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Abstract 

A dermatan sulfate-like glycosaminoglycan was isolated from the body of the ascidian 
Ascidia nigra (J. Biol. Chem. 270: 31027-31036, 1995). IH NMR and fast atom bombard- 
ment mass spectrometry (FAB-MS) spectra of the tetra and disaccharides formed by 
chondroitin ABC lyase digestion support the proposed repeating disaccharide structure for this 
glycosaminoglycan, [ -~ 4)-a-L-IdoA(2SO4)-(1 ~ 3)-fl-D-GalNAc(6SO4)- (1 -~ ], which differ 
from mammalian dermatan sulfate in its sulfation at both 2-position of the a-L-iduronic acid 
and the 6-position of the N-acetyl-fl-D-galactosamine residue. © 1997 Elsevier Science Ltd. 
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As part of our continuing studies of the structures 
of sulfated polysaccharides from vertebrates and in- 
vertebrates [1-7], we have isolated a unique der- 
matan sulfate from the viscera of the ascidian As- 
cidia nigra [8]. Mammalian dermatan sulfate has the 

* Corresponding author. Fax: +55-21-2708647; e-mail: 
mourao@server.bioqmed.ufrj.br. 

structure shown in 1 in which the galactosamine 
residues are sulfated at the 4-position, and only a 
small proportion of iduronate residues are 2-0- 
sulfated. The repeating disaccharide of ascidian der- 
matan sulfate has the structure illustrated in 2 [8], 
which is sulfated at position 2 of the iduronate residue 
and position 6 of the N-acetyl-galactosamine residue. 
This polysaccharide proved to be important for eluci- 
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dating the structure which confers heparin cofactor II 
mediated anticoagulant activity, because, although it 
is more highly sulfated than mammalian dermatan 
sulfate, it has no measurable anticoagulant activity 
[8]. This anticoagulant activity is therefore not merely 
a function of 'charge density', but depends on the 
particular position of sulfation of N-acetyl-galacto- 
samine residues of the repeating disaccharide unit. 
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The structure of this new dermatan sulfate was 
established by IH and 13C NMR spectroscopy, and 
by the analysis of the products of chondroitin ABC 
lyase and 4,6-sulfatase digestions [8]. Because sulfa- 
tases capable of distinguishing between 2- and 3- 
sulfates are not available, the determination of the 
sites of sulfation of iduronate residues of this new 
glycosaminoglycan depends on NMR data on the 
whole polysaccharide and on comparison of the chro- 
matographic migration of the products of chondroitin 
lyase digestion with standard compounds, and a stan- 
dard 3-O-sulfated disaccharide is not available. 

We have now separated the chondroitin ABC lyase 
degradation products by gel permeation chromatogra- 

phy and analysed them by NMR spectroscopy and 
FAB mass spectrometry. NMR data on the di- and 
tetrasaccharide fractions confirms that the iduronate 
residues are sulfated at the 2-position. 

1. Results and discussion 

The separation of the products of chondroitin ABC 
lyase digestion of the ascidian dermatan sulfate is 
illustrated in Fig. 1. Two oligosaccharide peaks with 
retention times characteristic of tetrasaccharide and 
disaccharide fragments were obtained, and a poly- 
meric peak at the exclusion limit of the column (V,,). 
The polymeric peak had metachromatic activity and 
contained uronic acid, but this material was not sus- 
ceptible to chondroitin ABC lyase digestion and was 
therefore thought to represent a non-galacto- 
saminoglycan contaminant. Possibly tetrasaccharide 
is produced since the ascidian dermatan sulfate is 
degraded slowly by chondroitin ABC lyase, requiring 
longer incubation times and higher concentrations of 
enzyme than mammalian dermatan sulfate [8]. ] 

The ~ H NMR spectra of the di- and tetrasaccharide 
are shown in Fig. 2. The spectrum of the standard 
disaccharide AGlcA(2SOa)-GalNAc(6SO 4) corre- 
sponding to the structure illustrated in 3 (Fig. 2A) 
was assigned by a 2D COSY experiment (data not 
shown), giving the data listed in Table 1 which are 
similar to those determined previously for the same 
compound, designated ADi-DS D [9]. The ~H NMR 
spectrum of the disaccharide fraction from ascidian 
dermatan sulfate is similar (Fig. 2B), and the assign- 
ments listed in Table 1 are based on this similarity. 
The large signal at 3.75 ppm arises from a contami- 
nant, probably from the Tris buffer used in the chon- 
droitin lyase digestion. A standard disaccharide 
AGlcA-GalNAc(6SO 4) (ADi6S [9]), sulfated only at 
the 6-position of the N-acetyl galactosamine residue 
(5), gave the spectrum illustrated in Fig. 2C. This 

