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Abstract Chondroitinase ABC is a lyase that degrades
chondroitin sulfate, dermatan sulfate and hyaluronic acid
into disaccharides. The purpose of this study was to deter-
mine the ability of chondroitinase ABC to degrade chon-
droitin sulfate in which the N-acetyl groups are substituted
with different acyl groups. The bovine tracheal chondroitin
sulfate A (bCSA) was N-deacetylated by hydrazinolysis,
and the free amino groups derivatized into N-formyl,
N-propionyl, N-butyryl, N-hexanoyl or N-benzoyl amides.
Treatment of the N-acyl or N-benzoyl derivatives of bCSA
with chondroitinase ABC and analysis of the products
showed that the N-formyl, N-hexanoyl and N-benzoyl
derivatives are completely resistant to the enzyme. In
contrast, the N-propionyl or N-butyryl derivatives were
degraded into disaccharides with slower kinetics compared
to that of unmodified bCSA. The rate of degradation of
bCSA derivatives by the enzyme was found to be in the
order of N-acetyl>N-propionyl>>N-butyryl bCSA. These

results have important implications for understanding the
interaction of N-acetyl groups of glycosaminoglycans with
chondroitinase ABC.
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Abbreviations
CS chondroitin sulfate
C4S chondroitin 4-sulfate
C6S chondroitin 6-sulfate
DS dermatan sulfate
HA hyaluronic acid
GAG glycosaminoglycan
CSPG chondroitin sulfate proteoglycan
DSPG dermatan sulfate proteoglycan
bCSA bovine tracheal chondroitin sulfate A
GlcA glucuronic acid
IdA iduronic acid
GalNAc N-acetylgalactosamine
GlcNAc N-acetylglucosamine
Gal galactose
Xyl xylose
Glc glucose
IRBCs infected red blood cells
BD blue dextran
EDAC N-ethyl-N 0-(3-dimethylaminopropyl)carbodiimide
MES 2-(N-morpholino)ethanesulfonic acid

Introduction

Chondroitin sulfate ABC lyase (EC 4.2.2.4) from Proteus
vulgaris exhibits broad substrate specificity toward several
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glycosaminoglycans (GAGs). It can quantitatively degrade
various chondroitin sulfates (CSs), dermatan sulfate (DS),
and hyaluronic acid (HA) into the disaccharide moieties by
β-elimination reaction that introduces a double bond
between C-4 and C-5 of uronic acid [1]. The enzyme has
been widely used for the structural determination of CS and
DS chains of proteoglycans and for the preparation and
characterization of core proteins of CS and DS proteogly-
cans (CSPGs and DSPGs). The enzyme has also been used
for the generation of unsaturated disaccharide antigenic
epitopes on core proteins and immunohistochemical prob-
ing of CSPGs and DSPGs in cells and tissues [2–6]. The
commonly used commercially available chondroitinase
ABC is a mixture of two distinct lyases, chondroitinase
ABC I, and chondroitinase ABC II [1, 7]. Both enzymes
exhibit similar activity in that they specifically cleave the
β(1–4) glycosidic bond between N-acetyl-D-galactosamine
(GalNAc) and D-glucuronic acid (GlcA) of the GAGs.
However, they differ considerably with regard to substrate
recognition. Chondroitinase ABC I catalyzes endolytic
cleavage of the glycosidic bonds between GalNAc or
GlcNAc and GlcA or L-iduronic acid (IdA) residues of
CSs, DS and HA to form tetrasaccharides, while chondroi-
tinase ABC II exolytically cleaves nonreducing end
disaccharide residues in the oligosaccharides of these
GAGs [1].

