 0.49
(1.06) (1.00) (0.78) (0.36)

*Numbers in parentheses represent molar ratios relative to Gal-
NAc. "Type A, partially defucosylated SC-GAG containing 33% fu-
cose branches. “Type B, partially defucosylated SC-GAG containing
10% fucose branches.
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sis of SC-GAG, as shown in Fig. 1A.

The chemical compositions of intact SC-GAG, and types
A and B were determined (Table I). All samples contained
almost equimolar amounts of GalNAc and GlcA, consistent
with the CS-E backbone (I14). As expected, sulfate and
fucose contents were markedly lower in type B than in
intact SC-GAG, while those in type A were intermediate.
The chemical composition (Sulfate:GalNAc:GlcA:Fucose =
3:3:2:1) of type B is similar to that (3:2:2:1) of partially hy-
drolyzed SC-GAG reported previously (14). These results
are consistent with the changes in the elution pattern from
the Cellulofine GCL-90 column (Fig. 2).

The intact SC-GAG, and types A and B were analyzed by
gel permeation HPLC after Chase ABC-digestion (Fig. 5).
The digest of SC-GAG (Fig. 5a) gave a similar profile to
that of intact SC-GAG (Fig. 3a), because of its low suscepti-
bility to enzyme attack. On the other hand, types A and B
were partially digested by Chase ABC (Fig. 5, b and c). The
production of unsaturated disaccharides was determined as
the ratio of the sum of the areas of unsaturated disaccha-
rides to total peak area. The sum of the unsaturated disac-

(a)

[ ) —°

Refractive Index

30 35 40 45
Retention time (min)

Fig. 5. Gel permeation HPLC profiles of intact SC-GAG (a), type
A (b), and type B SC-GAG derivatives (c) after chondroitinase
ABC-digestion. The solid peaks indicated by ADi-diS practically re-
present ADi-S;.

Y. Kariya et al.

charide areas is the sum of areas of ADi-diS, ADi-monoS,
and ADi-zeroS, while the total peak area is the sum of
these areas plus that of AOligo (Fig. 5). Intact SC-GAG,
and types A and B produced 0, 46, and 66% unsaturated
disaccharides, respectively. Accordingly, the degrees of defu-
cosyslation and the production of unsaturated disaccha-
rides are very well correlated, i.e, the presence of fucose
branches hinders the Chase ABC-digestion of SC-GAG de-
rivatives in a fucose content-dependent manner. The main
unsaturated disaccharide component of the Chase ABC-di-
gest of type A was ADi-diS, whereas that of type B was
ADi-monoS. The ratios of the ADi-diS peak area to the total
peak area were, however, almost identical irrespective of
the degree of defucosylation, 28.8 and 29.7% for types A
and B, respectively (See solid peaks in Fig. 5).

Strong anion exchange HPLC of unsaturated disaccha-
rides obtained by Chase ABC-treatment of types A and B
detected four new peaks corresponding to unsaturated dis-
accharides, in addition to small amounts of unsaturated oli-
gosaccharides (data not shown). Table II shows the per-
centage distributions of unsaturated disaccharides ob-
tained from types A and B, squid CS-E, its low molecular
mass derivatives, and CS-C. The unsaturated disaccharides
from types A and B contained ADi-S; and ADi-6S as the
major components, whereas those from CS-E and its low
molecular mass derivatives conatined ADi-S; as a major
component. On the other hand, unsaturated disaccharides
from CS-C contained ADi-6S as a major component. Chase
ABC-digests of types A and B and CS-E derivatives also
contained small amounts of ADi-0S and ADi4S, while ADi-
S, and ADi-triS were not detected.

Effects of Two Types of Partially Defucosylated SC-GAG
Derivatives on Plasminogen Activation by t-PA—Figure 6a
shows the effects of low molecular mass (21 and 7 kDa) CS-
E derivatives on plasminogen activation by single-chain t-
PA as compared to those of squid CS-E (127 kDa) and CS-C
(45 kDa) as controls. Figure 6b shows the effects of intact
SC-GAG (21 kDa), type A (8 kDa), and type B (4 kDa) on
the plasminogen activation by single-chain t-PA. The pro-
file for the enhancement by type A was bell-shaped as was
that of squid CS-E. The maximum potentiation factor (49
points) of type A was almost 30% of that (162 points) of
squid CS-E at 6.25 wg/ml concentration. Partially depoly-
merized CS-E (21 kDa) exhibited a similar enhancement

TABLE II. Percentage distributions of unsaturated disaccha-
rides generated from two kinds of partially defucosylated SC-
GAGs with reference to those of squid CS-E and its low molec-
ular mass derivatives in addition to that of CS-C.

