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A method was developed for the reconstruction of glycosaminoglycan (GAG) oligosac-
charides using the transglycosylation reaction of an endo-P-iV-acetylhexosaminidase,
testicular hyaluronidase, under optimal conditions. Repetition of the transglycosylation
using suitable combinations of various GAGs as acceptors and donors made it possible
to custom-synthesize GAG oligosaccharides. Thus we prepared a library of chimeric
GAG oligosaccharides with hybrid structures composed of disaccharide units such as
GlcA-GlcNAc (from hyaluronic acid), GlcA-GalNAc (from chondroitin), GlcA-GalNAc4S
(from chondroitin 4-sulfate), GlcA-GalNAc6S (from chondroitin 6-sulfate), IdoA-GalNAc
(from desulfated dermatan sulfate), and GlcA-GalNAc4,6-diS (from chondroitin sulfate
E). The specificity of the hyaluronidase from Streptococcus dysgalactiae (hyaluronidase
SD) was then investigated using these chimeric GAG oligosaccharides as model sub-
strates. The results indicate that the specificity of hyaluronidase SD is determined by
the following restrictions at the nonreducing terminal side of the cleavage site: (i) at
least one disaccharide unit (GlcA-GlcNAc) is necessary for the enzymatic action of hy-
aluronidase SD; (ii) cleavage is inhibited by sulfation of the iV-acetylgalactosamine; (iii)
hyaluronidase SD releases GlcA-GalNAc and IdoA-GalNAc units as well as GlcA-GlcNAc.
At the reducing terminal side of the cleavage site, the sulfated residues on the iV-acetyl-
galactosamines in the disaccharide units were found to have no influence on the cleav-
age. Additionally, we found that hyaluronidase SD can specifically and endolytically
cleave the internal unsulfated regions of chondroitin sulfate chains. This demonstration
indicates that custom-synthesized GAG oligosaccharides will open a new avenue in GAG
glycotechnology.

Key words: chimeric glycosaminoglycan, enzymatic reconstruction, hyaluronidase from
Streptococcus dysgalactiae, testicular hyaluronidase, transglycosylation.

Interest in the synthesis of glycosaminoglycan (GAG) sugar sugar donors, and also require glycosyltransferase, which
chains has grown along with the clarification of the biologi- can be obtained by isolation or cloning techniques, but
cal functions of GAGs (1—4). Recently, enzymatic synthesis which is not yet available in sufficient quantities for GAG
using glycosyltransferase has been performed in addition to synthesis.
the usual chemical synthesis (5-9). By the enzymatic meth- Recently, more attention has been directed toward the
ods, it is possible to control the formation of a- and (3-ano- reconstruction of carbohydrate chains using glycosidases,
mers and the position of binding sites. However, these which catalyze transglycosylation as a reverse reaction of
methods use nucleotides, which are very expensive, as the hydrolysis (10-12). The transglycosylation mechanism of

testicular hyaluronidase, which is an endo-|3-Af-acetyIhex-
1 This work was supported by Grants-in-Aid for Scientific Research osaminidase has been investigated with the aim of per-
& o m , * ^ n S £ y o " f ^ ^ T ' ^ T ^ o S ? * 8 a n d C u l t u r e °f Ja" forming enzymatic synthesis of GAG sugar chains (13-15).
pan (No. 09358013,11121203, and 11470029). T, ^ / , , . ,. ,_ -j •. / , • -j n i o
* To whom correspondence should be addressed. Tel: +81-172-39- lt w a s ^ <*"* disaccharide unite (glucuronic acid p 1-3-
5015, Fax;+81-172-39-5016, E-mail: endo-m@cchirosaki-u.ac.jp iV-acetylglucosamine) are successively released from the
Abbreviations: hyaluronidase SD, hyaluronidase from Streptococcus nonreducing terminal of a donor hyaluronic acid (HA) and
dysgalactiae; GAG, giycosaminoglycan; HA, hyaluronic acid; Ch, rapidly transferred to the glucuronic acid residue at the
chondroitin; Ch4S, chondroitin 4-sulfate; Ch6S, chondroitin 6-sul- nonreducing terminal of an acceptor HA via a p 1-4 link-
fate; DS, dermatan sulfate; ChS-E, chondroitin sulfate E; PA, 2- _ Furthermore, the efficiency of the transglycosylation
aminopyridine; GlcA, glucuronic acid; IdoA, iduronic add; GaMAc, ^ increases when the pH and NaCl concentration
iV-acetylgalactosamuie, GlcNAc, iV-acetylglucosamine; GalNAc4S, 4- . . . _ . . , , Li A
sulfated iV-acetylgalactosamine; GalNAc6S, 6-sulfated iV-acetylga- a™ optimized. Therefore, it has become possible to custom-
lactosamine; GalNAc4,6-diS, 4,6-disulfated iV-acetylgalactosamine. synthesize GAGs by repeating this transglycosylation reac-