In animals, GAGs play important biological roles. CS,
DS and HA are polysaccharides occur in most organ-
isms. They are abundantly found in connective tissues
and tissue matrices [8, 9]. CS also occurs almost
ubiquitously on cell surfaces. Structurally, these GAGs
share a common feature in that they are linear acidic
polysaccharides consisting of alternating residues of
uronic acid (GlcA in CS and HA, and IdA in DS) and
hexosamine (GalNAc in CS and DS, and GlcNAc in HA).
CS and DS consist of, respectively, -4GlcAβ1-3GalNAcβ1-
and -4IdAβ1-3GalNAcβ1- disaccharide-repeat units, where-
as HA is made up of -4GlcAβ1-3GlcNAcβ1- disaccharide
repeat units. Further, while CSs are sulfated at either C-4
and/or C-6 of GalNAc and DS are sulfated at C-4 of GalNAc
(in some CSs and DSs additional sulfation occurs at C-2 of
GlcA and IdA), HA is nonsulfated [10–12]. In some CSs, a
portion of the GalNAc residues are substituted at C-4, while
others at C-6, thus forming copolymers with 4-sulfated and
6-sulfated disaccharides moieties [10]. Additionally, in most
CSs and DSs, the sulfation of disaccharide moieties is
usually not complete and, therefore, they also contain
significant levels of nonsulfated disaccharides. The structures
of CS and DS from different tissue sources vary enormously
with respect to size, level and distribution of sulfate groups,
and in the ratio of GlcA and IdA. Thus, differences in the
degree of sulfation and levels of GlcA and IdA constitute
distinctive CSs and DSs [11, 12]. For example, chondroitin

4-sulfate (C4S, consists of -4GlcAβ1-3GalNAc(4S)β1-
repeats), chondroitin 6-sulfate (C6S, made up of -4GlcAβ1-
3GalNAc(6S)β1- repeats), chondroitin 2,6-disulfate (C2,6S,
with -4GlcA(2S)β1-3GalNAc(6S)β1- repeats), and chondroi-
tin 4,6-disulfate (C4,6S, with -4GlcAβ1-3GalNAc
(4,6diS)β1- repeats) [13–16]. In animal tissues, HA occurs
exclusively as free ploysaccharide chain, whereas CS and
DS are present as conjugates of proteins, such as CSPG and
DSPG in which GAG chains are linked to Ser residues of
protein via a tetrasaccharide core, -4GlcAβ1-3Galβ1-
3Galβ1-4Xylβ1- [10–16]. The GAGs play important roles
in a number of biological processes, including tissue
organization, differentiation and development, embryogene-
sis, nerve function, bone formation, wound healing, aging,
arthritis, tumorogenesis and many other pathological
processes [17–22]. Therefore, the structural characterization
of the GAGs is important for understanding their functions
and, in this regard, chondroitinase ABC has been a very
valuable and extensively used tool.

GAGs have also been shown to mediate cell- and tissue-
specific recognition, attachment and invasion of many
microorganisms, including the adherence of Plasmodium
falciparum-infected red blood cells (IRBCs) in human
placenta [23]. In the case of P. falciparum, very low-
sulfated C4S chains of aggrecan family CSPG have been
shown as receptors for sequestration of IRBCs in the
placenta [24–26]. Thus, adherence of IRBCs in the placenta
causes various clinical conditions, including low birth
weight, abortion, still birth, and morbidity and mortality
of the mother [27–29]. Our laboratory has been investigat-
ing the structure-function relationship in the interaction of
IRBCs with C4S and gained considerable insight [30–32].
In an extension of these studies, we have been interested in
identifying parasite adhesive protein(s), expressed on the
IRBC surface, involved in C4S binding. In order to develop
specific C4S-based photoaffinity reagents for the identifi-
cation of IRBC adhesive protein, we studied the roles of
key functional groups of C4S [33]. We found that the
N-acetyl groups of C4S are not required for C4S-IRBC
binding, and that the substitution of N-acetyl groups of C4S
with various N-acyl moieties or N-benzoyl moiety had no
effect in C4S-IRBC binding activity. While attempting to
characterize the N-acyl or N-benzoyl derivatives of C4S
using chondroitinase ABC, we noted that some N-acyl
derivatives of C4S are slowly degraded, while others are
completely resistant to the action of the enzyme, suggesting
that the N-acetyl groups are important either in the binding
of GAGs or in the catalysis of the β-elimination reaction
by chondroitinase ABC. A survey of the literature showed
that no information is available regarding the effect of
substitution of the N-acetyl groups of CS and related
GAGs with different N-acyl groups on the ability of
chondroitinase ABC to degrade N-acyl derivatives. Studies
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aimed at understanding the structure-activity relationship of
CS and other related GAGs may require modification of
their N-acetyl groups with other N-acyl groups. Because
chondroitinase ABC is an important tool for characteriza-
tion of GAGs, it is important to understand in detail the
ability of chondroitinase ABC to recognize and degrade

