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ABSTRACT: Squid cartilage chondroitin sulfate E (CS-E) exhibits various biological activities, including
anticoagulant activities, lymphoid regulatory activities, and neuroregulatory activities [Ueoka, C., Kaneda,
N., Okazaki, I., Nadanaka, S., Muramatsu, T., and Sugahara, K. (2000)J. Biol. Chem. 275, 37407-
37413]. These activities are expressed through molecular interactions with specific proteins, including
heparin cofactor II, selectins, CD44, chemokines, and the heparin-binding growth factor midkine. Hence,
the sugar sequence information is essential for a better understanding of the CS-E functions. Previously,
several novel tetrasaccharides containing the unreported 3-O-sulfated glucuronic acid (GlcA) were isolated
after digestion of squid cartilage CS-E with testicular hyaluronidase. In this study, hexasaccharides were
isolated to obtain more detailed sequence information, especially around the GlcA(3-O-sulfate) residue,
and were characterized by fast atom bombardment mass spectrometry and 500 or 600 MHz1H NMR
spectroscopy. The findings demonstrate one tetrasulfated and five pentasulfated hexasaccharide sequences,
five of them being novel. They were composed of three disaccharide building units of either A [GlcA-
(â1-3)GalNAc(4-O-sulfate)], E [GlcA(â1-3)GalNAc(4,6-O-disulfate)], K [GlcA(3-O-sulfate)(â1-3)-
GalNAc(4-O-sulfate)], L [GlcA(3-O-sulfate)(â1-3)GalNAc(6-O-sulfate)], or M [GlcA(3-O-sulfate)(â1-
3)GalNAc(4,6-O-disulfate)], forming E-A-A, M-A-A, K-L-A, E-E-A, K-K-A, and A-M-A hexasaccharide
sequences. The K-L tetrasaccharide sequence is to date unreported. The isolated sequences appear to
indicate the occurrence of an unreported GlcA 3-O-sulfotransferase specific for chondroitin sulfate. The
obtained sequence information will be useful for investigating the structure-function relationship and
biosynthesis of CS-E.

Chondroitin sulfate proteoglycans (CS-PGs)1 are widely
found in the extracellular matrixes of various tissues, at the
surface of many cell types, and in intracellular secretory
granules. They play several key roles in the normal physiol-
ogy of animal tissues, regulating cell migration, cell recogni-
tion and tissue morphogenesis (for reviews, see refs1 and
2). Immunological studies have shown developmentally
regulated expression of the epitopes in the rodent fetus and
in the rat central nervous system (for reviews, see refs3-5).

Some CS epitopes are distributed differentially in distinct
tissues and in functionally distinct domains within these
tissues (6), suggesting that CS chains differing in the degree
and profile of sulfation perform distinct functions in develop-
ment.

Oversulfated CS variants are interesting, since they contain
rare structural building units and, hence, may form domain
structures interacting with specific protein ligands. These
oversulfated CS structures were originally discovered in
marine organisms. They include shark cartilage CS-D, king
crab cartilage CS-K, hagfish notochord CS-H, and squid
cartilage CS-E, which are characterized by the distinct
disulfated disaccharide units, GlcA(2S)(â1-3)GalNAc(6S)
(D unit; 7), GlcA(3S)(â1-3)GalNAc(4S) (K unit;8), IdoA-
(R1-3)GalNAc(4S,6S) (H or iE unit;9), and GlcA(â1-3)-
GalNAc(4S,6S) (E unit;10), where GlcA, IdoA, 2S, 3S, 4S,
and 6S representD-glucuronic acid,L-iduronic acid, and 2-O-,
3-O-, 4-O-, and 6-O-sulfate, respectively (11). However,
these oversulfated units are not limited to marine organisms
and have been identified in various tissues and cells from
higher vertebrates. D and E units have been found in human
rib cartilage in small proportions (12), and also in the brains
of embryonic chicks (13), embryonic rats (14), and adult
bovine (15). Another disaccharide unit, IdoA-GalNAc(4S,-
6S), has also been identified in dermatan sulfate (DS) from
mammalian liver (16) and bovine kidney (17). It has been
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proposed to designate this type of DS as DS-E (18), since
the disaccharide contains GalNAc(4S,6S) linked to IdoA (see
above for the iE unit).

CS-E is of particular interest, since it is highly biologically
relevant. It exhibits differentiation-associated expression in
embryonic chick chondrocytes (19), and haemopoietic cells
(for a review, see ref20) such as macrophages (21-23),
mast cell subsets derived from intestinal mucosa and bone
marrow (24; for a review, see ref25), and related cells (26,
27), and is likely to be associated with specific functions of
these cells (see the Introduction in ref18). The CS or DS
chains with E units on the surfaces of endothelial cells (28),
macrophages (21, 22), and monocytes (27) have been
implicated in anticoagulation and in the inhibition of
activated properdin in the alternative complement pathway
(29). Although the PG containing the CS-E or DS-E chain
with a unique sequence on the endothelial cell surface has
been identified asâ-thrombomodulin (30), the cell surface
PGs containing CS-E/DS-E chains on macrophages and
monocytes are unknown. The CS-E or DS-E chains of these
putative PG molecules have not yet been characterized.

Squid cartilage CS-E, which mimics heparin under certain
circumstances, shows an in vitro anticoagulant property (31),
primarily by accelerating the heparin cofactor II interaction
with thrombin (factor IIa) (32). It also mimics the action of
the cell surface CS-E or DS-E on the murine bone marrow-
derived mast cells to inhibit the function of activated
properdin in the alternative complement pathway (29).
However, the functional domain sequences are unknown for
squid cartilage CS-E or the cell surface CS chains mentioned
above. Recently, we demonstrated the neurite outgrowth
promoting activity of squid cartilage CS-E toward embryonic
day 18 rat hippocampal neurons (33). Although shark
cartilage CS-D also displayed a neurite length promoting
effect, this effect was clearly supervened by the CS-E, which
displayed a tremendous neurite length promoting effect as
shown using quantitative morphometry of neurite lengths
(34). Interestingly, the activity of the CS-E was not neutral-
ized by mAb 473HD, which blocked the effect of CS-D that
contains the functional domain, DSD-1 epitope (33-36),
suggesting that a novel, previously unknown structural
domain with neurite outgrowth promoting properties is
contained in squid cartilage CS-E. We further showed that
CS-E inhibited the neuronal cell adhesion mediated by the
neuroregulatory heparin-binding growth factor midkine,
through direct molecular interactions with this factor (14).