tion using suitable combinations of donors and acceptors
© 2000 by The Japanese Biochemical Society. from different kinds of GAG. We call the products of this
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enzymatic reconstruction method, which is similar to gene-
tic engineering, "chimeric GAGs."

The use of sugar chain degrading-enzymes as glycotech-
nological tools for structural analysis has advanced and
enzymes such as chondroitinase ABC, AC, and B have long
been used in the GAG field (16-18). However, new enzy-
matic glycotechnological tools are needed. We have focused
our attention on the hyaluronidase of Streptococcus dysga-
lactiae, hyaluronidase SD (19, 20), because it catalyzes the
eUminative cleavage of the (J 1-4 glycosidic linkage between
iV-acetyl-D-glucosamine and D-glucuronic acid residues in
HA, yielding disaccharides with A4-hexuronate at the non-
reducing terminal. However, the precise details of the inter-
action between this enzyme and chondroitin sulfate (ChS)
are not well known because of the variety and complexity
of ChS structures compared with HA. In the present study,
we synthesized various chimeric GAG oligosaccharides and
used them as model substrates to investigate the substrate
specificity of hyaluronidase SD toward ChS. This is the first
paper to report the use of chimeric GAG oligosaccharides.

MATERIALS AND METHODS

Chemicals—Hyaluronidase from Sreptococcus dysgalac-
tiae was obtained from Seikagaku Kogyo (Tokyo). Bovine
testicular hyaluronidase (type 1-S) and p-glucuronidase
(from Escherichia coli) were obtained from Sigma Chemical
(St. Louis, MO); the bovine testicular hyaluronidase was
further purified according to the method of Borders and
Raftery (21). It was free of p-glucuronidase and pJ-iV-acetyl-
hexosaminidase activities, as measured by the method of
Barrett (22). Chondroitin 6-sulfate (Ch6S, from shark carti-
lage), chondroitin 4-sulfate (Ch4S, from whale cartilage),
dermatan sulfate (DS, from pig skin), chondroitin sulfate E
(ChS-E, from squid cartilage), and chondroitinase ABC
(from Proteus vulgaris) were purchased from Seikagaku
Kogyo. HA was prepared from human umbilical cord by the
method of Danishefsky and Bella (23), and further purified
by AG1-X2 chromatography and Sephacryl S-200HR gel-fil-
tration chromatography as described previously (24). Se-
phadex G-15 and Sephacryl S-200HR were purchased from
Pharmacia Biotech. (Uppsala, Sweden). Bio-Gel P-4 (400
mesh) and AG 1-X2 (200-400 mesh) were obtained from
Bio-Rad (Richmond, CA). 2-Aminopyridine (PA) was pur-
chased from Wako Pure Chemical (Osaka) and recrystal-
lized from hexane. All other chemicals were obtained from
commercial sources.

Preparation of Desulfated GAGs—Chondroitin (Ch) was
prepared from Ch6S by a modification (25) of the method of
Kantor and Schubert (26). Desulfated DS was prepared by
desulfation of DS in dimethyl sulfoxide containing 10%
methanol according to the procedure of Nagasawa et al.
(27).