GAGs modified with various N-acyl groups. Thus, in this
study, we determined the effect of substitution of the
N-acetyl groups of GalNAc in CS with either shorter
(formyl) or bulkier (propionyl, butyryl, hexanoyl or
benzoyl) N-acyl groups in the degradation of CS derivatives
by chondroitinase ABC. Our results showed that the
N-formyl, N-hexanoyl and N-benzoyl derivatives of CS are
completely resistant to chondroitinase ABC, whereas the
N-propionyl and N-butyryl derivatives undergo degrada-
tion, albeit at much slower rates.

Materials and methods

Materials

Proteus vulgaris chondroitinase ABC (110 units/mg) was
purchased from Seikagaku America (Falmouth, MA).
bCSA, anhydrous hydrazine, hydrazine sulfate, EDAC,
formic acid, and acetic, propionic, butyric, hexanoic, and
benzoic anhydrides were obtained from Sigma-Aldrich
(St. Louis, MO). Sepharose CL-6B, and blue dextran were
from Amersham-GE, (Piscataway, NJ). Bio-Gel P-10 was
from Bio-Rad (Hercules, CA).

N-Deacetylation

N-Deacetylation of CSA was carried out according to
Shaklee et al. [34]. Freshly dried bCSA (70 mg) was
dissolved in anhydrous hydrazine (1.2 ml) containing 1%

Fig. 1 Analysis of nitrous acid-degradation products of bCSA and its
N-acyl derivatives by Bio-Gel P-10 column chromatography. bCSA
was N-deacetylated with anhydrous hydrazine containing 1% hydra-
zine sulfate and then N-acylated using acid anhydrides or by EDAC
activated formic acid. The extent of N-acylation was determined by
treating the N-acyl derivatives of bCSA (200 μg) with nitrous acid
[37] followed by analysis of products on Bio-Gel P-10 columns
(1.5×70 cm) using 0.2 M sodium chloride. In each case, half of the
column fractions were dried, dissolved in 200 μl of water, and 50 μl
aliquots assayed for uronic acid by the carbazole method [39]. Only
N-deacetylated bCSA was susceptible (top panel); peaks 1, 2, and 3
correspond to CSA hexa- and tetra- and disaccharides, respectively.
None of the N-acylated bCSA derivatives was degraded to a
noticeable extent by nitrous acid, suggesting that in each case the
free amine groups were derivatized completely. Arrows indicate the
elution positions of blue dextran (BD, void volume) and glucose
(Glc). Note: two disaccharide repeats in the hexasaccharide (peak 1)
and one disaccharide moiety in the tetrasaccharide (peak 2) contain
N-acetyl groups, which were not cleaved during hydrazinolysis

Fig. 2 Gel filtration chromatography of N-formyl derivative of bCSA.
The N-deacetylated bCSA was N-formylated using EDAC-activated
formic acid. The N-formyl CSA and unmodified CSA (200 μg each)
were chromatographed separately on Sepharose CL-6B column (1×
48 cm) using 0.2 M NaCl at a flow rate of 16 ml/h. Fractions (0.67 ml)
were collected and aliquots analyzed by the carbazole method [39].
Arrows indicate the elution positions of blue dextran (BD, void
volume) and glucose (Glc)
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hydrazine sulfate in a glass ampoule and heated under
nitrogen atmosphere at 105°C. After 5 h, the reaction
mixture was cooled, freeze-dried, and dissolved in 0.25 M
iodic acid (1 ml). The released iodine was removed by
extraction with chloroform, and pH of the solution adjusted
to 7.5 with 1 M sodium hydroxide. The product was
dialyzed and lyophilized.