ADi-

0S 6S 4S Sy S, S

(%)
Type A (8 kDa)* 4.8 304 126 0.0 52.2 0.0
Type B (4 kDa® 11.3 498 136 0.0 25.3 0.0
CS-E (127 kDaF 6.0 9.7 198 0.0 64.5 0.0
CS-E (21 kDay 6.0 94 191 0.0 65.5 0.0
CS-E (7 kDay 4.7 9.2 182 0.0 67.9 0.0
CS-C (45 kDaY 1.7 729 154 9.3 0.0 0.6
*Type A, partially defucosylated SC-GAG containing 33% fucose
branches. *Type B, partially defucosylated SC-GAG containing 10%
fucose branches. ‘CS-E (intact) prepared from squid cartilage. ‘CS-
E partially depolymerized by Chase ABC-treatment for 10 min.
*CS-E partially depolymerized by Chase ABC-treatment for 1 h.
{CS-C (intact) prepared from shark cartilage.

Fraction

J. Biochem.
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Fig. 6. (a) Effects of various concentrations of
squid CS-E (127 kDa (D)) and its low molecular
mass derivatives (21 kDa (a) and 7 kDa (»)), and
CS-C (45 kDa (*)) on t-PA-mediated plasmino-
gen activation. (b) Effects of various concentra-
tions of intact SC-GAG (21 kDa (e)) and type A
(8 kDa (0)) and type B SC-GAG derivatives (4
kDa (m)) on t-PA-mediated plasminogen activa-
tion. Data were expressed as the mean = SE val-
ues.
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profile, and a maximum potentiation (79 points) at 6.25 pg/
ml. On the other hand, type B exhibited a rather weak
potentiation (10 points) at 6.25 pg/ml, which increased with
concentration up to 100 pg/ml (32 points). Partially depoly-
merized CS-E (7 kDa) exhibited an enhancement profile
similar to that of type B with a somewhat lower maximum
potentiation (26 points) at 100 pg/ml. Intact SC-GAG ex-
hibited very weak activities at every concentration exam-
ined (24).

DISCUSSION

For the present study, we prepared two types of SC-GAG
derivatives, type A (3 h-hydrolyzed SC-GAG with 67% defu-
cosylation and a molecular mass of 8 kDa) and type B (6 h-
hydrolyzed SC-GAG with 90% defucosylation and a molec-
ular mass of 4 kDa). These two types were further exam-
ined for their physicochemical properties by enzymatic
analyses in combination with HPLC techniques.

From the elution profiles of Chase ABC-digests of types A
and B on strong anion exchange HPLC, the percentage dis-
tributions of unsaturated disaccharides were calculated for
both types (Table II). The unsaturated disaccharides from
type A contained 52.2% ADi-S; and 30.4% ADi-6S as the
main components, whereas those from type B contained
25.3% ADi-S; and 49.8% ADi-6S as the main components.
It could be assumed that part of the ADi-S; from type A
would have been converted into a part of ADi-6S of type B
due to the removal of the 4-O-sulfate group from ADi-S;
with the prolonged hydrolysis time. This assumption is,
however, difficult to sustain, since the ratios of ADi-diS (i.e.,
ADi-S;) area to the total on gel permeation HPLC were
almost identical (ca. 29%) regardless of type A or B (see
solid peaks in Fig. 5). The productions of unsaturated disac-
charides by types A and B were 46 and 66%, respectively.
Accordingly, 52.4% of ADi-Sg in the digest of type A corre-
spond to the 25.3% of ADi-S; in the digest of type B. We
reported previously (16) that SC-GAG comprises a CS-E-
type core polymer with sulfated fucose branches attaching
to almost every disaccharide core unit, and that the fucose
branches are attached glycosidically to the units in four

Vol. 132, No. 2, 2002

ways: () at the C-3 position of GlcA in GlcA B1—3GalNAc
(48, 6S) (22.4%), (i) at the C-4 position of GalNAc in GlcA
B1—3GalNAc (6S) (56.0%), (iii) at the C-6 position of Gal-
NAc in GleA B1—3 GalNAc (4S) (10.4%), and (iv) at the C4
and C-6 positions of GalNAc in GlcA B1-3GalNAc (11.2%)
(Fig. 1).