Preparation of Oligosaccharides—Saturated GAG oligo-
saccharides were prepared by partial digestion of HA, Ch,
Ch6S, Ch4S, and ChS-E with testicular hyaluronidase
using the procedure described in a previous report (28). Un-
saturated disaccharide to decasaccharide derived from Ch
and unsaturated disaccharide to hexasaccharide derived
from Ch4S and Ch6S were prepared by digesting Ch,
Ch4S, and Ch6S with chondroitinase ABC (29). Then, each
oligosaccharide was purified by gel filtration on a Bio-Gel
P-4 column (1.8 X 112 cm). The oligosaccharides were

structurally characterized by chemical analysis, enzymatic
analysis, ion-spray mass analysis and HPLC according to
the methods reported previously (28,30) as required.

Preparation of PA-Oligosaccharides—Fluorescence (PA)
labeling of the reducing terminal of each oligosaccharide
was carried out as described previously (28, 31), based on
the method of Hase et al. (32). Each pyridylaminated oli-
gosaccharide was used as a substrate of hyaluronidase SD,
as an acceptor for the transglycosylation reaction, and as a
standard marker for HPLC.

Preparation of Chimeric Oligosaccharides—Chimeric oli-
gosaccharides were synthesized using the transglycosyla-
tion reaction of testicular hyaluronidase according to the
previous reports (14, 15). Briefly, 50 (xg of one GAG (HA,
Ch, Ch6S, Ch4S, or desulfated DS) as the donor, 20 nmol of
a PA-oligosaccharide as the acceptor, and 5 units of testicu-
lar hyaluronidase dissolved in 50 jJ of 0.15 M Tris-HCl
buffer, pH 7.0, were incubated at 37'C for 1 h. The reaction
was terminated by immersion in a boiling water bath at
100'C for 3 min. The resulting product was purified by
HPLC, and its structure was confirmed by a method de-
scribed previously (13, 14). Therefore, using systematic
combinations of the donor and acceptor molecules, we pre-
pared many oligosaccharides with different types of GAG,
and refer to them as chimeric oligosaccharides.

Digestion with Hyaluronidase SD—Each sample (0.2
nmol) was incubated in 0.1 M sodium acetate buffer, pH
6.5, containing 0.01 M CaCL, with hyaluronidase SD (0.02
units) at 37°C for 1 h (19). Then, the susceptibility of each
PA-oligosaccharide to digestion by hyaluronidase SD was
determined by HPLC.

HPLC of PA-Oligosaccharides—HPLC of PA-oligosaccha-
rides was carried out on a PALPAK Type S column (4.0 X
250 mm, Takara Shuzo, Kyoto). Solution A was 3% acetic
acid, adjusted to pH 7.0 with triethylamine and acetonitrile
(20:80 v/v). Solution B was the same agents at a ratio of
50:50. The column was equilibrated with solution A, and
the ratio of solution B to solution A was increased linearly
from 0% to 100% over 60 min after sample injection; the
flow rate was fixed at 1.0 ml/min and the column tempera-
ture was 30'C. A Hitachi L-6200 equipped with a fluores-
cence detector (Model F-1150, Hitachi, Tokyo) was used.
Fluorescence of PA was detected at excitation and emission
wavelengths of 320 and 400 nm, respectively.

Ion-Spray Mass Spectrometry—Mass spectra were ob-
tained on an API-100 LC/MS system (PE Siex, Thomhill,
Ontario, Canada) equipped with an atomospheric-pressure
ionization source as described previously (28). Each sample
was dissolved in 0.5 mM ammonium acetate-acetonitrile
(50:50) and injected at 2 jJ/min with a micro-HPLC syringe
pump (Pump 22, Harvard Apparatus, MA). In the negative
mode, scanning was done from mlz 200 to 1,200 during the
1-min scan (six cycles).

Other Methods—Reduction of oligosaccharides was ac-
complished with 1.0 M sodium borohydride in 0.05 M
NaOH at 45'C for 24 h as described previously (33). P-Glu-
curonidase digestion was performed by the method of
Himeno et al. (34).

RESULTS

GAG Oligosaccharides as Substrates for Hyaluronidase
SD—GAG oligosaccharides (Tables I and II) were prepared
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TABLE I. Sensitivity of oligosaccharides to hydrolysis by hyaluronidase SD.