In view of the biological activities of squid cartilage CS-
E, we have been conducting systematic structural studies of
CS-E as well as DS-E (CS-H), CS-D, and CS-K (reviewed
in ref 11). Previously, several novel tetrasaccharides were
isolated after exhaustive digestion of squid cartilage CS-E
with testicular hyaluronidase, and we demonstrated the
unreported 3-O-sulfated GlcA component in the tetrasac-
charide sequences (18). In this study, to obtain further
sequence information adjacent to the unique 3-O-sulfated
GlcA residue, hexasaccharides were isolated from squid
cartilage CS-E and structurally characterized. Preliminary
findings were reported in abstract form (37).

EXPERIMENTAL PROCEDURES

Materials. Squid cartilage CS-E, six unsaturated standard
CS disaccharides, chondroitinases ABC (EC 4.2.2.4) and AC-

II (EC 4.2.2.5), chondro-4-sulfatase (EC 3.1.6.9), and chon-
dro-6-sulfatase (EC 3.1.6.10) were purchased from Seikagaku
Corp. (Tokyo, Japan). Sheep testicular hyaluronidase (EC
3.2.1.35) was obtained from Sigma. Sephadex G-25 (fine)
was from Amersham Pharmacia Biotech (Tokyo, Japan).

Preparation of Oligosaccharide Fractions.A commercial
squid cartilage CS-E (100 mg) was exhaustively digested
with sheep testicular hyaluronidase, and the digest was
fractionated into fractions I-IX by gel filtration on a Bio-
Gel P-10 column as described previously (18). In this study,
fraction VIII, which contains hexasaccharides, was subfrac-
tionated by HPLC on an amine-bound silica PA13 column
(6.0 mm× 250 mm) (YMC Co., Kyoto, Japan) using a linear
NaH2PO4 gradient from 16 to 798 mM over a 90 min period
at a flow rate of 1.7 mL/min at room temperature. The eluates
were monitored by absorbance at 210 nm. Major peaks were
purified by rechromatography under the same conditions as
the first step and desalted through a column (1.5 cm× 46
cm) of Sephadex G-25 (fine) using distilled water as the
eluent. Each peak was quantified by the carbazole method,
using GlcA as a standard (38).

Capillary Electrophoresis (CE) Analysis. The homogeneity
of each purified oligosaccharide fraction was judged by CE
as well as by HPLC. The electrophoresis was performed as
described previously (39), being monitored by absorption at
185 nm.

Fast Atom Bombardment Mass Spectrometry (FAB-MS).
The sugar and sulfate compositions of oligosaccharides were
determined by FAB-MS. FAB mass spectra of the oligosac-
charide samples were obtained using a VG Analytical ZAB-
2SE 2FPD mass spectrometer fitted with a cesium ion gun
operated at 20-25 kV as described previously (18). Data
were obtained and processed using the VG Analytical Opus
software. Monothioglycerol was used as the matrix.

1H NMR Spectroscopy (600 or 500 MHz).The purified
oligosaccharides for NMR analysis were repeatedly ex-
changed in2H2O with intermittent lyophilization. The 600
MHz 1H NMR spectra were recorded on a Bruker AM-600
(Faculty of Pharmaceutical Sciences, Kyoto University,
Kyoto, Japan) at a probe temperature of 26 or 60°C as
reported previously (40). The 500 MHz1H NMR spectra
were recorded on a Varian-500 instrument at a probe
temperature of 26 or 60°C as reported previously (41). When
the available amount of oligosaccharide was small, one- and
two-dimensional1H NMR analyses were carried out on a
Varian-500 instrument using a Nano-NMR probe containing
40 µL of the sample solution. The Nano-NMR probe spins
samples rapidly at the magic angle to remove the magnetic-
susceptibility contributions to the1H NMR line widths (42).
The spin rate was typically∼2 kHz. Proton one-dimensional
(1D) NMR spectra were obtained in∼640 scans using
presaturation of the HOD peak. HOHAHA two-dimensional
(2D) spectra (43) were obtained using a Malcom Levitt-17
spin lock with a duration of 80 ms, a 1.0 s presaturation,
168-320 scans pert1 data point, and 512 complex data points
in t1; the total measuring time was 15-30 h. COSY spectra
(44) were obtained using 512 complext1 data points having
160-256 scans; measurement times were 7-11 h. HO-
HAHA spectra were obtained in a phase-sensitive mode using
hypercomplex sampling int1. All 2D spectra included
presaturation of the HOD resonance. Line broadening (0.3
Hz) was applied to 1D spectra, while HOHAHA spectra were
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weighted with Gaussian functions and COSY spectra mul-
tiplied by a phase-shifted sine bell function. Chemical shifts
are given relative to sodium 4,4-dimethyl-4-silapentane-1-
sulfonate, but were actually measured indirectly relative to
acetone (δ 2.225) in2H2O (45).

Digestion of the Isolated Oligosaccharides with Chon-
droitinases and Sulfatases. Each isolated oligosaccharide (3.0
nmol as GlcA) was digested using 10-20 mIU of chon-
droitinase ABC or AC-II, chondro-4-sulfatase, or chondro-
6-sulfatase as described previously (41). Reactions were
terminated by boiling for 1 min, and the reaction mixture
was analyzed by HPLC as reported previously (17, 46).
Eluates were monitored by absorption at both 210 and 232
nm, caused by theN-acetyl group of the GalNAc residue
and the 4,5-unsaturated bond of the∆HexA residue, respec-
tively.