N-Acylation or N-benzoylation

Prior to N-acylation, the N-deacetylated bCSA (2 mg) in
PBS (500 μl) was dialyzed extensively against saturated
sodium bicarbonate in water. N-Acylation was carried out
by adding, at 20 min intervals, 3×50 μl of a 10% solution

of respective anhydrides (acetic, propionic, butyric, hex-
anoic and benzoic) in acetone at room temperature [35].
The reaction products were recovered by dialysis and
lyophilization. The extent of modification was determined
by nitrous acid treatment followed by the analysis of the
products on Bio-Gel P-10 columns. In the case of bulky
anhydrides such as hexanoic and benzoic anhydrides, the
N-acylation reaction was repeated two times to achieve
complete derivatization.

N-Formylation

Since the anhydride of formic acid is not available, N-
formylation was carried out using formic acid and EDAC

Fig. 3 Analysis of chondroitin-
ase ABC-degradation products
of bCSA and its N-acyl deriva-
tives by Bio-Gel P-10 column
chromatography. Panel a: bCSA
and the N-acyl derivatives
of bCSA (100 μg each) were
treated with chondroitinase
ABC (50 mU) at 37°C for 1, 3
or 6 h. For an aliquot of each,
after 6 h incubation additional
chondroitinase ABC (50 mU)
was added and incubated for
12 h. The products were chro-
matographed on Bio-Gel P-10
columns (1.5×70 cm) using
0.1 M pyridine and 0.1 M acetic
acid mixture, pH 5.5. In each
case, fractions (2 ml) were col-
lected, dried, dissolved in 100 μl
water, and 25 μl aliquots
assayed for uronic acid by the
carbazole method [39]. Symbols
for different curves in all four
panels of Fig. 3a are as shown
in the last panel. Arrows indi-
cate the elution positions of blue
dextran (BD, void volume) and
glucose (Glc). Panel b: The
indicated derivatives of
bCSA were incubated with
chondroitinase ABC for 6 h
and the products were analyzed
as outlined in Panel a
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[36]. To a solution of formic acid (∼60 mg) in 500 μl of
0.05 M MES buffer, pH 4.5, solid EDAC (50 mg) was
added with continuous stirring and maintaining pH at 4.5
by the addition 1 M of NaOH. After 3 h at room temperature,
the N-deacetylated bCSA (2 mg) was added and the
reaction mixture was stirred further for 2 h, dialyzed against
water, and lyophilized. The above steps were repeated
twice, on the recovered product, to achieve complete
derivatization. The resulting N-formyl bCSA derivative
was treated with 0.1 M NaOH under nitrogen atmosphere at
room temperature for 12 h to hydrolyze any carboxyl
groups esterified with EDAC, dialyzed and lyophilized.
About 200 μg of N-formyl bCSA was analyzed by gel
filtration on Sepharose CL-6B.

Determination of the degree of N-acylation
or N-benzoylation

The N-deacetylated, N-acylated or N-benzoylated bCSA
(200 μg), was dissolved in 200 μl of 40 mM sodium acetate
buffer, pH 3.8, and incubated with an equal volume of 1 M
sodium nitrite at room temperature for 24 h [37]. Excess
nitrous acid was destroyed by the addition of 250 μl of 1 M
glycine. The reaction products were analyzed on Bio-Gel
P-10 columns (1.5×70 cm).

Degradation of C4S derivatives by chondroitinase ABC

The N-acyl and N-benzoyl bCSA (∼100 μg each) were
digested with chondroitinase ABC (50 mU) in 50 μl of
100 mM Tris-HCl, pH, 8.0, containing 30 mM NaOAc and
0.01% bovine serum albumin at 37°C for 1, 3 and 6 h [38].
After 6 h additional 50 mU of the enzyme was added and
incubated for further 12 h.