Number Structures Digestibility with
hyaluronidase SD

1 GlcA-GalNAc-PA

2 GteA-GalNAc-GlcA-GalNAc-PA

t

3 GlcA-GalNAc-GlcA-GalNAc-GlcA-GalNAc-PA +

4 GlcA-GalNAc-GkA-GalNAc-GlcA-GalNAc-GlcA-GalNAc-PA +

5 GlcA-GalNAc-GlcA-GalNAc-GlcA-GalNAc-PA

4S 4S 4S
6 GkA-GalNAc-GlcA-GalNAc-GlcA-GalNAc-PA

. oS oS oS
7 GlcA-GalNAc-GlcA-GalNAc-GIcA-GalNAc-GlcA-GalNAc-PA +

^ - k 4s 4S
8 GlcA-GalNAc-GlcA-GalNAc53lcA-GalNAc-GlcA-GalNAc-<jlcA-GalNAc-PA +

, 4S 4s 4S
9 GlcA-GalNAc-GlcA-GalNAc-GlcA-GalNAc-GlcA-GalNAc-PA +

^ ^ 6S 6S 6S
10 GlcA-GalNAcX>lcA-GalNAc-GlcA-GalNAc-GlcA-GalNAc-GlcA-GalNAc-PA +

Ŝ ^ Is Is
11 GlcA-GalNAc-GlcA-GalNAc-GlcA-GalNAc-GlcA-GalNAc-GlcA-GalNAc-PA +

4S 4s ^
12 GlcA-GalNAc-GlcA-GalNAc-GlcA-GalNAc-GlcA-GalNAc-GlcA-GalNAc-PA +

i i

6S 6S
13 GlcA-GalNAc-GlcA-GalNAc*GlcA-GalNAc-GlcA-Ga]NAc-GlcA-G^lNAc-PA +

4S 6S 6S 6S
The arrows indicate the glycosidic linkages cleaved by hyaluronidase SD

TABLE II. Hydrolysis of oligosaccharides by hyaluronidase SD.

Number Structures Hydrolysis (%)a

b
I

14 GlcA-GalNAclGlcA-GalNAc-GlcA-GalNAc-GlcA-GalNAc-PA 100
j 6S 6S is

15 GlcA-GalNAqGlcA-GalNAc-GlcA-GalNAc-GlcA-GalNAc-PA 0
4S I 6S 6S 6S

16 GlcA-GalNAc|GlcA-GalNAc-GlcA-GalNAc-GlcA-GalNAc-PA 0
6S | 6S 6S ks

17 GalNAclGlcA-GalNAc-GlcA-GalNAc-GlcA-GalNAc-PA 0
] 6S 6S 6S

18 GlcA-GlcNAc4GlcA-GalNAc-GlcA-GalNAc-GlcA-GalNAc-PA 100
] 6S 6S 6S

19 ldoA-GalNAciGlcA-GalNAc-GIcA-GalNAc-GlcA-GalNAc-PA 62
I 6S 6S 6S

20 GlcA-GalNAcJGIcA-GalNAc-GlcA-GalNAc-GlcA-GalNAc-PA 100
I 4S 4S 4S

21 GlcA-GalNAclGlcA-GalNAc-G!cA-GalNAc-GlcA-GalNAc-PA 100
I 4,6S 4,6S 6S
i

•Hydrolysis (%) was measured by HPLC of PA-labeled producta T h e vertical broken line indicates the
sites the of cleavage by hyaluronidase SD.