We did not test directly if the tetrasaccharide releases 
disaccharide after a further incubation with chondroitin 
ABC lyase, since the small amount of tetrasaccharide 
obtained did not allow this experiment. However, we 
already showed, using paper chromatography, that increas- 
ing incubation time releases higher proportions of disac- 
charide [8]. Therefore, we believe that disaccharide could 
arise from tetrasaccharide after exhaustive digestion with 
chondroitin ABC lyase, although we have not demon- 
strated this experimentally. 
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Fig. 1. Gel permeation chromatography on Sephadex G-50 
of the products formed by chondroitin ABC lyase diges- 
tion of ascidian dermatan sulfate. Fractions of 1.5 mL were 
collected and assayed by metachromasia (O) and the 
carbazole reaction (O). Three groups of fractions were 
pooled separately, as indicated by the horizontal bars in the 
figure, and lyophilized. 

spectrum is similar to that of the same compound 

described in Ref. [9], but the H2 resonance of the 
unsaturated uronic acid is 0.68 ppm upfield of that in 
the spectrum of AGlcA(2SOa)-GalNAc(6SO 4) (Fig. 
2A) and the disaccharide from ascidian dermatan 
sulfate (Fig. 2B), consistent with sulfation at that 
position in the latter two compounds. These data are 
not compatible with 3-O-sulfation of the uronic 
residue and establish the 2-O-sulfation of iduronate 
residues in the ascidian dermatan sulfate. 

Comparison of the signal at ~ 5.90 ppm in the 
spectra in Fig. 2B and 2C suggests that the disaccha- 
rides obtained by chondroitin ABC lyase digestion of 
the ascidian dermatan sulfate contain small amounts 
( ~  10%) of non-sulfated iduronate (5) in addition to 
the predominant disaccharide sulfated at the 2-posi- 
tion of the uronic acid (3). This observation agrees 
with our previous interpretation of the ~H NMR 
spectrum of the intact ascidian dermatan sulfate [8]. 

The ~H NMR spectrum of the tetrasaccharide frac- 
tion (Fig. 2D) was assigned by comparison with the 
disaccharide spectra (Table 1). The prominent and 
well-resolved signal from H2 of the unsaturated uronic 

&GIcA(2SO4)-GalNAc(6SO4) U2 

U1 

6.2 6.0 5.8 5.6 5.4 5.2 5.0 4.8 4.e 4.4 4.2 4.0 3.8 ppm 

ttGIcA-GalNAc(6SO4) 
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A I ~  
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Fig. 2. 1H NMR spectra at 500 MHz and 30 °C in D20 of the standard disaccharides AGlcA(2SO4)-GalNAc(6SO 4) (A) 
and AGIcA-GalNAc(6SO 4) (C), and of the disaccharide (B) and tetrasaccharide (D) fractions formed by chondroitin ABC 
lyase digestion of the ascidian dermatan sulfate (see Fig. 1). Signals designated by U refer to those produced by 
O~-L-threo-hex-4-enopyranosyluronic acid, whereas those of N-acetyl-D-galactosamine are labeled A; a, a-anomer; and /3, 
/3-anomer. 
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acid at 4.48 ppm suggests that this residue is sulfated 
at the 2-position. Insufficient sample was available 
for 2D NMR spectroscopy, so assignments for the 
N-acetyl-galactosamine residue are not given; in the 
tetrasaccharide, N-acetyl-galactosamine is present 
both as a reducing terminal and as an internal residue, 
thus complicating the spectrum. 

Signals at 5.25 ppm, 5.21 ppm, and 5.17 ppm were 

tentatively assigned to H1 of N-acetyl-a-D-galacto- 
samine residues and to Hl of an internal, 2-O-sulfated 
a-L-iduronate residue (by comparison with values 
determined for internal IdoA residues in mammalian 
dermatan sulfate) [10]. A smaller signal at 4.96 ppm 
may be due to H1 of unsulfated iduronate [10]. The 
relative intensities of these signals indicate that most 
of the internal residues in the tetrasaccharide are 
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Fig. 3. Fast atom bombardment mass spectra of the disaccharide (A) and the tetrasaccharide (B) products of chondroitin 
ABC iyase digestion of ascidian dermatan sulfate. The signals marked by asterisks in both spectra result from the loss of 
sulfite from the molecular ions. 
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2-O-sulfated. The structure implied by these results is 
illustrated in 4, and is consistent with that proposed 
for the repeating disaccharide of ascidian dermatan 
sulfate [8]. 

These compounds were further characterized by 
negative ion fast-atom bombardment mass spectrome- 
try. A deprotonated molecule was observed at m/z 
457.9 in the spectrum of the disaccharide AGlcA- 
GalNAc(6SO4), which compares with a calculated 
value of 458.06 (empirical formula C 14014 H 16N8; 
5). Collision induced fragmentation of the deproto- 
nated molecule resulted in a daughter ion spectrum 
characterized by an abundant decarboxylated frag- 
ment at m/z 414 and two weak glycosidic cleavage 
ions at 282 (Z I) and 300 (YI) [11]. Loss of sulfate 
from the deprotonated molecule was not observed in 
either the conventional FAB spectrum or the collision 
spectrum. 