RESULTS

Isolation of the Oligosaccharides.A commercial prepara-
tion of squid cartilage CS-E was exhaustively digested with
sheep testicular hyaluronidase as reported previously (18).
The digest was size-fractionated by gel filtration on a Bio-
Gel P-10 column. A number of peaks were observed when
monitored by absorbance at 210 nm, caused primarily by
carbonyl groups, and divided into nine fractions (I-IX). The
smallest size fraction (IX) contained tetrasaccharides whose
structures were determined previously (18). In this study,
fraction VIII was investigated. It represented approximately
8.1% of the resultant oligosaccharides on the basis of the
absorbance at 210 nm and was judged to contain hexasac-
charides on the basis of the well-defined mechanism of action
of hyaluronidase (47, 48). It was subfractionated into 26
fractions named arbitrarilyA-Z as indicated in Figure 1 by
HPLC on an amine-bound silica column. Five major fractions
(I andM-P) marked by asterisks were further purified by
rechromatography. These individual fractions, except for
fraction M , gave essentially a single major peak when
examined by CE (Table 1). The amounts of the purified
oligosaccharides in each fraction from 100 mg of CS-E are

summarized in Table 1. The structures of the compounds in
fractionsI andN-P were analyzed as described below.

FractionM was resolved into two subfractions,Ma and
Mb , by CE (Figure 1 inset), and the major component in
fraction Ma and the minor component in fractionMb
accounted for 62 and 38%, respectively, of the components
in fraction M . However, it was not possible to fractionate
fraction M preparatively into its subcomponents by CE.
Therefore, fractionM was divided into four equal parts,
M-1-4, by volume in the order of the elution in the
rechromatography on HPLC. When examined by CE (data
not shown), each subfraction (M-1, -2, -3, or -4) contained
componentsMa andMb in a molar ratio of 100:0, 87:13,
64:36, or 20:80, respectively. The amounts of the oligosac-
charides inM-1-4 from 100 mg of CS-E were 84, 50, 65,
and 111 nmol, respectively. The molar proportion of the
components in fractionsMa andMb was calculated to be
62:38, being consistent with the data obtained by CE. Of
the four fractions,M-1 and -4 only were used for the
structural analysis of the components in fractionsMa and
Mb , respectively, as described below.

As described previously (49, 50), oligosaccharides con-
taining GlcA(3S) at the internal position are resistant to the
action of chondroitinase AC-II, whereas chondroitinase ABC
digestion of such oligosaccharides results in the disappear-
ance of the GlcA(3S)-containing disaccharide units as
examined by absorbance at 232 nm on HPLC due to the
destruction of the GlcA(3S) structure. Hence, the enzymatic
determination of the disaccharide composition and sequential
arrangement of the disaccharide units is impossible at present
if oligosaccharides contain GlcA(3S) at the internal position.
Since some of the oligosaccharides characterized in this study
contained GlcA(3S) at the internal position (see below),
structural analysis of the component in each fraction was
accomplished by1H NMR analysis in conjunction with FAB-
MS, and enzymatic digestions were used to obtain the
supplementary evidence.

FAB-MS Analysis. FAB-MS analyses of the underivatized
oligosaccharide samples in the negative-ion mode defined
their molecular weights, from which the composition and
the maximum number ofO-sulfate groups present in each
fraction were inferred, as in the case of heparin, heparan
sulfate, and CS oligosaccharides (39, 49). In the negative
ion mode FAB spectrum, alkali-metal-attached molecular
ions of the type [M+ xNa- (x+1)H]- (where M represents
the fully protonated acid forms of oligosaccharides) were
preferentially observed. The most prevalent fragment ions
observed corresponded to loss of sulfite from the molecular

FIGURE 1: Subfractionation of the hexasaccharide fraction by anion-
exchange HPLC. The hexasaccharide fraction obtained by gel
filtration on a Bio-Gel P-10 column (18) was chromatographed on
an amine-bound silica PA13 column using a linear salt gradient as
described in Experimental Procedures. The linear gradient is
indicated by the dashed line. Fractions marked with asterisks were
subjected to structural analysis. The inset shows the separation of
fraction M into subfractionsMa andMb by CE.

Table 1: Quantity and Purity of Each Hexasaccharide Fractiona

fraction yieldb (nmol) HPLC (%) CE (%)

I 800 89 85
M 310 100 62c

N 500 100 99
O 220 100 100
P 310 100 100

a Quantity is calculated on the basis of the absorption at 210 nm
caused by theN-acetyl group of the GalNAc residues. Purity of the
isolated hexasaccharide fractions was examined by HPLC and CE.
b Yield is given in nmol obtained from 100 mg CS-E.c FractionM
was divided into subfractionsMa (191 nmol) andMb (119 nmol) in
a molar ratio of 62:38.
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ions. Representative FAB spectra are shown in Figure 2, and
assignments of the molecular ion signals afforded by each
of the analyzed fractions are summarized in Table 2.

The molecular ion signal clusters atm/z1576, 1598, 1620,
1642, 1664, and 1686 afforded by fractionM , which was
unfractionated and hence a mixture ofMa and Mb , cor-
responded to [M+ Na - 2H]-, [M + 2Na - 3H]-, [M +
3Na - 4H]-, [M + 4Na - 5H]-, [M + 5Na - 6H]-, and
[M + 6Na- 7H]-, respectively, of a pentasulfated saturated
hexasaccharide HexA3HexNAc3(OSO3H)5 (Figure 2A). The
fragment ion signal atm/z 1540 corresponded to loss of an
SO3 group from the molecular ion atm/z 1620 ([M +
3Na - 4H]-) (Figure 2A). In the negative ion mode FAB-
MS spectrum of fractionP (Figure 2B), the molecular ion
signal clusters atm/z 1642, 1664, and 1686 corresponded to
[M + 4Na - 5H]-, [M + 5Na - 6H]-, and [M + 6Na -
7H]-, respectively, of a pentasulfated saturated hexasaccha-
ride HexA3HexNAc3(OSO3H)5. Mass spectrometric loss of
a sulfite moiety (80 units) from each of the molecular ion
signals yielded the cluster of signals atm/z 1562, 1584, and

1606, respectively. As shown in Table 2, the molecular ion
signal clusters atm/z 1496, 1518, 1540, 1562, and 1584
afforded by fractionI corresponded to [M+ Na - 2H]-,
[M + 2Na- 3H]-, [M + 3Na- 4H]-, [M + 4Na- 5H]-,
and [M + 5Na - 6H]-, respectively, of a tetrasulfated
saturated hexasaccharide HexA3HexNAc3(OSO3H)4. The
molecular ion signal clusters atm/z 1620, 1642, and 1664
afforded by fractionN corresponded to [M+ 3Na- 4H]-,
[M + 4Na- 5H]-, and [M+ 5Na- 6H]-, respectively, of
a pentasulfated saturated hexasaccharide HexA3HexNAc3-
(OSO3H)5. The molecular ion signal clusters atm/z 1598,
1620, 1642, and 1664 afforded by fractionO corresponded
to [M + 2Na - 3H]-, [M + 3Na - 4H]-, [M + 4Na -
5H]-, and [M+ 5Na- 6H]-, respectively, of a pentasulfated
saturated hexasaccharide HexA3HexNAc3(OSO3H)5. The
number of sulfate groups of each fraction determined by
FAB-MS analysis is consistent with that estimated from the
elution position on HPLC.

Structural Analysis of the Isolated Oligosaccharides. The
structure of the major compound in each isolated oligosac-

FIGURE 2: Negative ion mode FAB mass spectra of underivatized fractionsM (A) and P (B). Major molecular ion signals were assigned
as summarized in Table 2.

Table 2: FAB-MS Analysis of the Five Oligosaccharides Isolated from CS-E of Squid Cartilage

fraction MW
m/z for

[M + Na - 2H]-

m/z for
[M + 2Na

- 3H]-

m/z for
[M + 3Na

- 4H]-

m/z for
[M + 4Na

- 5H]-

m/z for
[M + 5Na

- 6H]-

m/z for
[M + 6Na

- 7H]- assignment

I 1475 1496 1518 1540 1562 1584 HexA3HexNAc3(OSO3H)4

M 1555 1576 1598 1620 1642 1664 1686 HexA3HexNAc3(OSO3H)5

N 1555 1620 1642 1664 HexA3HexNAc3(OSO3H)5

O 1555 1598 1620 1642 1664 HexA3HexNAc3(OSO3H)5

P 1555 1642 1664 1686 HexA3HexNAc3(OSO3H)5
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charide fraction was determined by 500 or 600 MHz1H
NMR analysis. The 500 MHz 1D spectrum and 2D HO-
HAHA spectrum of fraction M-4 which contains the
compoundMb as the major component are depicted as
representative examples in Figures 3A and 4A, respectively.
The 600 MHz 1D and 2D HOHAHA spectra of fractionP
are also depicted in Figures 3B and 4B, respectively. When
the spectra were recorded at 60°C to suppress the disturbance

by the HOD line, weak resonances around 4.8 ppm were
recognizable in the 1D spectrum as shown in the inset of
Figure 3B.

The resonances were well-resolved in the structural-
reporter group regions between 4.4 and 5.3 ppm and∼2.0
ppm, being separated from other signals in the bulk region
(3.6-4.3 ppm). The resonances between 4.4 and 5.3 ppm
are characteristic of anomeric protons, whereas those at∼2.0

FIGURE 3: Structural-reporter group regions of the 500 MHz 1D1H NMR spectrum of fractionMb (A) and the 600 MHz 1D1H NMR
spectrum ofP (B) recorded in2H2O at 26°C. The numbers and letters in the spectra refer to the corresponding sugar residues in the
structures. The inset in panel B is the spectrum recorded at 60°C to suppress disturbance by the HOD line. U and G stand for GlcA and
GalNAc, respectively.
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FIGURE 4: 2D HOHAHA spectra of fractionsMb (A) and P (B) recorded in2H2O at 26°C. The numbers and letters in the spectra refer
to the corresponding sugar residues in the structures. For abbreviations, see the legend of Figure 3.
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ppm are characteristic of the NAc protons of GalNAc. The
other proton chemical shifts were assigned using 2D HO-
HAHA and COSY analyses (51), and the NMR data are
summarized in Table 3. The types of the three uronic acid
residues in each isolated hexasaccharide were identified as
GlcA on the basis of the chemical shifts (δ 4.46-4.60) of
the anomeric proton signals. Anomeric proton signals of an
RIdoA and aâGlcA in oligosaccharides derived from DS
and CS are observed aroundδ 5.0-5.2 and 4.5-4.8,
respectively (41, 52). O-Sulfation causes downfield shifts
of protons bound to the O-sulfated carbon atoms by ap-
proximately 0.4-0.7 ppm (41, 51, 53). Thus, sulfation
positions of the saccharide residues were determined by
comparison with the proton signals of nonsulfated saccharide
residues (41, 51). Three NAc proton signals observed for

each hexasaccharide component were assigned by compari-
son with those of CS oligosaccharides reported previously
(18, 41, 51).