and used as model substrates for hyaluronidase SD. After column and then selectively labeled with a PA. Other chi-
partial hydrolysis of Ch, Ch4S, and Ch6S, seven oligosac- meric oligosaccharides were reconstructed using the trans-
charides (Nos. 1-6 and 16) were purified on a Bio-Gel P-4 glycosylation reaction of testicular hyaluronidase according
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to the methods described in previous reports (14,15). Oligo-
saccharides Nos. 7-10 were chimeric oligosaccharides made
of one or two disaccharide units that we transferred from
Ch to the nonreducing terminal or PA-Ch4S-hexasaccha-
ride or PA-Ch6S-hexasaccharide. Similarly, chimeric oligo-
saccharides Nos. 11 and 12 were reconstructed by trans-
ferring to PA-Ch-hexasaccharide two disaccharide units
derived from Ch4S and Ch6S, respectively. Chimeric oligo-
saccharide No. 13 was reconstructed by transferring succes-
sively Ch and then Ch4S disaccharide units to PA-Ch6S-
hexasaccharide. Chimeric oligosaccharides Nos. 15, 18, and
19 were reconstructed by transferring to PA-Ch6S-hexasac-
charide one disaccharide unit derived from Ch4S, HA, and
desulfated DS, respectively. Chimeric oligosaccharide No.
17 was obtained by P-glucuronidase digestion of chimeric
oligosaccharide No. 9. Chimeric oligosaccharide No. 21 was
reconstructed by transferring a disaccharide unit derived
from Ch to the PA-hexasaccharide derived from ChS-E
(Takagaki, K, Majima, M., and Endo, M., submitted for
publication).

Action of Hyaluronidase SD on Ch Oligosaccharides—
The action of hyaluronidase SD on Ch oligosaccharides,
which have no sulfate residue, was investigated. PA-Ch-oli-
gosaccharides (Nos. 1—4) were incubated with hyaluron-
idase SD, and the reaction products were analyzed by
HPLC using a size fractdonation column. PA-Ch-disaccha-
ride and PA-Ch-tetrasaccharide were not degraded (Fig. 1,
A and B). When PA-Ch-hexasaccharide and PA-Ch-octasac-
charide were each used as substrates, they were degraded
and a new peak (I) appeared close to the PA-Ch-tetrasac-
charide standard (Fig. 1, C and D). After separation and
purification of peak I, the molecular mass was determined
by ion-spray mass spectrometry. A molecular ion at m/z,

835 [M-HT and a doubly-charged ion at m/z, 417 [M-
2H]2" were observed (Fig. 2). Therefore, peak I was PA-Ch-
tetrasaccharide with A4-hexouronate at its nonreducing
terminal (AGlcA-GalNAc-GlcA-GalNAc-PA). These results
indicate that the minimum size requirement for this en-
zyme is PA-hexasaccharide, and that its product is unsat-
urated PA-tetrasaccharide when the substrate is a PA-Ch-
oligosaccharide.

To investigate the cleavage pattern of hyaluronidase SD
on Ch-oligosaccharides, aliquots of a Ch-dodecasaccharide
were used in two separate experiments. The first aliquot of
Ch-dodecasaccharide was labeled with the fluorescent re-
agent, PA, and then incubated with hyaluronidase SD. PA-
labeled products in the incubation mixture were analyzed

100 -

75 -

50 -

25 -

[M-
4

.li , ,.

1 1
401

2Hp-
7

1 1
D 600

835

1[ 1 1
BOO 1000

m/z
Fig. 2. Ion-spray mass spectrum of a reaction product of PA-
Ch-hexasaccharide digested by hyaluronidase SD. A reaction
product (peak 1 in Fig. 1C) was recovered and analyzed by ion-spray
mass spectrometry. The conditions for mass spectrometry are de-
scribed in "MATERIALS AND METHODS."

Fig. 1. HPLC of the products gen-
erated from PA-Ch-disaccharide
(A), -tetrasaccharide (B), -hexa-
saccharide (C), and -octasaccha-
ride (D) by hyaluronidase SD. PA-
Ch-oligosaccharides were incubated
without (a) or with (b) hyaluronidase
SD and then analyzed by HPLC. The
chromatographic conditions are de-
scribed in "MATERIALS AND
METHODS." Arrows numbered 2-8
indicate the elution positions of stan-
dards: PA-unsaturated Ch-disaccha-
ride to octasaccharide were prepared
by chondroitinase ABC digestion of
Ch.
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by HPLC. Time-sequence changes in the hyaluronidase SD
digests are shown in Fig. 3A. As dodecasaccharide de-
creased, decasaccharide showed an increase and then a fall,
followed by an increase of octasaccharide. Next, hexasac-
charide showed an increase and then a fall, and the final
product was found to be tetrasaccharide. This suggests that
Ch-dodecasaccharide lost successive disaccharide units
from its nonreducing terminal.

The second aliquot was reduced with sodium borohydride
in advance, and the reduced Ch-dodecasaccharide, with N-
actylgalactosaminitol at the reducing terminal, was used as
the substrate. After incubation with hyaluronidase SD, the
newly exposed reducing terminal of the digestion product
was labeled with PA, and the fluorescence-labeled product
was monitored by HPLC using a size fractionation column.
Only disaccharide was detected as a PA-labeled digestion
product at the beginning of the incubation (Fig. 3B). These
data confirm that hyaluronidase SD exhibits an exo-mode
cleavage pattern, successively releasing disaccharide units

from the nonreducing terminal of Ch-oligosaccharides.
Action Studies of Hyaluronidase SD Using ChS Oligosac-

charides and Chimeric Oligosaccharides—The action of hy-
aluronidase SD on ChS oligosaccharides composed of sul-
fated repeating disaccharide units (glucuronic acrid (31-3-AT-
acetylgalactosamine; GlcA-GaLNAc) was investigated. First,
homo type-ChS hexasaccharides derived from Ch, Ch4S,
and Ch6S were each incubated with hyaluronidase SD.
This enzyme acted on Ch-hexasaccharide (Fig. 1C), but not
on Ch4S-hexasaccharide or Ch6S-hexasaccharide (data not
shown). Therefore, hyaluronidase SD does not act on ChS
regardless of whether the sulfate is at the C4 or C6 position
of the Af-acetylgalactosamine residue in the disaccharide
units.

Next, to investigate the effects of intrachain variation in
the sulfate position on hyaluronidase SD action, three
kinds of chimeric ChS oligosaccharides (Nos. 8, 11, and 13)
were each incubated with hyaluronidase SD and the reac-
tion products were analyzed by HPLC. When PA-Ch4S-

§

1

ikA

a

b

c

d

e

2

A..

A

4-I

4

1
6 S 10n

20 40
Time (min)

20 40
Time (min)

60

Fig. 3. HPLC of oligosaccharide intermedi-
ates generated at different stages of diges-
tion of Ch-dodecasaccharide by hyaluron-
idase SD. PA-Ch-dodecasaccharide (A) and re-
duced Ch-dodecasaccharide (B) were incubated
with hyaluronidase SD for 0 min (a), 5 min (b), 15
min (c), 30 min (d), and 60 min (e). The products of
the reduced Ch-dodecasaccharide (B) with newly
exposed reducing terminals, were labeled with PA
and then the digestion products were analyzed by
HPLC (as described in the legend to Fig. 1). Arrows
numbered 2—10 indicate the elution positions of
the standards: PA-unsaturated Cb disaccharide to
decasaccharide.

S

2 4 6

HI

20 40
Time (min)

20 40
Time (mm)

20 40
Time (min)

Fig. 4. HPLC of the products gen-
erated from chimeric oligosaccha-
rides. Chimeric oligosaccharides Nos.
8 (A), 11 (B), and 13 (C) were incu-
bated without (a) or with (b) hyalu-
ronidase SD and then analyzed by
HPLC as described in the legend to
Fig. 1. Arrows numbered 2—6 indicate
the elution positions of the standards,
PA-unsaturated disaccharide to hexa-
saccharide derived from Ch4S (A), Ch
(B), and Ch6S (C), which were pre-
pared by chondroitinase ABC diges-
tion of Ch4S, Ch and Ch6S.
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decasaccharide with two unsulfated disaccharide units
(GlcA-GalNAc) at the nonreducing terminal sites (No. 8)
was the substrate, the retention time of the fluorescent pro-
duct was equivalent to that of unsaturated PA-Ch4S-hexa-
saccharide (Fig. 4A). Thus, hyaluronidase SD exolytically
removes the unsulfated moieties from the nonreducing ter-
minal site of this oligosaccharide.