Both the standard AGlcA(2SOa)-GalNAc(6SO 4) 
disaccharide, and the disaccharide from enzymic di- 
gestion of ascidian dermatan sulfate (Fig. 3A), dis- 
played deprotonated molecules at m/z 538 and m/z 
560, consistent with C 14017NS2 H 18 (calculated value 
= 538.02) and C14017NS2HlvNa (calculated value 
= 560.0), respectively. Facile loss of sulfite from the 
molecular ions is responsible for the abundant frag- 
ment at m/z 458. These data are is consistent with 
structure 3, but data do not define the positions of 
sulfation. 

A FAB-MS spectrum of the tetrasaccharide prod- 
uct of chondroitin ABC lyase digestion of ascidian 
dermatan sulfate (Fig. 3B) showed a deprotonated 
molecule at m/z 1143.1, consistent with the empirical 
formula CzsO34NzS4H38Na 3 (calculated va lue=  
1142.99). Sequential losses of sodium sulfite (with 
hydrogen replacement) from this species resulted in 
the fragments at m/z 1041.2, 939.2 and 837.2. These 
data are consistent with structure 4 in which the 
internal iduronate residue is sulfated, so that the 
tetrasaccharide carries a total of four sulfates. 

The mass spectrometric behavior of these com- 
pounds was consistent with that previously reported 
for glycosaminoglycan-derived oligosaccharides [12- 
15]. 

Overall, spectroscopic analysis of the tetra and 
disaccharides formed by chondroitin ABC lyase sup- 
ported the proposed structure for the ascidian der- 
matan sulfate. This glycosaminoglycan has a distinc- 
tive structure, composed of repetitive disaccharide 
units of 6-O-sulfo-2-acetamido-2-deoxy-3-O-(2-O- 
sulfo-a-e-idopyranosyluronic acid)-/3-D-galactose. 

2. Experimental 

Isolation and purification of the ascidian dermatan 
sulfate.--Sulfated polysaccharides were extracted 
from the body of the ascidian A. nigra by papain 
digestion [5,7]. Dermatan sulfate was purified on a 
DEAE-cellulose column, developed by a linear gradi- 
ent of NaC1, as described previously [8]. The purity 
of the dermatan sulfate preparation was confirmed by 
agarose gel electrophoresis, digestion with chon- 
droitin AC and ABC lyases and by ~H and 13C NMR 
spectroscopy, as described previously [8]. 

Purification of the products formed by digestion of 
the ascidian dermatan sulfate with chondroitin ABC 
lyase.--Purified ascidian dermatan sulfate ( ~ 10 mg) 
was incubated with 1 unit of chondroitin ABC lyase 
(EC 4.2.2.4) from Proteus vulgaris (Seikagaku 
American Inc., Rockville, MD, USA) in 1 mL of 50 
mM Tris/HC1 buffer (pH 8.0) containing 5 mM 
EDTA and 15 mM NaOAc. After incubation at 37 °C 
for 12 h, another 1 unit of enzyme was added to the 
reaction mixture, and the reaction was continued for 
an additional 12 h-period. The mixture was applied to 
a Sephadex G-50 column (88 × 1.5 cm) and eluted 
with 50 mM pyridine/acetate buffer (pH 6.0) at a 
flow rate of 6 m L / h .  Fractions of 1.5 mL were 
collected and assayed by metachromasia using 1,9-di- 
methylmethylene blue [ 16] and the carbazole reaction 
[17]. The fractions containing the tetra- and disaccha- 
rides were pooled and lyophilized. 

NMR spectroscopy.--~H NMR spectra were 
recorded at 500 MHz using a Varian Unity 500 
spectrometer in the FT mode. The tetra- and disac- 
charides samples were dissolved in ~ 0.7 mL of 
99.8% D20 (Goss Scientific, Ingatestone, United 
Kingdom) for NMR spectroscopy. The spectra were 
recorded at 60 °C, with suppression of the HOD 
signal by presaturation. Two-dimensional double- 
quantum filtered COSY spectra were recorded in the 
phase-sensitive mode using the pulse programs sup- 
plied by the manufacturer. All chemical shifts are 
relative to internal or external trimethylsilylpropionic 
acid. 

Fast atom bombardment mass spectrometry.- 
Negative ion fast atom bombardment (FAB) mass 
spectra were obtained on a Kratos MS 80 RFA 
spectrometer, fitted with an Ion Tech FAB gun sup- 
plied with high-purity xenon gas. The matrices used 
were either triethanolamine or a 1:1 v / v  mixture of 
glycerol with dithiothreitol and dithioerythritol (5:1 
w /w) .  Aq solutions of the sample (1 ~L  containing 
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5 -10  /~g of sample) were mixed with a similar 
volume of matrix on the probe. The accelerating 
voltage was 4 kV and the instrument was scanned at 
10 s per decade over the range 100-1500. The mass 
axes were calibrated with a mixture of sodium iodide 
and dithiothreitol. Collisional activation spectra were 
obtained by admitting helium into the collision cell in 
the field free region between the ion source and the 
electrostatic analyser, so as to attenuate the precursor 
beam by 50%. Daughter ion spectra were recorded by 
means of linked scans at a constant B / E  ratio. 
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