Size-exclusion chromatography

The unmodified and N-acetyl group-substituted bCSA
(200 μg each) were analyzed on Sepharose CL-6B (1×
48 cm) columns using 0.2 M sodium chloride at a flow rate
of 16 ml/h. The nitrous acid- or chondroitinase ABC-
degradation products of bCSA and its N-acyl derivatives
were chromatographed on Bio Gel P-10 columns (1.5×
70 cm) with 0.1 M pyridine and 0.1 M acetic acid buffer,
pH 5.5. Fractions (0.67 ml in the case of Sepharose CL-6B
column or 2 ml in the case of Bio-Gel P-10 column) were
collected and aliquots analyzed for uronic acid content
by the carbazole assay [39].

HPLC analysis

The unsaturated disaccharides isolated by chromatography
on Bio-Gel P-10 column (fractions 45–48 in a run similar to

that shown in Fig. 3a) after digestion of N-acyl derivatives
of chondroitin sulfates with chondroitinase ABC for 6 h
were analyzed on an amine-bonded silica PA03 column
(YMC Inc, Milford, MA) using a 600E HPLC system
(Waters, Milford, MA) [40]. Approximately 10 μg of
disaccharides were injected to the HPLC column and eluted
with a linear gradient of 16–530 mM NaH2PO4 over a
period of 70 min at room temperature at a flow rate of
1 ml/min. The elution of disaccharides was monitored by
measuring the absorption at 232 nm using a Waters model
484 variable wavelength UV detector. The data was
processed with the Millennium 2010 chromatography
manager using NEC PowerMate 433 data processing
system.

Results and discussion

In the present study, bCSA consisting of 52% 4-sulfated,
39% 6-sulfated, and 9% non-sulfated disaccharides was
used. To determine the effect of substitution of the N-acetyl
groups of GalNAc in the binding and degradation of CS by
chondroitinase ABC, the acetyl groups of bCSA were
replaced with other acyl or benzoyl groups. First, the acetyl
groups were removed by N-deacetylation with hydra-
zine in the presence of 1% hydrazine sulfate. The extent
of N-deacetylation by hydrazinolysis was assessed by
chromatography of the products formed by the nitrous acid

Fig. 4 Determination of the rate of disaccharide formation from N-
acyl bCSA derivatives treated with chondroitinase ABC. Unmodified
bCSA, and N-propionyl and N-butyryl bCSA (100 μg each) were
treated with chondroitinase ABC for various time periods as described
under “Materials and Methods.” The products were chromatographed
on Bio-Gel P-10 columns (see Fig. 3). The amount of disaccharide
formed under each incubation condition was estimated by the
carbazole method [39] and the values were plotted against the
incubation time. The time required for the conversion of 50% of
bCSA or bCSA derivative into respective disaccharides (P50) is
indicated for each curve
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degradation of the N-deacetylated bCSA on Bio-Gel P-10.
As expected, nitrous acid degraded the N-deacetylated
bCSA predominantly into disaccharides (peak 3 in Fig. 1;
major). Significant levels of tetra- and hexasaccharides,
respectively, peaks 2 and 1 in Fig. 1, were also formed. The
formation of tetra- and hexasaccharides is due to the
presence of N-acetyl groups that were not removed by
hydrazinolysis. Since nitrous acid cleaves the bond between
GalN (formed by N-deacetylation) and GlcA residues, but
not that between GalNAc and GlcA residues, the tetra- and
hexasaccharides should contain, respectively, one and two
disaccharide moieties with GalNAc. Considering this and
the areas under the peaks 1, 2, and 3, it is estimated that
about 85% of the N-acetyl groups of bCSA were removed
by hydrazinolysis and ∼15% were resistant (Fig. 1). Re-
N-acetylation of the hydrazine-treated bCSA and analysis
on Sepharose CL-6B showed that hydrazinolysis did not
cause significant depolymerization (not shown).