Next, when PA-Ch-decasaccharide with two 4-sulfated
disaccharide units (GlcA-GalNAc4S) at the nonreducing
terminal sites (No. 11) was the substrate, the retention
time of the PA-decasaccharide shifted to that of the unsat-
urated PA-Ch-tetrasaccharide (Fig. 4B). Thus, hyaluron-
idase SD jumps over the 4-sulfated moieties at the non-
reducing terminal site and acts on the unsulfated moieties
of this oligosaccharide. The sensitivities of other chimeric
oligosaccharides towards hyaluronidase SD are summa-
rized in Table I. These results suggest that hyaluronidase
SD is able to cut GAG chains endolytically in the unsul-
fated regions. To confirm this finding, a PA-ChS-decasac-
charide with an unsulfated disaccharide unit (GlcA-
GalNAc) at the internal position (No. 13) was synthesized
and then incubated with hyaluronidase SD. The HPLC re-
tention time of the fluorescent product was equivalent to
that of the unsaturated PA-Ch6S-hexasaccharide (Fig. 4C).
Therefore we conclude that hyaluronidase SD can cleave
ChS chains endolytically at internal unsulfated regions.

Next, the effect of the structure adjacent to the cleavage
site was investigated using eight oligosaccharides as model
substrates (Table II). Each oligosaccharide was incubated
with hyaluronidase SD and the reaction product was ana-
lyzed by HPLC. The sensitivities of the oligosaccharides
towards hyaluronidase SD are summarized in Table II.
Hyaluronidase SD cleaved the unsulfated iV-acetylgalacto-
saminide and Af-acetylglucosaminide linkages of the tested
oligosaccharides, but not the oligosaccharides (Nos. 15 and
16) that contained the 4-sulfated and 6-sulfated iV-acetylga-
lactosamine, respectively, at the nonreducing terminal side
adjacent to the cleavage site. However, among the tested
oligosaccharides, hyaluronidase SD did not cleave the un-
sulfated Af-acetygalactosaminide linkage only in oligosac-
charide No. 17, in which the Af-acetylgalactosamine is posi-
tioned at the nonreducing terminal. Oligosaccharide No.
19, which has an iduronic acid at the nonreducing termi-
nal, unlike a glucuronic acid such as in oligosaccharide No.
9, was degraded slowly compared with oligosaccharide No.
9 under the same conditions, and about 40% remained at
the end of the incubation (Fig. 5). However, when oligosac-
charide No. 19 was incubated using a 2-fold higher concen-
tration of the enzyme, it was completely digested. Addition-
ally, the oligosaccharides with 4-sulfated, 6-sulfated, and
4,6-disulfated A^-acetylgalactosamine residues in disaccha-
ride units at the reducing terminal side of the cleavage site
(Nos. 7, 9, and 21) were also degraded by the enzyme. After
fractionation of the enzyme by preparative PAGE, all enzy-
matic activities were observed in the same position (data
not shown).

Judging from these results, the specifity of hyaluronidase
SD is determined by the following restrictions at the nonre-
ducing terminal side of the cleavage site: (i) at least one di-
saccharide unit (GlcA-GlcNAc) is necessary for the enzy-
matic action of hyaluronidase SD; (ii) the cleavage is inhib-
ited by sulfation of the A^-acetylgalactosamine; and (iii)
hyaluronidase SD can release GlcA-GalNAc and IdoA-

0 10 20 30
Time (min)

Fig. 5. HPLC of the products generated from chimeric oli-
gosaccharide. Chimeric oligosaccharide No. 19 was incubated
without (a) or with (b) hyaluronidase SD and then analyzed by
HPLC analysis as described in the legend to Fig. 1. Arrows num-
bered 2-6 indicate the elution positions of the standards, PA-unsat-
urated Ch6S disaccharide to hexasaccharide (No. 19).

GalNAc disaccharide units as well as GlcA-GlcNAc from
the nonreducing terminal of oligosaccharides. In contrast,
sulfated residues on the N-acetylgalactosamine of the di-
saccharide units at the reducing terminal side of the cleav-
age site have no influence on cleavage.

DISCUSSION

The development of new GAG-degrading enzymes to be
used as glycotechnological tools is very important. To exam-
ine various characteristics of such enzymes, including their
substrate specificities, many kinds of GAG oligosaccharides
are needed to be used as model substrates. Recently, at-
tempts have been made to synthesize oligosaccharides cor-
responding to GAG-protein linkage regions using chemical
{35), enzymatic (10) and cell technologies (36). On the other
hand, we have developed a method for reconstructing oli-
gosaccharides using testicular hyaluronidase to customize
the oligosaccharides in the GAG-chain region. The trans-
glycosylation mechanism of testicular hyaluronidase, which
is an endo-P-iV-acetylhexosaminidase, was investigated
previously with the aim of performing enzymatic synthesis
of GAG sugar chains (13-15). It was found that GAG sugar
chains are sequentially elongated along with disaccharide
units. It is also known that testicular hyaluronidase acts on
GAGs such as ChS, as well as on HA. Therefore, using vari-
ous GAGs as the acceptor and donor molecules, we at-
tempted to synthesize natural and artificial GAG oligosac-
charides, and produced various chimeric oligosaccharides
with two or three kinds of disaccharide units, such as GlcA-
GlcNAc (from HA), GlcA-GalNAc (from Ch), GlcA-
GalNAc4S (from Ch4S), GlcA-GalNAc6S (from Ch6S),
IdoA-GalNAc (from desulfated DS), and GlcA-GalNAc4,6-
diS (from ChS-E), which we used as model substrates for
the investigation of hyaluronidase SD. This is the first
report of the successful utilization of "Custom-synthesized"
GAG oligosaccharides using a transglycosylation of testicu-
lar hyaluronidase. A system for the enzymatic reconstrac-
tion of chimeric GAG oligosaccharides could open a new
avenue in GAG research.

J. Buxhem.

 at Peking U
niversity on O

ctober 1, 2012
http://jb.oxfordjournals.org/

D
ow

nloaded from
 

http://jb.oxfordjournals.org/


Synthesis and Utilization ofChimeric Glycosaminoglycan Oligosaccharides 701

Hyaluronidases from bacterial sources, such as Strepto-
myces and Streptococcus, have been used to measure HA
(37). The former enzyme acts only on HA (38), but the lat-
ter acts not only on HA but also on Ch (19, 20). However,
the precise details of the interacion between this enzyme
and Ch and ChS are not well known. Therefore we investi-
gated the properties of the hyaluronidase from Streptococ-
cus dysgalactia, which belongs to group C and is now com-
mercially available, with a view to using it as a glycotech-
nological tool. We found that hyaluronidase SD acts on Ch
but not on Ch4S and Ch6S. Jandik et al. (39) classified bac-
terial GAG-degrading enzymes according to cleavage pat-
terns from exolytic to endolytic activity. Under their classi-
fication scheme, hyaluronidase SD exhibited an exo-mode
action pattern, because it successively releases disaccharide
units from the nonreducing terminals of Ch oligosaccha-
rides. The effect of GAG sulfation on the action of hyalu-
ronidase SD was examined using chimeric ChS oligosac-
charides with unsulfated moieties inside the chain as sub-
strates. We found that the hyaluronidase SD jumps over
the sulfated moieties at the nonreducing terminals and
endolytically cleaves the internal unsulfated moieties in the
ChS. Recently, the hyaluronidase from Streptococcus aga-
lactiae, which belongs to group B rather than group C, has
been shown to cleave ChS specifically (40), but it is not
commercially available at present. In this study we have
shown that the hyaluronidase from Streptococcus dysgalac-
tiae has a specificity that will be useful in the structural
analysis of ChS.

The use of restriction enzymes acting on DNA has accel-
erated the progress of genetic engineering. On the other
hand, restriction enzymes for GAG chains have received lit-
tle attention. Successive reports have indicated that GAG
chains have certain domains that are concerned with their
specific biological functions (41, 42). To isolate functional
domains from a GAG chain, GAG-degrading endo-type en-
zymes, used as restriction enzymes, have become very im-
portant tools. Thus, the exploitation of the limited specific
cleavage of ChS by hyaluronidase SD, to release the sul-
fated domains of ChS, is expected to assist in the progress
of glycoengineering.
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