The data from the FAB-MS analysis indicated that the
major compound in fractionI had the hexasaccharide
structure HexA-GalNAc-HexA-GalNAc-HexA-GalNAc with
four sulfate groups. The types of uronic acid and sulfation
sites were determined by1H NMR analysis. Most of the
chemical shifts of protons were assigned using 2D HOHAHA
and COSY (results not shown), starting with the H-1
resonances of GalNAc-1R, GalNAc-1â, GlcA-2R, GlcA-2â,
GalNAc-3Râ, GlcA-4Râ, GalNAc-5Râ, and GlcA-6Râ
observed atδ 5.207, 4.71, 4.521, 4.475, 4.569, 4.470, 4.611,
and 4.465, respectively, as in the oligosaccharides isolated
from various CS variants (41). The symbolsR and â here

Table 3: 1H Chemical Shifts of the Constituent Monosaccharides of the Hexasaccharides Isolated from CS-Ea

a Chemical shifts are given in parts per million downfield from internal sodium 4,4-dimethyl-4-silapentane-1-sulfonate, but were actually measured
indirectly in reference to acetone (δ 2.225 in2H2O at 26°C. The estimated error for the values to two decimal places was only(0.01 ppm because
of partial overlap of signals. That for the values to three decimal places was(0.002 ppm. Coupling constantsJ1,2 (in hertz) are given in parentheses.
b G, U, 3S, 4S, and 6S represent GalNAc, GlcA, 3-O-sulfate, 4-O-sulfate, and 6-O-sulfate, respectively.c The symbolsR andâ represent theR- and
â-form of each oligosaccharide, respectively, which are in equilibrium in water (also see the text). Consequently, anomeric effects were observed
for the H-2-H-6 protons of each GalNAc-1 residue and the H-1 proton of each GlcA-2 residue.d Values determined at 60°C. e ND, not determined.
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and in Table 3 represent theR- and â-forms of each
oligosaccharide, respectively, which are in equilibrium in
water; hence, GalNAc-3Râ, for example, stands for the
GalNAc-3 residues in bothR- andâ-forms of the oligosac-
charide. In the 1D spectrum, downfield shifts of H-4 of
GalNAc-1, -3, and -5 as well as H-6 of GalNAc-5 of
approximately 0.6 ppm as well as 0.5 ppm were found,
indicating 4-O-sulfation of GalNAc-1, -3, and -5 as well as
6-O-sulfation of GalNAc-5, respectively. When the spectral
data of fractionI (Table 3) were compared with those of
the previously reported disulfated tetrasaccharide GlcA(â1-
3)GalNAc(4S)(â1-4)GlcA(â1-3)GalNAc(4S) (fractionh in
ref 18) and trisulfated tetrasaccharide GlcA(â1-3)GalNAc-
(4S,6S)(â1-4)GlcA(â1-3)GalNAc(4S) (fractionn in ref
18), the chemical shifts of the proton signals of the reducing
terminal region were very similar to those of fractionh, and
those of the signals of the nonreducing terminal region
resembled those of fractionn. Hence, the structure of the
compound in fractionI is as follows: GlcA(â1-3)GalNAc-
(4S,6S)(â1-4)GlcA(â1-3)GalNAc(4S)(â1-4)GlcA(â1-3)-
GalNAc(4S).

Chondroitinase AC-II digestion of fractionI gave rise to
a major and a minor peak at the position of∆HexA-GalNAc-
(4S) and GlcA-GalNAc(4S,6S),2 respectively, as monitored
by absorbance at 210 nm, only the former showing absor-
bance at 232 nm (data not shown). If the parent hexasac-
charide in fractionI is taken to be 1 mol, the recovery of
the unsaturated disaccharide was approximately 2 mol
calculated on the basis of the absorbance at 232 nm,
indicating that fractionI yielded∆HexA-GalNAc(4S) and
GlcA-GalNAc(4S,6S) in a molar ratio of 2:1. These results
are in agreement with the structure proposed by FAB-MS
and1H NMR analyses.

Most of the chemical shifts of protons of the major
compound in fractionN were also assigned using 2D
HOHAHA and COSY (results not shown), starting with the
H-1 resonances of GalNAc-1R, GalNAc-1â, GlcA-2R, GlcA-
2â, GalNAc-3Râ, GlcA-4Râ, GalNAc-5Râ, and GlcA-6Râ
observed atδ 5.210, 4.72, 4.539, 4.493, 4.64, 4.476, 4.64,
and 4.466, respectively. In the 1D spectrum, large downfield
shifts of GalNAc-1 H-4, GalNAc-3 H-4, H-6, and H-6′, and
GalNAc-5 H-4, H-6, and H-6′ were observed, supporting
4-O-sulfation of GalNAc-1 and 4,6-O-disulfation of Gal-
NAc-3 and -5. The comparison of the spectral data of fraction
N (Table 3) with those of the previously reported trisulfated
tetrasaccharide GlcA(â1-3)GalNAc(4S,6S)(â1-4)GlcA-
(â1-3)GalNAc(4S) (fractionn in ref 18) confirmed that this
fraction contained a structural element, -GlcA-GalNAc(4-
O-sulfate), at the reducing terminus. Hence, the following
structure is proposed for the compound in fractionN and is
in agreement with the results obtained from the FAB-MS
analysis described above: GlcA(â1-3)GalNAc(4S,6S)(â1-
4)GlcA(â1-3)GalNAc(4S,6S)(â1-4)GlcA(â1-3)GalNAc-
(4S).

HPLC analysis of the chondroitinase AC-II digest of
fractionN showed∆HexA-GalNAc(4S) and∆HexA-GalNAc-
(4S,6S) in a molar ratio of 1:1, as monitored by absorbance

at 232 nm. An additional weak UV-absorbing peak at the
position of GlcA-GalNAc(4S,6S) was detected when moni-
tored at 210 nm (data not shown). These results indicate that
fraction N yielded∆HexA-GalNAc(4S),∆HexA-GalNAc-
(4S,6S), and GlcA-GalNAc(4S,6S) upon chondroitinase AC-
II digestion. Since fractionN was resistant to chondro-6-
sulfatase (data not shown), the unsaturated disaccharide unit
containing a 6-O-sulfated GalNAc residue was judged not
to be located on the reducing side on the basis of the
specificity of the chondro-6-sulfatase (54). These results
obtained by enzymatic digestions are in agreement with the
structure determined by FAB-MS and1H NMR analyses.