Second, the free amino groups of N-deacetylated bCSA
were converted into various amide groups by N-acylation
using either acyl anhydrides or by carbodiimide-activated
coupling of formic acid. Thus, N-propionyl, N-butyryl,

N-hexanoyl and N-benzoyl derivatives were prepared by
treatment of the N-deacetylated bCSA with the respective
acid anhydrides using a procedure similar to that used for
N-acetylation of primary amine groups [35]. With propionic
and butyric anhydrides, a single treatment step in three
aliquots was sufficient to quantitatively N-acylate the amino
groups in N-deacetylated bCSA. In the case of N-acylation
with hexanoic and benzoic anhydrides, the partially
N-acylated product on Bio-Gel P-10 was isolated and the
treatment was repeated twice to achieve quantitative deriv-
atization of the amino groups. In the case of N-formylation,
because the respective anhydride is not available, formic
acid was coupled by converting the carboxyl groups into
activated ester groups with EDAC [36]. Upon gel filtration
chromatography, the product, N-formylated bCSA, was
eluted at volume similar to that of unmodified bCSA and no
detectable higher molecular weight product was observed
(Fig. 2). These results suggested that the derivatization
procedure using EDAC did not cause intermolecular cross-
linking of N-deacetylated bCSA by amide bond formation
between amine and carboxyl groups. The degree ofN-acylation
or N-benzoylation, in the above bCSA derivatives, was

Fig. 5 HPLC analysis of disaccharides formed by the degradation of
N-acyl derivatives of bCSA by chondroitinase ABC. The unmodified
bCSA, and N-propionyl and N-butyryl bCSA (100 μg each) were
treated with chondroitinase ABC for 6 h and products chromato-
graphed on Bio-Gel P-10 as outlined in Fig. 3 using 0.1 M pyridine
and 0.1 M acetic acid mixture, pH 5.5, as eluent. In each case,
fractions corresponding to disaccharide peak (fractions 45–48) were
pooled and dried. About 10 μg of disaccharide samples were analyzed
on an amine-bonded silica PA03 column by HPLC using a linear

gradient of 16–530 mM NaH2PO4 over a period of 70 min at room
temperature at a flow rate of 1 ml/min. The elution of the
disaccharides was monitored by measuring absorption at 232 nm.
Panel a, disaccharides formed from unmodified bCSA; panel b,
disaccharides from N-propionyl bCSA; panel c, disaccharides from N-
butyryl bCSA. Note: Δdi-0S=unsaturated disaccharide with non-
sulfated N-acylgalactosamine; Δdi-6S=unsaturated disaccharide with
6-sulfated N-acylgalactosamine; Δdi-4S=unsaturated disaccharide
with 4-sulfated N-acylgalactosamine
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assessed by degradation with nitrous acid. In contrast to the
quantitative degradation of N-deacetylated bCSA, no
measurable levels of di-, tetra- or higher oligosaccharides
were formed from the N-acyl derivatives of bCSA,
revealing that almost all amino groups were converted into
the respective amides (Fig. 1).

Third, the ability of chondroitinase ABC to degrade
variously N-acylated or N-benzoylated derivatives of bCSA
was analyzed. Chondroitinase ABC could quantitatively
degrade the re-N-acetylated product of N-deacetylated
bCSA into disaccharides (Fig. 3a, closed circles). In
contrast, the N-formyl, N-hexanoyl, and N-benzoyl deriva-
tives of bCSAwere resistant to the action of the enzyme; no
noticeable levels of di-, tetra- or higher oligosaccharides
were formed (Fig. 3b). In the case of N-propionylated and
N-butyrylated bCSA, the enzyme could degrade the
polysaccharide derivative, but at much slower rates com-
pared to N-acetylated bCSA (Fig. 3a).

To determine the rate of degradation of N-acyl deriva-
tives that are susceptible to chondroitinase ABC, we
measured the amount of disaccharide formed from 100 μg
of each N-acyl bCSA at various time points (Fig. 4). Under
the enzyme incubation condition used, 50% of N-acetyl
bCSA was converted into disaccharides in 45 min (P50=
45 min), whereas in the case of N-propionyl bCSA and
N-butyryl bCSA, 50% of the substrates converted into
disaccharides at 60 min and 12 h (P50=60 min and 12 h),
respectively. Incubation for further 12 h with an additional
equal amount of enzyme added after 6 h resulted in the
conversion of ∼90 and ∼70% of N-propionyl and N-butyryl
bCSA derivatives into disaccharides; in each case, remain-
der of bCSA derivative was degraded into larger oligosac-
charides (Fig. 3a). These results suggest that N-propionyl
and N-butyryl groups cause significant steric constraints for
binding of the substrate and/or catalysis of glycosidic bond
cleavage by the enzyme.

HPLC analysis of the disaccharides released by chon-
droitinase ABC treatment showed that disaccharides re-
leased from N-propionyl and N-butyryl bCSA are distinctly
different (strikingly different in the case of N-butyryl bCSA)
from those of unmodified bCSA as revealed by the
significant differences in the retention time of disaccharides
(Fig. 5, compare panels b and c with panel a). In both
N-propionyl and N-butyryl bCSA, significant amounts of
disaccharides with GalNAc residues were present; these
disaccharides correspond to the disaccharide repeats with
N-acetyl groups, which were not removed during hydra-
zinolysis. In the case of N-propionyl derivative of bCSA,
while Δdi-0S and Δdi-4S with N-propionyl groups were
partially separated from the corresponding disaccharides
with N-acetyl groups, Δdi-6S with N-propionyl groups
were not resolved from those with N-acetyl groups (compare
panel b with panel a in Fig. 5). In N-butyryl bCSA, Δdi-0S,

Δdi-6S and Δdi-6S with N-acetyl groups were resolved
from the corresponding oligosaccharides with N-butyryl
groups (compare panel c with panel a in Fig. 5). The
proportion of disaccharides with N-acetyl groups relative to
those with N-butyryl groups is considerably higher than that
expected (∼15% of the disaccharides) if the N-butyryl
derivative were to be completely degraded into disaccha-
rides. This is due to the preferential cleavage of disaccharide
repeat units with N-acetyl groups compared to those with
N-butyryl groups by chondroitinase ABC. Taken together,
these results show, for the first time, that the N-acetyl
groups are involved in the binding and/or catalysis of the
degradation of GAGs by chondroitinase ABC.

Recently, the active site of chondroitinase ABC I has
been characterized by the crystallographic studies of the
enzyme-CS complex [41, 42]. The results show that the
carboxyl group and C-5 hydrogen interact with the basic
amino acids of the enzyme in the active site via hydrogen
bond formation. It has been predicted that Arg500 interact
with the carboxyl groups, and His501, Arg560 and Glu653
with the C-5 hydrogen. These interactions have been
proposed to involve proton abstraction, leading to the
cleavage of β(1–4) glycosidic bond between GalNAc and
GlcA, forming the 4,5-unsaturated GlcA residue. In those
studies it was not clear whether the N-acetyl groups of CS
play a role in the β-elimination reaction that cleaves the
β(1–4) bond between GalNAc and GlcA [41, 42].
However, our observations that chondroitinase ABC cannot
degrade the N-formyl derivative of bCSA and the bCSA
derivatives with bulky N-hexanoyl or N-benzoyl groups
(Fig. 3b) strongly suggest that the N-acetyl groups do
interact with the enzyme. It is possible that the N-acetyl
groups are involved in either maintaining a critical
configuration of the active site or in positioning the
substrate for the efficient β-elimination reaction. Alterna-
tively, it is possible that the N-acetyl groups have no role in
the interaction with or catalysis by chondroitinase ABC I,
but play critical role in the catalysis by chondroitinase ABC
II. Further comprehensive studies are required to under-
stand the role the N-acetyl groups in the degradation of CSs
by chondroitinase ABC.
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