If fucose branches from the C-3 positions of GlcA in GleA
B81-3GalNAc (48, 6S) (indicated by arrow 1 in Fig. 1A) are
more susceptible to hydrolytic removal than those of fucose
branches from the C-4 positions of GalNAc in GlcA Bl-
3GalNAc (6S) (indicated by arrow 2 in Fig. 1A), the early
production of ADi-S; and the hydrolysis time-dependent
increase in ADi-6S content in the Chase ABC-digest, are
both reasonably explained. Mourdo et al. (23) reported that
hydrolysis-resistant fucose branches of SC-GAG are local-
ized preferentially at the non-reducing end. Thus, it is pos-
sible that type A possesses a linear backbone composed
mainly of GlcA 81-53GalNAc(4S, 6S) (E-type disaccharide
unit) without fucose branching at the reducing end (Fig.
1A) due to preferential release of fucose branches from the
C-3 position of GlcA.

Our SC-GAG from S. japonicus possesses a CS-E-type
core polymer and fucose branches composed of only Fuc
al—3Fuc (16), whereas Vieira et al. (15) reported that their
SC-GAG from L. grisea possesses a CS-E-type core polymer
and different fucose branches composed of Fuc al—2Fuc
and/or Fuc al—4Fuc. Since there is a possibility that this
difference in the fucose branch structures may differently
affect t-PA—mediated plasminogen activation by SC-GAGs,
such a comparative trial is of importance.

In order to elucidate the possible mechanism (g) underly-
ing t-PA-mediated plasminogen activation, the potentia-
tion activities of types A and B were compared. Type A
exhibited the maximum potentiation (49 points) at 6.25 pg/
ml, whereas type B exhibited maximum potentiation (32
points) at 100 pg/ml (Fig. 6b), indicating that type B pos-
sesses weaker activity than type A. On the other hand,
intact SC-GAG exhibited almost no activity, suggesting the
importance, for development of t-PA-mediated plasmino-
gen activation, of the presence of E-type disaccharide units
exposed on the surface of the GAG molecule by the removal
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of fucose branches.

As shown in Fig. 6, squid CS-E (127 kDa), a low molecu-
lar mass CS-E derivative (21 kDa) and type A (8 kDa) all
exhibited maximum potentiation factors at 6.25 pg/ml,
whereas both type B (4 kDa) and another low molecular
mass CS-E derivative (7 kDa) exhibited maximum potenti-
ation factors at 100 pg/ml. In terms of the GAG concentra-
tion at which maximum potentiation developed, the con-
centration was either 6.25 or 100 pg/ml in the tested range.
At the former concentration, the higher the molecular mass
of the active GAG, the higher the maximum peotentiation
factor. These results suggest that a threshold of molecular
mass exists between 7 and 8 kDa (presumably 7.5 kDa),
determining whether the maximum t-PA-enhancing activi-
ties are achieved at 6.25 or 100 pg/ml by those GAGs, in-
cluding both linear and branched CS-E derivatives.

Kinoshita et al. (35, 36) showed that squid CS-E has a
small percentage of GlcA residues additionally sulfated at
the C-3 positions. Since there is a possibility that these sul-
fate groups are involved in the development of t-PA-medi-
ated plasminogen activation by CS-E derivatives, their in-
fluence should be evaluated.

In conclusion, we propose that the following two condi-
tions be fulfilled simultaneously for the development of po-
tent t-PA—enhancing activity by CS-E derivatives. (i) CS-E
derivatives without fucosylation are preferable. In the case
of SC-GAG, fucose branches should be removed preferen-
tially from E-type disaccharide units. (ii) The molecular
mass of the CS-E derivative should remain above the
threshold value (presumably 7.5 kDa), regardless of the
presence of fucose branching.

The structure-activity relationship of partially defucosy-
lated SC-GAGs (e.g., types A and B) and low molecular
mass CS-E derivatives described in this paper provide a
clue to the design of suitable CS-E derivatives for the pro-
duction of antithrombotic drugs based on t-PA-mediated
plasminogen activation.

We thank Prof Shugo Watabe, Graduate School of Agricultural
and Life Sciences, The University of Tokyo, for valuable sugges-
tions regarding this manuscript.
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