The 1D1H NMR spectrum (not shown) and the NMR data
(Table 3) of fractionO were indistinguishable from those
of the pentasulfated hexasaccharide GlcA(3S)(â1-3)GalNAc-
(4S)(â1-4)GlcA(3S)(â1-3)GalNAc(4S)(â1-4)GlcA(â1-
3)GalNAc(4S) isolated from king crab cartilage CS-K
(fraction 8 in ref 50). The deduced composition of the
saccharides and sulfates was consistent with that proposed
by FAB-MS. Hence, the structure of the compound in
fractionO is as follows: GlcA(3S)(â1-3)GalNAc(4S)(â1-
4)GlcA(3S)(â1-3)GalNAc(4S)(â1-4)GlcA(â1-3)GalNAc-
(4S).

HPLC analysis of the chondroitinase AC-II digest of
fraction O showed a major peak at the elution position of
∆HexA-GalNAc(4S) and a minor one at the position of an
authentic tetrasaccharide GlcA(3S)-GalNAc(4S)-GlcA(3S)-
GalNAc(4S) as monitored by absorbance at 210 nm (fraction
4 in ref 49), only the major peak showing absorbance at 232
nm (data not shown). Chondroitinase ABC digestion of
fractionO yielded a major peak at the position of∆HexA-
GalNAc(4S) and a minor peak at the position of authentic
GlcA(3S)-GalNAc(4S) (49, 50) when monitored by absor-
bance at 210 nm (data not shown), being consistent with
the notion that disaccharide units containing GlcA(3S) at the
internal positions are destroyed by the action of chondroiti-
nase ABC (49, 50).

The 1D spectrum and 2D HOHAHA spectrum of fraction
P are presented in Figures 3B and 4B, respectively. The
comparison of the spectral data with those of fractionO
showed no significant differences except for the signals of
GalNAc-3 and GlcA-6 (Table 3). Large downfield shifts of
GalNAc-3 H-4, H-6, and H-6′ were observed when compared
with those of the nonsulfated GalNAc residues found in CS
oligosaccharides (51), supporting 4,6-O-disulfation of the
residue. Upfield shifts of H-2, H-3, and H-4 of GlcA-6 of
0.17, 0.82, and 0.19 ppm, respectively, were observed when
compared with those of fractionO, indicating that the C-3
position of the GlcA-6 residue was not sulfated. These results
were consistent with them/z value obtained by FAB-MS
analysis described above. Hence, the compound in fraction
P has the following pentasulfated hexasaccharide structure:
GlcA(â1-3)GalNAc(4S)(â1-4)GlcA(3S)(â1-3)GalNAc-
(4S,6S)(â1-4)GlcA(â1-3)GalNAc(4S).

Chondroitinase AC-II digestion of fractionP resulted in
mainly two components, a major one that eluted at the
position of∆HexA-GalNAc(4S) and a minor one that eluted
in the elution area of tetrasulfated tetrasaccharides3 when

2 The elution positions of the rare saturated disaccharides such as
GlcA-GalNAc(4S,6S) and GlcA(3S)-GalNAc(4S,6S) were determined
using the chondroitinase AC-II digest of the authentic saturated
tetrasaccharides isolated previously (18).

3 The elution area of differentially sulfated saturated tetrasaccharides
was estimated on the basis of the data obtained previously for authentic
tetrasaccharides (18, 49).

Hexasaccharides from Chondroitin Sulfate E Biochemistry, Vol. 40, No. 42, 200112661



monitored by absorbance at 210 nm. When monitored by
absorbance at 232 nm, only the major peak was detected
(data not shown). Chondroitinase ABC digestion of fraction
P yielded a major peak at the position of∆HexA-GalNAc-
(4S) and a minor peak at the position of authentic GlcA-
GalNAc(4S) (18) when monitored by absorbance at 210 nm
(data not shown). The failure of detection of a GlcA(3S)-
containing unit is in agreement with the notion that disac-
charide units containing GlcA(3S) at the internal positions
are destroyed by the action of chondroitinase ABC (49, 50).

The comparison of the spectral data of fractionMa (M-
1) with those of fractionI (Table 3) showed no significant
differences except for the downfield shifts (0.09-0.82 ppm)
of the proton signals belonging to the nonreducing terminal
GlcA. The largest downfield shift of 0.82 ppm was observed
for the H-3 signal. The results indicate that the major
compound in fractionMa had an additional sulfate group
on C-3 of the nonreducing terminal GlcA in the structure
proposed for the compound in fractionI . Hence, the structure
of the compound in fractionMa is as follows and in
agreement with the results obtained from the FAB-MS
analysis of fractionM : GlcA(3S)(â1-3)GalNAc(4S,6S)-
(â1-4)GlcA(â1-3)GalNAc(4S)(â1-4)GlcA(â1-3)GalNAc-
(4S).

Chondroitinase AC-II digestion of fractionMa yielded a
major peak at the elution position of∆HexA-GalNAc(4S)
and a minor one that eluted near the elution position of a
trisulfated disaccharide when monitored by absorbance at
210 nm, only the former showing absorbance at 232 nm (data
not shown). If the parent hexasaccharide in fractionMa is
taken to be 1 mol, approximately 2 mol of the unsaturated
disaccharide was recovered as calculated on the basis of the
absorbance at 232 nm, indicating that fractionMa yielded
∆HexA-GalNAc(4S) and a saturated trisulfated disaccharide
in a molar ratio of 2:1. These results obtained by enzymatic
digestions are in agreement with the structure proposed by
FAB-MS and1H NMR analyses.

The 1D spectrum and 2D HOHAHA spectrum of fraction
Mb (M-4) are shown in Figures 3A and 4A, respectively,
and the NMR data are summarized in Table 3. The chemical
shifts of protons belonging to GlcA-6, GalNAc-5, and
GlcA-4 were very similar to those of the compound in
fraction O, indicating the presence of the trisulfated trisac-
charide sequence of GlcA(3S)(â1-3)GalNAc(4S)(â1-4)-
GlcA(3S)(â1-). Compared with the NMR data for the
previously reported trisulfated tetrasaccharide GlcA(3S)(â1-
3)GalNAc(6S)(â1-4)GlcA(â1-3)GalNAc(4S) (fractionl in
ref 18), the chemical shifts of the proton signals of the
reducing terminal trisaccharide region closely resembled
those of fractionl, indicating the presence of the structural
element, -3GalNAc(6S)(â1-4)GlcA(â1-3)GalNAc(4S).
The estimated number of sulfate groups is consistent with
them/zvalue obtained by FAB-MS for fractionM described
above. Hence, the compound in fractionMb has the
following structure: GlcA(3S)(â1-3)GalNAc(4S)(â1-4)-
GlcA(3S)(â1-3)GalNAc(6S)(â1-4)GlcA(â1-3)GalNAc-
(4S).

