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Abstract

Chondroitin sulfate is a group of polysaccharides containing repeating disaccharide units composed of GIcA-
GalNAc. Each disaccharide unit bears sulfate groups on the various position of the component sugars: position 4
of GalNAc residues in A unit; position 6 of GalNAc residues in C unit; position 6 of GalNAc residue and position
2 of GIcA residue in D unit; and position 4 and 6 of GalNAc residue in E unit. Specific sulfotransferases are
involved in the synthesis of these sulfate groups. Of these sulfotransferases, GalNAc 4-sulfate 6-O-sulfotransferase
(GaINAc4S-6ST) and uronyl 2-O-sulfotransferase (20ST) are responsible for the formation of E unit and D unit,
respectively. Both GalNAc4S-6ST and 20ST recognize not only the kind and position of the sugar residues but
also sulfation pattern around the targeted sugar residues. GalNAc4S-6ST efficiently transfers sulfate to position
6 of GalNAc(4-SO,) residue in a nonreducing terminal sequence, GalNAc(4-SO,)-GlcA(2-SO,)-GalNAc(6-S0,)
in addition to position 6 of GalNAc(4-SO,) residue in the repeating disaccharides units. On the other hand, 20ST
preferentially transfers sulfate to position 2 of GlcA residue in a sequence, GaINAc(4-SO,)-GlcA-GalNAc(6-
SO,). A highly sulfated nonreducing terminal sequence, GalNAc(4, 6-SO,)-GlcA(2-SO,)-GalNAc(6-SO,) appears

to be produced by the concerted action of these sulfotransferases.

Chondroitin sulfate (CS) is a linear polysaccharide attached
to various proteoglycans. CS is composed of repeating
disaccharide units bearing sulfate groups on the various
position of the sugar residues: position 4 of GalNAc residues
in A unit; position 6 of GalNAc residues in C unit; position
6 of GalNAc residue and position 2 of GIcA residue in D
unit; and position 4 and 6 of GalNAc residue in E unit.
Transfer of sulfate groups to the specific position of sugar
residues are catalyzed by specific sulfotransferases'. C4ST
transfers sulfate to position 4 of GalNAc residues; C6ST
transfers sulfate to position 6 of GalNAc residues;
GalNAc4S-6ST transfers sulfate to position 6 of GalNAc4S
residues; and 20ST transfers sulfate to position 2 of GIlcA
residues. In this review [ described specificities of
GalNAc4S-6ST and 20ST, and showed that these
sulfotransferases recognize not only the kind and position of
the sugar residues but also sulfation pattern around the
targeted sugar residues, and that the orchestrated reactions
of these sulfotransferases could elaborate a unique sequence
found in chondroitin sulfate. I provided experimental
evidences concerning the specificity of each sulfotransferase

as far as possible. Enzymatic and chemical reactions were

briefly explained at the Appendix. Abbreviations were listed
at the end of the review.

1. Substrate specificity of human
N-acetylgalactosamine 4-sulfate
6-O-sulfotransferase
(GalNAc4S-6ST)

1.1. Purification of squid GalNAc4S-6ST and cloning
of human GalNAc4S-6ST
Chondroitin sulfate E (CS-E) initially found in squid
cartilage contains GIlcA-GalNAc4S6S units. A unique
sulfotransferase was found in the squid cartilage that
transferred sulfate to position 6 of GalNAc4S residues of
CS and produced GalNAc4S6S residues®. About thirty
years after this finding, this enzyme, N-acetylgalactosamine
4-sulfate  6-O-sulfotransferase (GalNAc4S-6ST) was
purified to homogeneity’>. A ¢cDNA fragment of squid
GalNAc4S-6ST was obtained by PCR using degenerated

oligonucleotide primers which were designed according to
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the partial amino acid sequences of the purified enzyme.
On the basis of homology with the cDNA fragment,
human GalNAc4S-6ST was identified*. The FLAG-human
GalNAc4S-6ST fusion protein was extracted from COS-
7 cells that were transfected with the cDNA, and affinity
purified with an anti-FLAG monoclonal antibody-

conjugated column* 3.

1.2. Substrate specificity of human GalNAc4S-6ST.

The rates of sulfation of CS-C and DS with human
GalNAc4S-6ST were 1.5% and 14.5%, respectively, of the
rate of sulfation of CS-A, meaning that CS-C is a poor
acceptor for human GalNAc4S-6ST. When CS-A was
sulfated with human GalNAc4S-6ST and [**S]PAPS, and the
35S-labeled products were digested with ChACII, a nearly
equal amount of [*S]GalNAc4S6S and [**S]ADi-diS, were
detected in SAX-HPLC. When *S-labeled products formed
from DS was digested with ChABC, major radioactivity was
obtained at the position of [**S]GalNAc4S6S and only small
radioactivity was detected at the position of [**S]ADI-diS, in
SAX-HPLC. When *S-labeled products formed from
trisaccharide and pentasaccharide derived from CS-A were
digested with ChACII, only [*S]GalNAc4S6S was obtained
in SAX-HPLC. These results suggest that human GalNAc4S-
6ST preferentially transfer sulfate to GalNAc4S residues

located at the nonreducing terminal of CS-A and DS*.

2. Nonreducing terminal
modification of chondroitin sulfate
by human GalNAc4S-6ST

As described above, [**S]GaINAc4S6S and [*S]ADi-diS,
were detected in the ChACII digests of the *S-labeled
CS-A. When salt concentration used for gradient elution of
SAX-HPLC was increased further, an additional radioactive
peak ([**S]Oligo A) was eluted later than ADi-diS,. [**S]
Oligo A was not obtained when the **S-labeled products
were digested with ChABC.

2.1. Characterization of [**S]Oligo A

[**S]Oligo A was eluted at the position of disulfated
tetrasaccharide in gel chromatograpy. After digestion of
[**S]10ligo A with ChABC, [*S]GalNAc4S6S was obtained,
and after digestion with ChABC plus 6-Sase, **SO, was
obtained. When [*S]Oligo A was digested with 6-Sase
alone, an unidentified radioactive material was formed. This
radioactive material was converted to [**S]GalNAc4S6S by
further digestion with ChABC. Because 6-Sase cleaves

sulfate group from the reducing terminal GalNAc6S (see
Appendix), [**S]Oligo A was assumed to contain reducing
terminal GalNAc6S. From these results, [**S]Oligo A was
deduced to be a trisaccharide containing GaINAc4S6S at the
nonreducing end and GalNAc6S at the reducing end (Fig.
1). However the reason why [*S]Oligo A was highly

resistant to ChACII remained unclear.

GalNAc(4S0 ,)-GIcA(2S0,)-GalNAc(6S0, )-GlcA-
l human GalNAc4S-6ST, [35S]PAPS
GalNAc(4S0,, 6°°S0,)-GlIcA(2S0,)-GalNAc(6S0, )-GlcA-
i ChACII
GalNACc(4S0,, 650, )-GIcA(2S0, )-GalNAc(6S0 4)

[35 S]0ligo A

GalNAC(4S0y, 6%580,)  GalNAC(4S0,, 63350 ,)-GIcA(2S0,)-GalNAc
l 6-Sase i ChABC

#3507 GalNAc(4S0,, 63550, )
Fig. 1. Structural analysis of [**S]Oligo A

2.2. Isolation and characterization of
oligosaccharides obtained from the nonreducing
terminal sequence of CS-A

As described above, [*S]Oligo A was highly resistant to

ChACII, but it was not known whether [*S]Oligo A

contained IdoA. To determine the structure of [*S]Oligo A

further, the nonreducing terminal structure of CS-A was

investigated. The expected nonreducing terminal structure
should serve as acceptor for GalNAc4S-6ST and be
converted to a unique structure from which Oligo A was
released after digestion with ChACIIL. In addition it was
investigated whether or not the unique structure is present at
the nonreducing end of CS-A itself. The strategy for
detection of oligosaccharides released from the nonreducing
end is based on the fact that oligosaccharides derived from
the internal repeating units after ChACII digestion bear
unsaturated uronic acid and hence show the absorption at
232 nm, but those derived from the nonreducing end exhibit
no absorption at this wavelength. Instead, oligosaccharides
released from nonreducing end of CS-A are able to be
detected by the absorption at 210 nm. Two oligosaccharides
which met such requirements were obtained from CS-A
after ChACII digestion and were labeled as Oligo I and

Oligo II. In SAX HPLC, Oligo I was eluted near ADi-diS

whereas Oligo IT was eluted at the position of [**S]Oligo A’.

2.2.1. Characterization of Oligo I

When Oligo I was digested with ChABC, GalNAc4S and

ADi-diS | were formed. After further digestion with 6-Sase,

ADi-diS | disappeared and ADi-2S was formed. These results

indicate that Oligo I was GalNAc4S-GIcA2S-GalNACc6S.

Oligo I was completely resistant to ChACII digestion under
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the conventional conditions, but was partially degraded
under the strong conditions to GaINAc4S and ADi-diS ;. To
determine whether the resistance of Oligo I to ChACII
digestion was due to the presence of IdoA, Oligo 1 was
hydrolyzed with 2 M trifluoroacetic acid at 100 °C for 4 h,
and the hydrolysates were separated with thin layer
chromatography. Under the hydrolysis conditions, GIcA,
IdoA and GlIcA were detected in the hydrolysates of CS-A,
DS and Oligo I, respectively. From these results, it was
concluded that Oligo I contained solely GIcA, and that the
resistance of Oligo I to ChACII was attributable to the
presence of GlcA2S. When Oligo I was sulfated with human
GalNAc4S-6ST and [**S]PAPS, the **S-labeled product was
eluted at the position of [**S]Oligo A, and was converted to
[**S1GalNAc4S6S after ChABC digestion. Unlike Oligo T,
the *S-labeled product formed from Oligo I could be
degraded completely to [**S]GalNAc4S6S by ChACII under
the strong conditions® (Fig. 2).

GalNAC(4S0, )-GICA(2S0, )-GalNAC(6SO, )-GIcA-
l ChACII

GalNAC(4S0 ,)-GIcA(2S0,)-GalNAC(6S0, )
Oligo |
ChABC

GalNAc(4S04)

+

AHexA(2S0, )-GalNAc(6SO0,)
ADi-diSp

l 6-Sase
GalNAc(4S0,)

+
AHexA(2S04)-GalNAc
ADi-2S
Fig. 2. Structural analysis of Oligo |

2.2.2. Characterization of Oligo II

When Oligo II was digested with ChABC, GalNAc4S6S
and ADi-diS, were formed. After further digestion with
6-Sase, GalNAc4S and ADi-2S were formed. These results
indicated that Oligo II was GalNAc4S6S-GIcA2S-
GalNAc6S® (Fig 3).

2.3. Sulfation pattern of oligosaccharides affected the
sensitivity of these oligosacchatides toward
ChACII digestion

Oligosaccharides containing GIcA2S could be obtained

from the nonreducing terminal of CS-A because these

oligosaccharides were hardly digested with ChACII. The
resistance of these oligosaccharides to ChACII was not due

to the presence of IdoA (see 2.2.1). When Oligo I, Oligo II

and Tri-46 were digested with ChACII under the

GalNAC(4S0,, S0 )-GIcA(2S0, )-GalNAC(6SO,,)-GIcA-
l ChAClI
GalNAC(4S0, , 650, )-GICA(2S0,)-GalNAC(6SO, )
Oligo Il
l ChABC

GalNAc(4S0Oy4, 6S0,)
+
AHexA(2S0,)-GalNAc(6S0O,)
ADi-diSp
l 6-Sase
GalNAC(4S04)

+

AHexA(2S04 )-GalNAc
ADI-2S
Fig. 3. Structural analysis of Oligo I

conventional conditions, less than 2%, 67% and 100%,
respectively, were degraded, indicating that 2-O-sulfation of
GIcA residue strengthened resistance to ChACII and 4,6-di-
O-sulfation of GalNAc residue at the nonreducing side of
GlcA2S residue weakened resistance to ChACII®.

2.4. Modification of the nonreducing terminal
structure of CS-A

Oligo II behaved in exactly the same way as [¥*S]Oligo A in
SAX-HPLC. When Oligo II was digested with ChABC,
degradation products were the same as those from [**S]
Oligo A. Taken together, it was concluded that structure of
[**S]O0ligo A was the same as that of Oligo II. Thus [*S]
Oligo A should be released after ChACII digestion from the
nonreducing terminal structure, GalNAc4S6%S-GlcA2S-
GalNACc6S-, which was formed from the precursor sequence,
GalNAc4S-GIcA2S-GalNAc6S-, by the reaction with
GalNAc4S-6ST and [**S]PAPS. The observation that both
Oligo I and Oligo II were obtained from CS-A strongly
suggest that such modification reactions should occur in
vivo. Whale cartilage CS-A was used for the experiments
described above. To determine whether such modification of
the nonreducing terminal of CS could be observed in CS
obtained from other sources, CS from bovine nasal cartilage,
chick embryo cartilage and sturgeon notochord were
incubated with GalNAc4S-6ST and [*S]PAPS, and the
33S-labeled products were digested with ChACII. From the
3S-labeled products formed from CS of bovine nasal
cartilage and chick embryo cartilage, [**S]GalNAc4S6S,
[**S]ADi-diS, and [**S]Oligo A were obtained as in whale
cartilage CS-A. In contrast, from the **S-labeled products
formed from sturgeon notochord CS, [**S]GalNAc4S6S and
[*°S]ADi-diS, were obtained but [**S]Oligo A was not. These
results suggest that the precursor sequence, GalNAc4S-
GlcA2S-GalNAc6S-, may not be present at the nonreducing

end of sturgeon notochord CS®.



Osami HABUCHI

2.5. Specificity of human GalNAc4S-6ST toward
oligosaccharides is favorable to the modification
of nonreducing terminal of CS-A.

As described in 1.2, when trisaccharide derived from CS-A

was sulfated with human GalNAc4S-6ST, sulfate was

transferred to position 6 of GalNAc4S residue located only
at the nonreducing terminal of trisaccharide. Values of Km

of human GalNAc4S-6ST for Oligo I, Tri-44 and Tri 46

were 13 uM, 28 pM and 820 pM, respectively. These results

indicate that the affinity for nonreducing terminal GalNAc4S
was decreased in the presence of reducing terminal

GalNACc6S and increased in the presence of GIcA2S°.

3. Substrate specificity of squid
GalNAc4S-6ST.

3.1. Specificity of the purified squid GalNAc4S-6ST
Purified squid GalNAc4S-6ST sulfated CS-A, CS-C and
DS. The rate of sulfation of CS-C was 64% of the rate of
sulfation of CS-A. Tri-, tetra- and pentasaccharides prepared
from CS-A were sulfated at nearly the same rate as CS-A.
When the *S-labeled products formed from CS-A and DS
by the reaction with squid GalNAc4S-6ST and [*S]PAPS
were digested with ChACII and ChABC, respectively, and
separated with SAX-HPLC, most of the 3’S-radioactivity
was recovered in ADi-diS, and only trace amount of the
35S-radioactivity was detected at the position of GalNAc4S6S
indicating that squid GalNAc4S-6ST transferred sulfate to
GalNAc4S residues mainly located in the internal region of
the polysaccharides. In contrast, when trisaccharide and
pentasaccharide derived from CS-A were sulfated as above
and digested with ChACII, nearly equal amounts of [**S]
GalNAc4S6S and [*S]ADi-diS, were recovered, indicating
that squid GalNAc4S-6ST transferred sulfate to both
nonreducing terminal GalNAc4S and internal GaINAc4S at
the comparable rate. When tetrasaccharide derived from
CS-A was sulfated as above and the ¥*S-labeled product was
digested with ChACII after removal of nonreducing terminal
GlcA by B-glucuronidase digestion, major radioactivity was
recovered in ADi-diS , suggesting that nonreducing terminal
GlcA residue of the tetrasaccharide appears to inhibit
sulfation of penultimate GaINAc4S residue’.

3.2. Specificity of the recombinant squid GalNAc4S-
6ST
3.2.1. Preparation of the recombinant squid
GalNAc4S-6ST
From the purified squid GalNAc4S-6ST, five peptide
sequences were obtained. From two of five sequences, a
cDNA fragment coding partial amino acid sequence of squid
GalNA4S-6ST was obtained as described in 1.1. A cDNA
coding the full open reading frame of squid GaINAc4S-6ST
was obtained by 5-RACE and 3-RACE using the
information of the partial cDNA fragment and the other
amino acid sequences. The FLAG-squid GalNAc4S-6ST
fusion protein was extracted from COS-7 cells that were
transfected with the cDNA, and affinity purified with an
anti-FLAG monoclonal antibody-conjugated column®.
3.2.2. