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Human hyaluronidases have been considered to be the
enzymes acting at the initial step in the catabolism of chon-
droitin sulfate (CS) in vivo. However, human hyaluronidase-
1 digests CS more slowly than hyaluronan (HA), and its pre-
ferred substrate is HA rather than CS. We have identified
a chondroitin hydrolase in Caenorhabditis elegans, which
effectively degrades chondroitin but depolymerizes HA to
a much lesser extent (Kaneiwa T, Yamada S, Mizumoto S,
Montaiio AM, Mitani S, Sugahara K. 2008. Identification
of a novel chondroitin hydrolase in Caenorhabditis elegans.
J Biol Chem. 283:14971-14979), suggesting the existence of
CS-specific endoglycosidases in mammalian systems. In this
study, human hyaluronidase-4 was demonstrated to be a CS-
specific endo-B-N-acetylgalactosaminidase. This is the first
demonstration of a CS hydrolase in higher organisms. The
specificity of a purified recombinant form of the enzyme was
investigated in detail through the characterization of degra-
dation products. The best substrate of the CS hydrolase was
the galactosaminidic linkage in the sequence of a trisulfated
tetrasaccharide GIlcUA (2-O-sulfate)-GalNAc(6-O-sulfate)-
GlcUA-GalNAc(4-O- or 6-O-sulfate), where GlcUA and
GalNAc represent D-glucuronic acid and N-acetyl-D-
galactosamine, respectively. The disaccharide unit on the
nonreducing side, GlcUA (2-O-sulfate)-GalNA c(6-O-sulfate)
(D unit), is rich in shark fin cartilage CS-D among various
CS isoforms. CS hydrolase will be a useful tool for investi-
gating CS-specific functions in tissues and cells. In addition,
it may well be applicable to the treatment of acute spinal
cord injuries as in the case of, or instead of, the bacterial CS
lyase which has been used for recent clinical trials.

Keywords: chondroitin sulfate/glycosaminoglycan/
hyaluronan/hyaluronidase/sulfated oligosaccharide

Introduction

Chondroitin sulfate (CS) chains are linear polymers composed
of the repeating disaccharide unit —4GIlcUAB1-3GalNAcf1—,
where GIcUA and GalNAc represent D-glucuronic acid and
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N-acetyl-D-galactosamine, respectively, which are sulfated at
different positions in various combinations (Rodén 1980;
Sugahara and Yamada 2000; Sugahara et al. 2003). CS chains
are covalently linked to a wide range of core proteins, forming
proteoglycans (PGs), which are ubiquitous components of the
extracellular matrix of connective tissues and are also found at
the surface of a variety of cell types (Rodén 1980; Iozzo 1998).
They are involved in the regulation of various biological pro-
cesses such as cell proliferation, differentiation, and migration,
cell—cell recognition, extracellular matrix deposition, and tissue
morphogenesis (Esko and Selleck 2002; Sugahara et al. 2003;
Rauch and Kappler 2006; Uyama et al. 2007). The biological
functions involved in such events have attracted much attention
to the mechanism of CS biosynthesis (Sugahara and Kitagawa
2000; Pavao et al. 2006; Uyama et al. 2007). However, not only
biosynthesis but also catabolism is important for the regulation
of the biological functions of CS. Despite this, the mechanism
underlying the catabolism of CS is not well understood.

The cellular degradation of CS occurs predominantly in lyso-
somes (Prabhakar and Sasisekharan 2006). Following the frag-
mentation of polysaccharides by an endo-type hydrolase, the
oligosaccharide products are degraded sequentially from the
nonreducing end by exo-type glycosidases and sulfatases to lib-
erate monosaccharide moieties. Although no endoglycosidases
specific to CS have been reported, hyaluronan (HA)-degrading
enzymes, hyaluronidases, are considered to be the enzymes act-
ing at the initial stage of the degradation process because HA is
similar in structure to nonsulfated CS, chondroitin (Chn). The
sugar stereoconfiguration, the substitution pattern of the back-
bone hydroxy groups, and the glycosidic linkages are identical
in Chn and HA. The only difference in structure is the configu-
ration at the C-4 position of the hexosamine residues.

Although human hyaluronidase-1 (HYAL1) and testicular
hyaluronidase (SPAM1) can degrade not only HA but also CS,
they digest CS to a limited extent (Sugahara et al. 1996; Csoka
et al. 2001; Jedrzejas and Stern 2005) and therefore their pre-
ferred substrate is HA rather than CS. These hyaluronidases
do not cleave the galactosaminidic linkages in the -GalNAc-
IdoUA- and -GalNAc-GlcUA(2-O-sulfate)- sequences, which
are often found in dermatan sulfate (DS), an isomer of CS,
and in a highly sulfated CS isomer, CS-D, respectively. There-
fore, a putative glycosaminoglycan (GAG) hydrolase, which
cleaves CS/DS rather than HA, is expected to be involved in the
catabolism of CS/DS.

Previously we identified a homolog of human hyaluronidases
in Caenorhabditis elegans as a Chn-specific hydrolase (Kaneiwa
et al. 2008). Thus, uncharacterized members of the human
hyaluronidase family may have the activity of a CS-specific hy-
drolase. Although there are six genes encoding a hyaluronidase
or a hyaluronidase-like enzyme in the human genome, HYALI,
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HYAL2, HYAL3, HYAL4, SPAMI1, and HYALP1 (Csoka et al.
2001), enzymatic activity toward HA has been demonstrated
only for HYAL1, HYAL2, and SPAMI1. HYALP]I is a pseu-
dogene, which is translated as a truncated and inactive form
(Csokaetal. 1999). The enzymatic properties including catalytic
activities of HYAL3 and HYAL4 have hardly been character-
ized. Only one citation is available for hyaluronidase activity of
HYAL3 (Lokeshwar et al. 2002), although it was not detected
by a purified enzyme but a tissue culture situation. Csoka et
al. (2001) described HYAL4 as a CS-specific enzyme based on
preliminary, unpublished observations. The actual data or con-
ditions for detection of the activity, however, were not presented.
Previously, we were unable to detect CS-degrading activity of
HYALA4 by agarose gel electrophoresis (Benchetrit et al. 1977)
using Chn, CS-A, or CS-C as substrates (Kaneiwa et al. 2008).
In the present study, the unique enzymatic activity of HYAL4
toward CS was clearly demonstrated using highly sulfated CS-
D chains as a substrate, and the specificity of HYAL4 was
characterized.

Results

Demonstration of the CS-degrading activity

To facilitate the functional analysis of HYAL4, a soluble form
of the protein was generated as a fusion protein with a FLAG
tag by replacing the putative signal sequence with a cleav-
able leader sequence of preprotrypsin and by deleting the pu-
tative glycosylphosphatidylinositol (GPI)-anchored domain as
described under Material and methods. The soluble protein was
expressed in COS-7 cells at 37°C as a recombinant protein fused
with the FLAG tag. The fusion protein secreted in the medium
was adsorbed onto an anti-FLAG® M2 affinity gel for elim-
inating endogenous glycosidases, and then the protein-bound
resin was used as an enzyme source. The purity of the enzyme
was examined by silver staining as well as Western blotting
(supplementary Figure 1). In contrast to the sample from mock-
transfected cells, the band was discernible at a molecular mass
of 80 kDa. Since the expected molecular mass of this polypep-
tide is 53 kDa, the recombinant protein detected by Western
blotting seems to be posttranslationally modified, presumably
by glycosylation.

The bound fusion protein was assayed for CS-degrading ac-
tivity at 37°C for 12 h using fluorescein 5(6)-isothiocyanate
(FITC)-GAG isoforms as substrates, and each digest was ana-
lyzed by gel filtration HPLC on a Superdex 200 column (Fig-
ure 1). However, it was not clear whether FITC-HA and/or
FITC-CS-A were depolymerized or not by the enzyme (Fig-
ure 1A-D). Interestingly, however, when FITC-CS-C was used
as a substrate, the peak became broader upon digestion with
HYALA4 (Figure 1E and F), suggesting weak activity toward
CS-C. Although both CS-A and CS-C contain the “A” disac-
charide unit [GIcUAB1-3GalNAc(4-O-sulfate)] (76 and 13%,
respectively) and “C” disaccharide unit [GIcUAB1-3GalNAc(6-
O-sulfate)] (24 and 79%, respectively), the “D” disaccharide
unit [GlcUA(2-O-sulfate)p 1-3GalNAc(6-O-sulfate)] is present
only in CS-C (8%) (Li et al. 2008). Therefore, FITC-labeled
CS-D, which is rich in D units (23%), was examined. The chro-
matogram revealed that HYAL4 had strong activity to degrade
FITC-CS-D (Figure 1G and 1H). No detectable catalytic activity
was observed in the control sample prepared from a conditioned
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Fig. 1. Gel filtration HPLC analysis of the FITC-labeled GAG isoforms
digested with HYAL4. FITC-labeled HA (A and B), CS-A (C and D), CS-C (E
and F), and CS-D (G and H) were analyzed by gel filtration HPLC on a
column of Superdex 200 before (A, C, E, and G) and after (B, D, F, and H)
incubation with the purified HYAL4 protein, and monitored by measuring the
fluorescent intensity of FITC with excitation and emission wavelengths of 490
and 520 nm, respectively. Vy, void volume; V4, total volume.

medium of mock-transfected cells (data not shown). Thus, CS-
degrading activity was demonstrated for HYAL4. FITC-Chn,
-DS, and -CS-E were also tested. Although FITC-CS-E was de-
graded to some extent, no significant depolymerization of FITC-
Chn or -DS was observed (data not shown). Since HYAL4 did
not act on HA but acted specifically on CS as shown here, the
enzyme was designated CS hydrolase (CSHY).

Substrate specificity of CSHY

To further characterize the specificity of CSHY, nonlabeled Chn,
CS-A, DS, CS-C, CS-D, CS-E, heparan sulfate, and HA from
S. pyogenes were used as substrates. The incubation mixtures
were analyzed by gel filtration HPLC on a Superdex peptide col-
umn after labeling with 2-aminobenzamide (2AB) to detect the
newly formed reducing ends (Figure 2). The chromatograms
showed that CSHY exhibited activity to degrade CS-D (Fig-
ure 2A), CS-C (Figure 2B), CS-A (Figure 2C), and CS-E (data
not shown) into oligosaccharides, whereas HA, Chn, DS, 2,6-
di-O-sulfated DS, and heparan sulfate were not depolymerized
(data not shown). Although the same amount of each substrate
was used under the same conditions, the amounts of the prod-
ucts generated by the digestion were different. The relative rates
of the degradation of these polysaccharides suggested that the
substrates ranked as follows in order of preference by CSHY:
CS-D>CS-C>CS-A>CS-E.

The optimum temperature and pH for the catalytic activity of
CSHY

The effects of temperature on the CSHY activity were examined
by incubating at 20, 25, 30, or 37°C. Taking the activity detected
at 37°C as 1.0, the relative activity at 20, 25, and 30°C was 0.31,
0.56, and 0.82, respectively. Hence, subsequent experiments
were conducted at 37°C.
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Fig. 2. Comparison of the digestibility of various GAGs to CSHY and
fractionation of the reaction products. Ten micrograms each of commercial
CS-D (A), CS-C (B), or CS-A (C) was incubated with CSHY under the same
conditions, and each digest was derivatized with 2AB. An aliquot (750 ng) of
each 2AB-derivatized digest was analyzed by gel filtration HPLC on a column
of Superdex peptide. Peaks indicated by arrowheads in panel A were
collected, digested with CSases, and analyzed by anion-exchange HPLC to
identify the structure of the major component in each fraction. Vp, void
volume; V, total volume.
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Fig. 3. Effects of pH on the hydrolytic activity of CSHY. CS-D was incubated
with purified CSHY in 50 mM phosphate (circles), acetate (squares), or citrate
(triangles) buffers, pH 3.5-6.5, containing 150 mM NaCl. The digests were
labeled with 2AB, digested with CSase AC-II, and then analyzed by
anion-exchange HPLC on an amine-bound silica column. Degradation of
CS-D was assessed by calculations based on the proportion (in percentage) of
2AB-labeled di- and tetrasaccharides formed as described under Material and
methods.

The effects of pH on the CSHY activity were examined by
incubating CSHY with CS-D over a range of pH values from
3.5 to 6.5 (Figure 3). The results indicated the optimum pH of
CSHY to be 4.5-5.0.
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Kinetic analysis of CSHY

The initial reaction rates and substrate concentrations (as disac-
charide) were used for a kinetic analysis with Lineweaver—Burk
plots (Figure 4). The apparent Michaelis—Menten constants as
well as V.x for CS-D, CS-A, CS-C, and CS-E were determined
and are shown in Table I. The apparent K,,, value toward CS-D
was approximately 2, 3, and 20-times smaller than that toward
CS-C, CS-A, and CS-E, respectively, indicating that CS-D is the
best substrate among the CS preparations used. This preference
for CS-D was consistent with the results obtained by quantifi-
cation of the newly formed reducing ends by incubating various
GAGs with CSHY under the same conditions as shown in Fig-
ure 2. It should be noted, however, that the degree to which
the various CS isoforms susceptible to CSHY were degraded
differed.

Characterization of the saccharide sequence recognized by
CSHY

To investigate the activity of CSHY in more detail, the CSHY
digest of CS-D was labeled with 2AB and subjected to gel
filtration HPLC on a Superdex peptide column (Figure 2A).
Three major peaks, D-1, D-2, and D-3, which were eluted at the
positions of tetra-, hexa-, and octasaccharides, were collected
separately (Figure 2A).

When D-1 was analyzed by anion-exchange HPLC, a sin-
gle predominant peak was detected at the elution position of
trisulfated tetrasaccharide-2AB. The major compound in this
peak was resistant to chondroitinase (CSase) AC-II (Figure SA),
suggesting that the internal GIcUA residue is most likely 2-O-
sulfated (supplementary Figure 2) (Deepa et al. 2007). To deter-
mine the saccharide sequence of the major compound in D-1,
the CSHY digest of CS-D was subjected to gel filtration HPLC
without labeling with 2AB by monitoring UV-absorption at
215 nm, and the peak corresponding to a tetrasaccharide (D-1")
was collected (data not shown). The unlabeled tetrasaccharide
fraction was digested with CSase ABC and then the digest was
labeled with 2AB and analyzed by anion-exchange HPLC. Two
major peaks were detected at the elution positions of GlcUA-
GalNAc(4S)-2AB and AHexUA(2S)-GalNAc(6S)-2AB (Fig-
ure 5D and Table II), suggesting that the saccharide sequence
of the predominant tetrasaccharide in the CSHY digest of CS-D
was GIcUA-GalNAc(4S)-GIcUA(2S)-GalNAc(6S) (Table III).

On digestion with CSase AC-II, D-2 yielded a single peak
eluted at the position of trisulfated tetrasaccharide-2AB upon
HPLC (Figure 5B). The digest of D-3 obtained with CSase
AC-II also gave a single peak eluted at the same position
as that of the major compound in the digest of D-2 (Fig-
ure 5C). When these digests were co-chromatographed individ-
ually with 2AB-labeled authentic unsaturated tetrasaccharides,
they each co-eluted with AHexUA-GalNAc(4S)-GIcUA(2S)-
GalNAc(6S)-2AB (data not shown). Thus, it was concluded
that CSHY recognized the tetrasaccharide sequence, GlcUA-
GalNACc(45)-GIcUA(2S)-GalNAc(6S), as the structure on the
nonreducing side of the cleavage sites in the CS-D chains.

To investigate the structure on the reducing side of the cleav-
age site in CS-D, the disaccharide units at the nonreducing
termini of the compounds in the CSHY-produced D-2 and
D-3 fractions were investigated. The hexasaccharide fraction
D-2 was digested with CSase ABC, and the digest was la-
beled with 2AB. The 2AB-labeled digest was analyzed by

$20z |1udy 61 uo 1senb Aq G886 1/00€/E/0Z/e1011e/qodA|B/woo dno-olwspeoe//:sdiy woly pepeojumoq



A
2.25—
(]
- 1.5
£
E
=
0o
E
2
§ 0.75—
[ | T T 1
-0.01 0 0.01 0.02 0.03

1/[Disaccharides formed from CS-A] (uM)-1

C
0.75—
[ J
"E- 0.5
£
=]
E
a
‘2_ 0.25—
[ ! I |
-0.01 0 0.01 0.02 0.03

1/[Disaccharides formed from CS-D] (uM)-1

Novel human chondroitin sulfate hydrolase

B
1.5

" 1.0

£

£

=

=}

E

a

12- 05— e

[ T T I 1
-0.01 0 0.01 0.02 0.03

1/[Disaccharides formed from CS-C] (uM)-1

D
12—
— 8
E
£
[=]
£
a
2 g
[ | | [ |
-0.005 0 0.005 0.01 0.015

1/[Disaccharides formed from CS-E] (uM)-1

Fig. 4. Lineweaver—Burk plots of the initial velocities obtained by enzymatic hydrolysis of varying concentrations of CS isoforms by CSHY. CSHY was incubated
with different concentrations of CS-A (A), CS-C (B), CS-D (C), or CS-E (D). After incubation, degradation products were labeled with 2AB and digested with
CSase AC-II. The resultant oligosaccharides were quantified by HPLC as described in Material and methods. The plots showed linearity and the reaction velocities
were used for a kinetic analysis to determine apparent K;,, and Vinax values for CSHY.

Table I. Kinetic parameters of the recombinant CSHY

Apparent K, Apparent Viax
Substrate mM as disaccharides pmol/min
CS-D 0.17 7.0
CS-C 0.30 49
CS-A 0.46 53
CS-E 2.9 32

anion-exchange HPLC, which showed three peaks at the elution
positions of GlcUA-GalNAc(4S5)-2AB, GlcUA-GalNAc(6S)-
2AB, and AHexUA-GalNAc(4S)-GlcUA(2S)-GalNAc(6S)-
2AB, respectively, in a molar ratio of 0.34:0.38:1.0 (Figure SE

and Table II), suggesting that fraction D-2 contained the follow-
ing two major components in a molar ratio of 47:53 (Table III):

GlcUA-GalNAc(4S5)-GlcUA-GalNAc(4S)-GIcUA(2S)-
GalNAc(6S) and
GlcUA-GalNAc(65)-GlcUA-GalNAc(4S)-GIcUA(2S)-
GalNAc(6S).

Upon digestion of the octasaccharide fraction D-3 with CSase
ABC followed by 2AB-derivatization, the CSase digest yielded
2AB-derivatives of two saturated disaccharides, three unsat-
urated disaccharides, and AHexUA-GalNAc(4S)-GIcUA(2S)-
GalNAc(6S) derived from the reducing termini of the
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Fig. 5. Identification of the degradation products of CS-D by anion-exchange
HPLC. Fractions D-1 (A), D-2 (B, E), and D-3 (C, F), isolated from the CSHY
digest of CS-D (Figure 2), were analyzed by anion-exchange HPLC after
digestion with CSase AC-II (A-C). Fraction D-1" was digested with CSase
ABC, and the digest was labeled with 2AB and analyzed by anion-exchange
HPLC (D). Fractions D-2 and D-3 were also digested with CSase ABC, and
the digests were labeled with 2AB and analyzed individually (E and F). The
elution positions of the 2AB-derivatives of the authentic unsaturated
tetrasaccharides (Sugahara et al. 1994a; Deepa et al. 2007) are indicated by
arrows marked by letters in panel C: (a) AHexUA(2S)-GalNAc(6S)-GlcUA-
GalNAc(6S); (b) AHexUA(2S)-GalNAc(6S)-GlcUA-GalNAc(4S);

(c) AHexUA-GalNAc(4S)-GlcUA(2S)-GalNAc(6S); (d) AHexUA-
GalNAc(6S)-GIcUA(2S)-GalNAc(6S). The peaks marked by asterisks at
around 5 min in panels D-F were derived from the 2AB reagents. The
numbered arrows and arrowheads in panel F indicate the elution positions of
the 2AB-derivatives of authentic unsaturated and saturated disaccharides
(Kinoshita and Sugahara 1999): (1) AHexUA-GalNAc; (2) AHexUA-
GalNACc(6S); (3) AHexUA-GalNAc(4S); (4) AHexUA(2S)-GalNAc(6S);
(5) AHexUA(2S)-GalNAc(4S); (6) AHexUA-GalNAc(4S,6S);

(7) AHexUA(2S)-GalNAc(4S,6S); (8) GlcUA-GalNAc(6S); (9) GlcUA-
GalNAc(4S).

compounds in fraction D-3 (Figure 5F). Their proportions are
shown in Table II. Saturated and unsaturated disaccharides are
derived from the nonreducing and internal positions of the oc-
tasaccharides in fraction D-3, respectively. The possible saccha-
ride sequences of the major octasaccharides in fraction D-3 are
listed in Table III.

Table II. Composition of the isolated CS-D oligosaccharide fractions

Fraction Di- or tetrasaccharide Proportion (%)*

D-1® GlcUA-GalNAc(4S) 56 £ 0.4
AHexUA(2S)-GalNAc(6S) 44+04
D-2¢ GlcUA-GalNAc(4S) 20+0.9
GlcUA-GalNAc(6S) 22£0.8

AHexUA-GalNAc(4S)-GIcUA(2S)-GalNAc(6S) 58 £ 1.5

D-3¢ GlcUA-GalNAc(4S) 13+0.5
GlcUA-GalNACc(6S) 15+02
AHexUA-GalNAc(4S) 13+14
AHexUA-GalNAc(6S) 14+0.2
AHexUA(2S)-GalNAc(6S) 7+1.1

AHexUA-GalNAc(4S)-GIcUA(2S)-GalNAc(6S) 38 +2.0

2The values are expressed as the mean £ SD for three independent
experiments.

YThe unlabeled tetrasaccharide fraction D-1" was digested with CSase ABC
and the digest was labeled with 2AB and analyzed by anion-exchange HPLC.
“The 2AB-derivatives of the hexasaccharide fraction D-2 and the
octasaccharide fraction D-3 were also digested individually with CSase ABC,
and each digest was labeled with 2AB and analyzed by anion-exchange HPLC.

Since CS-A and CS-C were also depolymerized by CSHY
to some extent (Figures 1 and 2), the reducing terminal struc-
ture of the oligosaccharide products in the CSHY digests of
CS-A and CS-C was analyzed to investigate the specificity of
CSHY. The 2AB-derivative of the respective digest was treated
with CSase AC-II and analyzed by anion-exchange HPLC (Fig-
ure 6). The only product from the reducing end of the CSHY
digest of CS-A was detected at the elution position of AHexUA-
GalNAc(6S5)-2AB, suggesting that GIcUA-GalNAc(6S) is the
predominant disaccharide unit occupying the reducing terminus
of the major component in the CSHY digest of CS-A. Since the
major disaccharide unit in CS-A is GlcUA-GalNAc(4S) (76%),
not GlcUA-GalNAc(6S) (24%), it can be concluded that 6-O-
sulfation on the GalNAc residue at the cleavage site is essential
for the recognition by CSHY.

When the 2AB-derivatized CSHY digest of CS-C was
analyzed by anion-exchange HPLC after further digestion
with CSase AC-1I, AHexUA-GalNAc(6S)-2AB and AHexUA-
GalNAc(4S)-GIcUA(2S)-GalNAc(6S)-2AB were detected as
major oligosaccharides in a molar ratio of 1.2:1.0 (Fig-
ure 6B), suggesting that GlIcUA-GalNAc(6S) and GIcUA(2S)-
GalNAc(6S) are reducing terminal disaccharides in the ma-
jor resultant oligosaccharides in the CSHY digest of CS-C
(Table III). The molar ratio of GlcUA-GalNAc(6S) to

Table III. Structure of the major components in the digests of CS obtained with CSHY

Fraction Substrate Structure of the products

Tetrasaccharide (D-1) CS-D GlcUA-GalNAc(4S)-GIcUA(2S)-GalNAc(6S)

Hexasaccharides (D-2) CS-D GlcUA-GalNAc(4S)-GlcUA-GalNAc(4S)-GIcUA(2S)-GalNAc(6S) (47%)
GlcUA-GaINAc(6S)-GlcUA-GalNAc(4S)-GlcUA(2S)-GalNAc(6S) (53%)

Octasaccharides (D-3) CS-D GlcUA-GalNAc(4S)- GIcUA-GalNAc(4S)-

GlcUA-GalNAc(6S)- GlcUA-GalNAc(4S)-GlcUA(2S)-GalNAc(6S)

GlcUA-GalNAc(6S)- GIcUA(2S)-GalNAc(6S)-

Reducing terminus?® CS-A -GlcUA-GalNAc(6S) (100%)

Reducing termini® CS-C -GlcUA-GaINAc(6S) (55%)

-GlcUA-GalNAc(4S)-GIcUA(2S)-GalNAc(6S) (45%)

2The reducing terminal structure of the products of the digestion of CS-A and CS-C by CSHY is shown.
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Fig. 6. Analysis of the reducing terminal structure in the degradation products
of CS-A and CS-C. CS-A (A) and CS-C (B) were digested individually with
CSHY. Each digest was derivatized with 2AB and analyzed after digestion
with CSase AC-II by anion-exchange HPLC using an NaH,POy gradient
(indicated by the dashed lines). The numbered arrows in panels A indicate the
elution positions of the 2AB-derivatives of authentic disaccharides (see the
legend to Figure 5). The open arrow in panel A indicates the elution position of
the 2AB-derivative of the unsaturated tetrasaccharide,
AHexUA-GalNAc(4S)-GIcUA(2S)-GalNAc(6S) (Deepa et al. 2007).

GIcUA(2S)-GalNAc(6S) in the parent CS-C chains is 10.7:1.0
(Lietal. 2008). Although the proportion of GIcUA-GaINAc(6S)
in the parent CS-C is much higher than that of GIcUA(2S)-
GalNACc(6S), the two units were similarly detected as the major
reducing terminal disaccharides in the CSHY digest of CS-
C, suggesting that CSHY prefers the GIcUA(2S)-GalNAc(6S)
structure to GlcUA-GalNAc(6S) as the cleavage site in CS-C
chains. Thus, 2-O-sulfation of the GIcUA residue on the im-
mediate nonreducing side of the target GaINAc(6S) residue ap-
pears to be preferred by CSHY as indicated by an asterisk in
Figure 7A.

Discussion

In the present study, we demonstrated the catalytic activity of
HYALA4 toward CS and characterized its specificity. Although
HYALA4 was identified as a homolog of hyaluronidases, it turned
out to be a CSHY: the enzyme hardly acted on HA and clearly
preferred CS. HYAL1 and SPAMI can also degrade CS, al-
though the catabolism occurs more slowly than that of HA
(Csoka et al. 2001; Jedrzejas and Stern 2005), and therefore
their preferred substrate is HA rather than CS. Thus, these
human hyaluronidases and the chondrotin hydrolase of nema-
todes cannot be termed CS-degrading enzymes. In this study,
we demonstrated the CS-degrading activity of HYAL4, charac-
terized its substrate specificity in detail, and identified the sugar
sequences of the cleavage site in CS chains recognized by this
enzyme.

The CSHY protein possesses a putative GPI-anchored do-
main in the C-terminal region and appears to be a GPI-anchored
molecule. However, the optimal pH of this enzyme was deter-
mined to be 5.0 (Figure 3), suggesting it to be active mostly in
lysosomes. Although HYAL?2 is also a GPI-anchored molecule
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Fig. 7. Structure of the site of cleavage by CSHY in CS. (A) The arrow
indicates the galactosaminidic linkage cleaved by CSHY. A sulfated structure
appears to be critical for the hydrolytic action of the enzyme. The 6-O-sulfate
group on the GalNAc residue on the nonreducing side of the cleavage site is
essential, and 4-O- or 6-O-sulfation on the GalNAc residue on the reducing
side of the cleavage site is important for recognition by the enzyme. The
2-0O-sulfate group on the GlcUA residue on the nonreducing side indicated by
an asterisk appears to have a promoting effect on the hydrolytic action of
CSHY. (B) A representative saccharide sequence in CS-D is shown.
Disaccharide units are depicted as circles. A, C, and D in the circles stand for
A unit, C unit, and D unit, respectively. The glycosidic bonds on the reducing
side of D units are preferentially hydrolyzed by CSHY as indicated by black
arrows, giving tetra-, hexa-, and octasaccharides as major degradation
products.

and has been assigned to the plasma membrane closely associ-
ated with CD44 (Rai et al. 2001; Duterme et al. 2009), it was
shown to have an optimal pH of 3.8 (Lepperdinger et al. 1998).
Recently, the HA-degrading activity of HYAL2 was detected
in the membrane fraction of cells co-expressing HYAL2 and
CD44 at pH 6.0-7.0 (Harada and Takahashi 2007). Therefore,
we hypothesize that HYAL4 might also function on the cell sur-
face. Investigation of the cellular distribution of this enzyme is
in progress.

CSHY can degrade CS but the Chn and HA preparations
tested here were hardly depolymerized at all, suggesting that
sulfate groups are required for the enzymatic activity in contrast
to the Chn hydrolase in C. elegans, which prefers Chn to CS
(Kaneiwa et al. 2008). Since DS was not digested by CSHY, the
steric configuration of the C-5 position of uronic acid residues
is distinct. In addition, the structure of CS oligosaccharides gen-
erated by the hydrolytic action of CSHY was determined. All
the reducing GalNAc residues of the tested oligosaccharides in
the CSHY digests of CS-A, -C, and -D were 6-O-sulfated (Ta-
ble III), suggesting that the GalNAc(6S) structure is essential for
the hydrolyzing activity of CSHY. All the uronate residues at the
nonreducing ends of the oligosaccharides in the CSHY digests of
CS-A, -C, and -D were nonsulfated GlcUA (Table III), suggest-
ing that the 2-O-sulfated GIcUA structure of the disaccharide
unit on the reducing side of the cleavage sites is not recognized
by CSHY. Based on these results, the minimal sequence recog-
nized by CSHY was concluded to be -GalNAc(6S)-GlcUA-.

To further investigate the patterns of sulfation on the
GalNAc/GIcUA residues adjacent to the target glycosidic
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HYAL1 g LLPICALFLTLLDMAQG- - FRGPLLENRPFT ANTOWSLERHGVDVDVSVEDVVANPGOTFREPDM 74
CSHY (HYAL4) 1 MKVLSEGQLKLCVVQPVEILTSWLLIFFILKSISCLKPARLPIYQRKPEI APTDQL T KYNLRLNLKMFPVIGSPLAKAREONV! 90
Chnase 1 mmmmmmm - MVIVWYEIQLLLVLLIFIGARKGAQYIGSGASQPNR - TD PSWT®KNEYS IDVEKYGILQNEDQ- HFVGEKQF, 77

HYAL1l 75 MSSQ PTG- - G
CSHY (HYAL4) 91 RLEY YTSQG--VigI
Chnase 78 MEHSFEKI|SYFKAQNES

AVID T RBArNEDTED IHRO OAQHBDW 162

R OQARNENS KDVRRO ISDMGKNV 178

NVARS T [3E MU E LS GPFSVNK TES I RIBTROOHPYH 167
&

HYAL1 163 PAPQ DOFQGAARAWMAGRHLORERAIEERGLIE DFLSPNYTG@PSGIRA ERvyMPAVL, 252
CSHY (HYAL4) 179 SATDI|aYLAKVTFEESAKAFMKERNT KIFe T KSIR=KG APNYSGS@PEDEVL SISICVWKSL 268
Chnase 168 STKQIBWQMERDYEKACQKEFI KR AKLIE YN - -GDVGQKSDTD@STLFQK TINIFESMYI.YPSQ 255
HYAL1 253 E-GTGKSQMYVQHRV. AVAAG-DPNLBJYLPYVQIFY-DTT PLDEWEHSLGESARQGEAG SWENTRTKES@OQAIKEY 339
CSHY (HYAL4) 269 G-DSENILRFSKFRVHBBSMIISTMTSHDYALPWFVYTRLGYRDEPLFIRLSKQODIRVST IGESAALGRAGIWINGDMNLTAS KVKQF 357
Chnase 256 KQONPEYNFVNSGALI TKRNYCPSCEIHWYFTKIEYNPYYTPD SKOQ! STLDLAT SVMIRSTSQSIG--S SLOTY 343
HYAL1 340 MDTTIePFILNVTSGALL@SQRL{®SG! RRTSHPKALLLLNPASFSIQLTPGGGPLSLRGALSLEDQMOMAVEFKCRCYPGWQAPWC 429
CSHY (HYAL4) 358 VSSDMeSYIANVTRAAEVESLH TRKMWNAPSYLHLNPASYHIEASEDG-EFTVKGKASDTD TESCHCYQGYEGADC 446
Chnase 344 VD PYLOLTDRNLDK@RMERSEG \YLPRPKTNPAIYNFACRCERPYFGKSCEYRGRRMGVSMPKINSQTPQVIPDVTAYFSTSSN 433
HYAL1 430 ERESMW-=--=--==ccceccmmcnc e cccccna 435
CSHY (HYAL4) 447 REIKTADGCSGVSPSPGSLMTLCLLLLASYRSIQL 481
Chnase 434 GTKKYNAPNQFYSRTGGDIKLARKL---------- 458

Fig. 8. Comparison of CSHY with HYALI and C. elegans Chn hydrolase. Multiple sequence alignment of CSHY (HYAL4) with HYAL and C. elegans Chn
hydrolase (Chnase) is shown using the Clustal W multiple sequence alignment program (version 1.83) (http://align.genome.jp/clustalw/). Introduced gaps are shown
by hyphens, and aligned identical residues are boxed (black for all sequences and dark gray for two sequences). Asterisks indicate the amino acid residues, which
are conserved strictly among the human hyaluronidases and supposed to be responsible for their hydrolytic activity (Stern and Jedrzejas 2006). Note that Cys263 in
HYALA4 reported by Csoka et al. (1999) (accession number: AF009010) was replaced here by Gly263 in the sequence of the HYAL4 gene cloned by us (accession
number: AB470346) and Mammalian Gene Collection Program Team (accession numbers: BC104788 and BC104790) as well as in the human genomic DNA

(accession number: NT_007933).

linkage, the disaccharide units located on both sides of the site of
cleavage by CSHY were characterized. The reducing terminal
disaccharide units of the oligosaccharides in the CSHY digests
of CS-A, -C, and -D were identified as C [GlcUA-GalNAc(6S)]
or D [GIcUA(2S)-GalNAc(6S)] units (Table IIT). Although the
proportion of D units in CS-C and CS-D (7% and 23%, respec-
tively) is much lower than that of C units (79% and 45%, respec-
tively) (Li et al. 2008), the D disaccharide unit was observed as
a major unit even in the CSHY digest of CS-C (Figures 5, 6B,
and Table III), suggesting that the structure of the D unit is pre-
ferred by CSHY. Thus, 2-O-sulfation of the GIcUA residue on
the nonreducing side of the target GalNAc residue seems to have
a promoting effect on the action of CSHY. On the other hand, the
nonreducing terminal disaccharides of the oligosaccharides in
the CSHY digests were identified as A [GIcUA-GalNAc(4S)] or
C units (Tables II and III). Although the CS-D preparation used
contained a significant proportion (10%) of O [GlcUA-GalNAc]
units, only sulfated disaccharide units were detected, suggest-
ing that sulfation of the GalNAc residue at the cleavage site is
required for the recognition by CSHY. The position of sulfation
on the GalNAc residue seems to be tolerated. It appears that
the 6-O-sulfation on the immediate reducing side of the target
GlcUA residue can be replaced by 4-O-sulfation. The findings
demonstrated the importance of the sulfated structure for the
degradation of CS chains by CSHY. Notably, the positions of
sulfation preferred by CSHY were revealed; the enzyme cleaves
in principle the galactosaminidic linkage in the tetrasaccharide
sequence GIcUA(2S)-GalNAc(6S)-GlcUA-GalNAc(4S or 6S)
in CS polysaccharides (Figure 7A).

A schematic representation of the action of CSHY on CS-
D is shown in Figure 7B. Based on the structural analysis
of oligosaccharides isolated from CS-D, some characteristic
sulfation patterns in CS-D have been revealed (Nadanaka and
Sugahara 1997; Sugahara and Yamada 2000). “A” unit could be
located on the reducing side of “C” unit, which results in a C-A
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tetrasaccharide sequence. Oligosaccharides containing the re-
verse arrangement, A-C, have seldom been isolated from CS-D.
“D” unit has been found on the reducing side of “A” unit as well
as the nonreducing side of “A” and “C” unit, which forms the A-
D, D-A, and D-C tetrasaccharide sequences. These observations
may reflect the substrate specificity of CS sulfotransferases.
Since the D-D and C-D tetrasaccharide sequences have never
been reported, it remains to be investigated whether the glyco-
sidic bonds in these sequences can be hydrolyzed by CSHY.

The protein sequences of the full-length human hyaluronidase
genes have been used in studies of sequence homology, provid-
ing information regarding the primary, secondary, and three-
dimensional structural properties of these proteins (Jedrzejas
and Stern 2005; Stern and Jedrzejas 2006, Zhang et al. 2009).
Three-dimensional models demonstrated that hyaluronidases
are globular proteins encompassing a large cleft, which is where
HA (or CS) is thought to bind and be broken down. The sur-
face of the cleft is lined with conserved amino acid residues,
most of them positively charged or hydrophobic. The amino
acid sequence of CSHY (HYALA4) is displayed with those of
HYAYLI and C. elegans Chn hydrolase in Figure 8. Based on the
three-dimensional modeling for human hyaluronidases, Stern
and Jedrzejas (2006) claimed that a group of residues including
Asp129, Tyr202, Tyr247, and Trp321 (numbering for HYALI,
indicated by asterisks in Figure 8), which are conserved strictly
among the human hyaluronidases, are responsible for their hy-
drolytic activity, and that Cys263 (see the legend to Fig. 8) in
HYALA4 replaced by Tyr247 in HYAL1 may cause the distinct
substrate specificity of HYAL4. Chn is the preferred substrate
for Chn hydrolase from C. elegans, while the sulfated sequences
in CS are preferred by CSHY. To evaluate the contribution of the
amino acid residues to the specificity of CSHY, future studies
using site-directed mutagenesis as well as the preparation and
characterization of chimeric proteins consisting of HYAL1 or
Chn hydrolase with CSHY are required.
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CSHY is not the only candidate for the enzyme involved in the
catabolism of CS/DS because its expression is not ubiquitous
but restricted to the placenta and skeletal muscle (Cséka et al.
1999). Since HYAL is ubiquitously expressed and can degrade
CS chains to some extent (Kresse and Glossl 1987; Csoka et al.
2001; Jedrzejas and Stern 2005), it may also be involved in the
catabolism of CS under certain conditions. However, no endo-
glycosidase which can act on DS has been identified. How are
DS chains degraded under physiological conditions? It has been
reported that free DS chains specifically accumulate in the amy-
loidotic spleen during amyloid fibrillogenesis (Stenstad et al.
1994), implying the existence of a DS-specific endoglycosidase
and its involvement in the formation of amyloid fibrils. The
possibility cannot be excluded that another enzyme, having no
homology with the human hyaluronidases, hydrolyzes CS/DS in
vivo. Odd-numbered oligosaccharides have been isolated from
a porcine skin DS preparation after digestion with a bacterial
CS lyase (Sugahara et al. 1994b). Their reducing terminal sac-
charide residues were identified as GIcUA not GalNAc by a
'"H NMR analysis, indicating that the intact DS chains are lib-
erated from DS-PGs by an unidentified endo-f-glucuronidase,
not by a hyaluronidase-like endo-p-hexosaminidase. Although
heparanase is an endo-f-glucuronidase and involved in the
catabolism of heparan sulfate/heparin by the endolytic cleavage
of long polysaccharide chains at the initial stage of the degrada-
tion process (Hopwood 1989; Okada et al. 2002; van den Hoven
et al. 2007), no endo-hexuronidase specific to CS/DS has been
reported.

Chn/CS, but no HA, has been demonstrated in nematodes
(Nematoda) (Yamada et al. 1999) and hydrozoan (Cnidaria)
(Yamada et al. 2007). Isolation of HA has been reported only
in the mollusc bivalve Mytilus galloprovincialis (Volpi and
Maccari 2003) and vertebrates in metazoan to our knowledge.
Chn/CS is most likely occurred in evolution prior to HA. Pre-
viously we demonstrated the human hyaluronidase homolog
in C. elegans to be a Chn hydrolase. This implies that HYAL4
(CSHY) might be the primordial gene for the hyaluronidase fam-
ily. However, database searches suggested that the amino acid
sequence of C. elegans Chn hydrolase displayed similar iden-
tity with the human hyaluronidase family members (27-28%)
(Kaneiwa et al. 2008) and that the homology with CSHY was
not the highest. Rather C. elegans Chn hydrolase was similar to
a hyaluronidase from bee venom based on the phylogenetic tree
produced using the ClustalW algorithm (data not shown). De-
tailed studies on comparative genomics of hyaluronidase/CSHY
are required to clarify this important issue.

Recently, approaches using a bacterial CS lyase against glial
scar CS/DS PGs have received much attention in the treat-
ment of acute spinal cord injuries (Bradbury et al. 2002). At
sites of damage to the central nervous system, a glial scar
containing CS/DS develops and is inhibitory to axon growth.
Removal of CS chains in glial scars by treatment with the bac-
terial CS lyase attenuates the inhibitory activity (Bradbury et
al. 2002). However, the use of the bacterial CS lyase may not
be most suitable for the treatment of an acute spinal cord in-
jury. The enzyme is not a hydrolase but an eliminase, and
therefore the degradation products contain an artificial unsat-
urated hexuronic acid at the nonreducing end, contributing to
a strong antigenicity. Further, this bacterial enzyme depoly-
merizes not only CS/DS but also HA. In contrast, CSHY is a
CS-specific hydrolase. Hence, this enzyme may be a better tool
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for the treatment of acute spinal cord injury than the bacterial
lyase.

Material and methods

Materials

The following sugars and enzymes were purchased from
Seikagaku Corp. (Tokyo, Japan): CS-A from whale cartilage,
DS from pig skin, CS-C from shark cartilage, Chn, a chem-
ically desulfated derivative of CS-A, CS-D from shark carti-
lage, CS-E from squid cartilage, heparan sulfate from bovine
kidney, seven unsaturated standard disaccharides derived from
CS, CSase ABC from Proteus vulgaris (EC 4.2.2.20), and
CSase AC-II from Arthrobacter aurescens (EC 4.2.2.5). 2,6-
Di-O-sulfated DS from Ascidia nigra, which mainly consists
of IdoUA(2-O-sulfate)-GalNAc(6-O-sulfate) disaccharide unit,
was from Iduron Ltd (Manchester, UK). HA of human umbili-
cal cord was obtained from Sigma (Saint Louis, MO). An HA
preparation, which has an average molecular mass of 35 kDa,
from Streptococcus pyogenes was purchased from R&D Sys-
tems, Inc. (Minneapolis, MN). COS-7 cells were obtained from
Japan Health Sciences Foundation (Tokyo, Japan). Superdex™
peptide and 200 10/300 GL columns and prepacked disposable
PD-10 columns containing Sephadex G-25 (medium) were ob-
tained from GE Healthcare (Uppsala, Sweden). FITC-labeled
GAG isoforms, Chn, CS-A, DS, CS-C, CS-D, CS-E, and
HA from human umbilical cord, were prepared as described
(Kaneiwa et al. 2008). All the FITC-labeled GAGs were sen-
sitive to at least CSase ABC and can be degraded into small
oligosaccharides (data not shown). 2AB-Derivatives of un-
saturated trisulfated tetrasaccharides, AHexUA-GalNAc(4S)-
GIcUA(2S)-GalNAc(6S), AHexUA-GalNAc(6S)-GIcUA(2S)-
GalNACc(6S), AHexUA(2S)-GalNAc(6S)-GlcUA-GalNAc(4S),
and AHexUA(2S)-GalNAc(6S)-GlcUA-GalNAc(6S), were pre-
pared as described (Sugahara et al. 1994a; Deepa et al. 2007).

Cloning of human HYAL4 cDNA

The putative full-length open reading frame encoding HYAL4
was amplified from the human placenta PCR Ready First Strand
cDNA library (BioChain Institute Inc., Hayward, CA) by two-
rounds of PCR using specific primers corresponding to the se-
quences in the 5'- and 3’-noncoding regions. The first PCR was
performed with the primers, 5'-GGT TTG GAG CCA TTG CTG
GAC ATC C-3’ and 5'-TTT CCT AGC CAG ACT GGA GGC-
3’. The second PCR was performed with the nested primers,
5'-GCA CCA AGG TGA CTA AAG GAC CA-3’ and 5'-CAT
CCT TCT TTA AAT GAC TAG GC-3'. Each PCR was carried
out with the KOD-Plus DNA polymerase (Toyobo, Tokyo) in the
presence of 5% (v/v) dimethyl sulfoxide for 30 cycles at 94°C for
30 s, 55°C for 45 s, and 68°C for 2 min. The amplified cDNA
fragment of expected size (~1.4 kbp) was subcloned into a
pGEM®.-T Easy vector (Promega, Tokyo) and sequenced'
in a CEQ 8000 DNA sequencer (Beckman Coulter, Fuller-
ton, CA) at the OPEN FACILITY in Sousei Hall, Hokkaido
University.

'The nucleotide sequence reported in this paper has been submitted to the
GenBank™/EBI Data Bank with accession number AB470346.
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Construction of an expression vector containing a cDNA
[fragment encoding a soluble form of HYAL4

The DNA fragment, which encodes the putative HYAL4 protein
lacking both the first N-terminal 33 amino acids (a hydrophobic
region) and the last C-terminal 19 amino acids (the putative GPI-
anchored region), was amplified by PCR with the pGEM®-T
Easy vector containing the full-length form of HYAL4 as a
template, using a 5’ primer containing an in-frame EcoRV site
(5" -GCG ATA TCG TGT CTA AAA CCT GCT C-3') and a
3’ primer containing a BamHI site (5-GCG GAT CCT CAA
GGA GAA GGG GAA A-3'). PCR was carried out with the
KOD-Plus DNA polymerase for 30 cycles at 95°C for 30 s,
55°C for 45 s, and 68°C for 2 min. The amplified fragment was
subcloned into the EcoRV and BamHI sites of the expression
vector p3XFLAG-CMV-8 (Sigma), resulting in the fusion of
HYALA to the preprotrypsin leader sequence and the FLAG tag
sequence present in the vector.

Expression of a soluble form of HYALA

The expression plasmid (6.7 pg) was introduced into COS-7
cells (2.2 x 10° cells) using FUGENE™6 (Roche Diagnostics,
Basel, Switzerland) according to the manufacturer’s instruc-
tions. After 3 days of culture at 37°C, 1 mL of the culture
medium was collected and incubated with 10 pL of ANTI-
FLAG® M2 affinity gel (Sigma) overnight at 4°C. The resin
was washed with 25 mM Tris-buffered saline containing 0.1%
Tween-20, subjected to SDS-PAGE, and analyzed by silver
staining as well as Western blotting as described (Kaneiwa et al.
2008).

Measurement of the enzymatic activity

The cells transfected with HYAL4 were cultured for 3 days and
1 mL of the medium was purified with 10 L of ANTI-FLAG®
M2 affinity resin overnight at 4°C. The resin was washed with
25 mM Tris-buffered saline containing 0.1% Tween-20 and sub-
sequently with a 50 mM phosphate buffer, pH 6.0, containing
150 mM NaCl, and then resuspended individually in 4 pL
of the same buffer containing ~10 pg of FITC-labeled GAG
isoforms. The mixture was incubated at 37°C for 12 h. The
resin was removed by filtration using an Ultrafree-MC filter
(Millipore, Billerica, MA), and the sample solution was sub-
jected to gel filtration chromatography on a Superdex 200 col-
umn equilibrated with 0.2 M NH4HCOs;. Eluates were moni-
tored by measuring fluorescence with excitation and emission
wavelengths of 490 and 520 nm, respectively.

The purified enzyme-bound resin (5 L) was also incubated
with FITC-CS-D (~20 pg) in the 50 mM phosphate buffer,
pH 5.0, at 20, 25, 30, or 37°C for 1 h to determine its optimal
temperature. The CS-degrading activity of HYAL4 was assessed
based on the proportion (in percentage terms) of low-molecular-
weight fragments of FITC-CS-D in the digests as described
previously (Kaneiwa et al. 2008).

To determine the optimal pH, the purified enzyme-bound
resin (5 pL) was incubated with nonlabeled CS-D (~5 ng)
in 50 mM phosphate, acetate, or citrate buffers, pH 3.5-
6.5, at 37°C for 1 h. The resin was then removed by filtra-
tion using an Ultrafree-MC filter, each sample was labeled
with 2AB (Kinoshita and Sugahara 1999), and excess 2AB-
derivatizing reagents were removed by extraction with chlo-
roform (Kawashima et al. 2002). The 2AB-derivatives were
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digested by CSase AC-II (5 mIU) in the 50 mM sodium ac-
etate buffer, pH 6.0, and the digests were analyzed by anion-
exchange HPLC on an amine-bound silica PAO3 column (4.6 x
250 mm, YMC Co., Kyoto, Japan) using a linear gradient of
NaH,PO4 from 16 to 800 mM over 60 min at a flow rate of
1 mL/min. Eluates were monitored by measuring fluorescence
at extraction and emission wavelengths of 330 and 420 nm, re-
spectively. The CS-degrading activity of HYAL4 was assessed
based on the proportion (in percentage terms) of 2AB-labeled di-
or tetrasaccharides formed, which was determined by measuring
the peak areas. Taking the total amount of disaccharide as 100%,
the proportion of each 2AB-labeled di- or tetrasaccharide was
calculated.

Nonlabeled Chn, CS-A, DS, CS-C, CS-D CS-E, heparan sul-
fate, 2,6-di-O-sulfated DS, and HA from S. pyogenes (10 pg
each) were incubated individually with the CSHY-bound resin
at 37°C. The resin was then removed by filtration using an
Ultrafree-MC filter, and each sample was labeled with 2AB and
analyzed by gel filtration HPLC on a Superdex peptide column
equilibrated with 0.2 M NH,;HCO;.

Various concentrations of nonlabeled CS-A, CS-C, CS-D,
and CS-E were individually incubated with the CSHY-bound
resin at 37°C. The resin was removed by filtration using an
Ultrafree-MC filter, and each sample was labeled with 2AB.
The 2AB-derivatives of the degradation products were digested
with CSase AC-II and then analyzed by anion-exchange HPLC
on an amine-bound silica PAO3 column as described above. The
reaction rate was measured as moles of the products formed/min,
and apparent Michaelis—Menten constants were determined by
fitting the data to the Michaelis—Menten equation (V = V. [CS
disaccharide]/K,, + [CS disaccharide]).

Determination of the saccharide sequence required for
digestion by CSHY

The 2AB-labeled oligosaccharides generated by the digestion
of CS-D with CSHY were fractionated by gel filtration HPLC
on a Superdex peptide column and individually digested with
CSase AC-II. An aliquot of each digest was analyzed by anion-
exchange HPLC on an amine-bound silica PAO3 column and
another aliquot was labeled with 2AB again, purified by pa-
per chromatography, and analyzed by anion-exchange HPLC.
The nonlabeled digest of CS-D was also fractionated by gel
filtration HPLC on a Superdex peptide column with absorption
monitored at 215 nm. The tetrasaccharide fraction was digested
with CSase ABC, labeled with 2AB, and analyzed by anion-
exchange HPLC.

Supplementary data

Supplementary data for this article is available online at
http://glycob.oxfordjournals.org/.
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Abbreviations

2AB, 2-aminobenzamide; Chn, chondroitin; CS, chondroitin
sulfate; CSase, chondroitinase; CSHY, CS hydrolase; DS, der-
matan sulfate; FITC, fluorescein 5(6)-isothiocyanate; GalNAc,
N-acetyl-D-galactosamine; GIcUA, D-glucuronic acid; GPI,
glycosylphosphatidylinositol; HA, hyaluronan; AHexUA, 4-
deoxy-a-L-threo-hex-4-enepyranosyluronic acid; IdoUA, L-
iduronic acid; PG, proteoglycan; 2S, 2-O-sulfate; 4S, 4-O-
sulfate; 6S, 6-O-sulfate.
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