Chondroitinase AC-II digestion of fractionMb resulted
in mainly two components, a major one that eluted at the
position of∆HexA-GalNAc(4S) and a minor one that eluted
in the elution area of tetrasulfated tetrasaccharides, with only
the major peak exhibiting absorbance at 232 nm (data not

shown). Chondroitinase ABC digestion of fractionMb
yielded a major peak at the position of∆HexA-GalNAc-
(4S) and a minor peak at the position of authentic GlcA-
(3S)-GalNAc(4S) when monitored by absorbance at 210 nm
(data not shown). This result and that from FAB-MS analysis
indicated that the compound in fractionMb contains the
GlcA(3S)-containing disulfated disaccharide unit at the
internal position. Upon successive digestion with chondroiti-
nase AC-II and chondro-6-sulfatase, a presumed tetrasulfated
tetrasaccharide peak in the chondroitinase AC-II digest was
shifted to a position corresponding to the loss of one sulfate
group on HPLC (data not shown), indicating that the reducing
GalNAc residue of the tetrasaccharide is monosulfated at
its C-6 position. Chondro-6-sulfatase specifically attacks
GalNAc(6S) on the reducing end of chondroitin sulfate
oligosaccharides (41, 54). These results are in agreement with
the structure proposed by1H NMR analysis.

Three NAc proton signals were observed for the major
oligosaccharide component of each isolated fraction. They
were assigned by comparison with those of the reported CS
oligosaccharides (18, 41, 49-51). In previous 1H NMR
studies of saturated CS tetra- and hexasaccharides (18, 49,
50), the chemical shifts of the NAc proton signals of the
reducing terminal GalNAc(4S) and the penultimate GalNAc-
(4S) from the nonreducing terminus were observed around
δ 2.016-2.024 and 2.039-2.044, respectively, and were
influenced by O-sulfation of the neighboring uronic acid
residue (18, 50, 51). On the basis of these observations, the
NAc proton signals of the hexasaccharides in the isolated
fractions were assigned as shown in Table 3. The NAc proton
signals of GalNAc(4S)-3 were observed at a higher magnetic
field than those of GalNAc(4S)-5. 3-O-Sulfation of the
GlcA-4 residue resulted in a downfield shift of the NAc
proton signal of GalNAc(4S)-5 by approximately 0.01 ppm.

DISCUSSION

In this study, six sulfated oligosaccharides were isolated
from squid cartilage CS-E after digestion with sheep tes-
ticular hyaluronidase, which exhibits transglycosylation
activity through the reverse reaction of hydrolysis (55, 56).
However, these oligosaccharides most likely originated from
natural sequences. Although construction of artificial chon-
dro-oligosaccharides has been achieved by taking advantage
of the transglycosylation activity of testicular hyaluronidase
(57), CS chains do not serve as donors or acceptors as
efficiently as chondroitin does for the transglycosylation
reactions (57, 58). In addition, oversulfated CS variants,
CS-D or CS-E, do not serve as donor substrates for the
transglycosylation reactions4 under the established optimum
conditions (57). Hence, it is unlikely that the isolated
hexasaccharides were generated by transglycosylation reac-
tions as discussed for the CS-E tetrasaccharides isolated
previously (18).

The disaccharide units found at the reducing and nonre-
ducing termini of the isolated oligosaccharides, hence, reflect
the cleavage sites of the hyaluronidase rather than the
terminal structures generated by the transglycosylation reac-
tions. All the isolated structures contained an A unit [GlcA-

4 Personal communication from K. Takagaki, Hirosaki University,
Hirosaki, Japan.
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(â1-3)GalNAc(4S)] at their reducing termini, and any one
of the A, E [GlcA(â1-3)GalNAc(4S,6S)], K [GlcA(3S)(â1-
3)GalNAc(4S)], and M [GlcA(3S)(â1-3)GalNAc(4S,6S)]
units at the nonreducing termini (Table 3). Other oligosac-
charides have also been prepared by hyaluronidase digestion
(11). The structures isolated from king crab cartilage CS-K
contained an A, K, or F unit [L-fucose(R1-3)GlcA(â1-3)-
GalNAc(4S)] at the reducing termini and an A or K unit,
but no F unit, at the nonreducing termini (49, 50). The
structures isolated from shark cartilage CS-D contained an
A, C, or D unit at both the reducing and nonreducing termini
(11). These findings together indicate that sheep testicular
hyaluronidase has a broad substrate specificity and cleaves
mostâ-1,4-N-acetylgalactosaminidic linkages bound to GlcA
except for a few. Since no F or E unit has been demonstrated
at the nonreducing or reducing termini, respectively (11),
N-acetylgalactosaminidic linkages bound to fucosylated GlcA
and 4,6-O-disulfatedN-acetylgalactosaminidic linkages may
be resistant to enzyme action. Thus, the sheep testicular
hyaluronidase has now been better characterized as a tool
for fragmentation and structural analysis of CS chains.

CS and DS chains that contain E units in mammalian
tissues and cells appear to have intriguing biological activities
such as anticoagulant activities, lymphoid regulatory activi-
ties, and neuroregulatory activities, which include promoting
neuronal cell adhesion (14) and migration (59) as well as
neurite outgrowth (33, 34). The biological activities are likely
mediated through molecular interactions with specific protein
ligands, including anticoagulant factor heparin cofactor II
(32), leukocyte adhesion molecules (selectins) (60), CD44
(60), chemokines (61), and the growth factor midkine (14,
59). However, the E disaccharide content in mammalian CS
chains is usually considerably low (13-15, 62), which has
hampered analysis of the functional domain sequences of
these CS-E or DS-E chains; hence, the sequence information
is limited. It has been reported, however, that the GalNAc-
(4,6-O-disulfate) content of the nonreducing termini of
human cartilage aggrecan CS chains increases with age (63).
Thrombomodulin bears a single CS or DS chain with a
unique GalNAc(4S,6S)(â1-4)GlcA(â1-3)GalNAc(4S,6S)
sequence at the nonreducing terminus (30). In strong contrast
to mammalian CS-E chains, squid cartilage CS-E contains
a much larger proportion (62%) of E units (10, 18), and
mimics or augments some of the activities expressed by
mammalian CS-E chains. Therefore, the sequence informa-
tion for the squid cartilage CS-E chains, which has not yet
been vigorously investigated due to the structural complexity,
will be useful for a better understanding of the structure-
function relationships of CS-E and DS-E chains in mam-
malian tissues and cells, including neuronal cells.

The isolated oligosaccharides included one tetrasulfated
(fractionI ) and five pentasulfated hexasaccharides (fractions
Ma, Mb , and N-P). All of them are highly sulfated
containing one or two di- or trisulfated disaccharide units,
such as the E unit. The other oversulfated components, which
are unique and distinct from those found in other ordinary
CS variants, included GlcA(3S)-GalNAc(4S), GlcA(3S)-
GalNAc(6S), and GlcA(3S)-GalNAc(4S,6S), and are desig-
nated here as the K, L, and M disaccharide units, respectively
(Table 3 and Figure 5). We previously isolated multiple
saturated tetrasaccharides such as A-A, L-A, K-A, E-A, and
M-A (18) as well as unsaturated tetrasaccharides such as

∆O-E [∆HexA-GalNAc-GlcA-GalNAc(4S,6S)],∆A-A, ∆C-
E, ∆E-A, and∆E-E (the abbreviation∆ denotes unsaturation
of the GlcA residue at the nonreducing terminal, and the O
represents the nonsulfated disaccharide unit) (11). Except
for the component (K-K-A) in fractionO, which was isolated
previously from king crab cartilage CS-K (50), the isolated
structures in fractionsI (E-A-A), Ma (M-A-A), Mb (K-L-
A), N (E-E-A), andP (A-M-A) were novel hexasaccharide
sequences, although each di- and tetrasaccharide building
unit was isolated previously. While two consecutive E or K
units were found, other di- or trisulfated units were found
discretely. Interestingly, a K unit was found to be next to an
L unit, forming a previously unreported K-L tetrasulfated
tetrasaccharide sequence. Although these hexasaccharides
represented only small portions [1.3 (I ), 0.32 (Ma), 0.20
(Mb ), 0.84 (N), 0.37 (O), and 0.52% (P) by weight] of the
starting CS-E preparation, such rare sequences may be
specifically recognized by functional proteins.

It should be noted, however, that since a panel of larger
oligosaccharide fragments was observed on gel filtration
chromatography after the hyaluronidase digestion as reported
previously (18), various biological activities may depend on
the sequences composed of the consecutive multiple E units,
especially in view of the high content (62%) of E units in
the parent CS-E preparation (18). It remains to be investi-
gated whether the sequence composed of consecutive
multiple E units or the rare sequences shown in this study
are present in CS chains in mammalian tissues. Also, in view
of the fact that squid cartilage CS-E has a highly negative
charge density comparable to that of heparin and that it
mimics some of the biological activities of heparin by
interacting with heparin-binding proteins such as heparin
cofactor II and midkine, it is of interest to perform confor-
mational studies to clarify whether the isolated CS-E
oligosaccharides have three-dimensional structures similar
to those found in heparin oligosaccharides.

FIGURE 5: Structures of unique sulfated disaccharide units char-
acteristic of CS-E and their terminology. Three unique sulfated
disaccharide units, K, L, and M, which were identified in squid
carilage CS-E in this and previous work (18), along with the
conventional E unit are shown.
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The structures isolated in this study imply some aspects
of the biosynthetic pathway of the CS-E structure, although
it is largely unknown how the chondroitin polymer backbone
is synthesized (64) or which sulfotransferases are responsible
for the synthesis of GalNAc(4S,6S) and GlcA(3S) (65).
Although two 6-O-sulfotransferases (66-68) and two 4-O-
sulfotransferases (69, 70), both of which are specific for CS,
have been cloned and a 6-O-sulfotransferase specific for DS
has been demonstrated (71), it is not understood whether
they are involved in the generation of E units. Recently,
however, a specific 6-O-sulfotransferase which transfers the
second sulfate to position 6 of both internal and nonreducing
terminal GalNAc(4S) residues has been purified from squid
cartilage (72). In contrast, the 3-O-sulfotransferase that
produces GlcA(3S) of CS chains remains to be demonstrated.
Although a 3-O-sulfotransferase that produces GlcA(3S)
structure on the HNK-I carbohydrate epitope on glycopro-
teins has been cloned (73, 74), whether it works on
chondroitin or CS chains has not been reported. In the
sulfated oligosaccharide sequences isolated in this and
previous studies (18, 49, 50), no GlcA(3S)-GalNAc was
found, and the GalNAc residue on the reducing side of the
GlcA(3S) residue was always sulfated at its C-4 and/or C-6
positions. The possibility that the GlcA(3S)-GalNAc unit is
quickly converted into the K [GlcA(3S)-GalNAc(4S)] or L
unit [GlcA(3S)-GalNAc(6S)] cannot be excluded, but is
unlikely in view of the strong activity toward chondroitin
of the chondroitin 6-O-sulfotransferases cloned to date (66-
68) toward nonsulfated chondroitin. Rather, it is most likely
that 3-O-sulfation takes place after 4-O-sulfation and/or 6-O-
sulfation of the GalNAc residue. Such a 3-O-sulfotransferase
remains to be demonstrated.
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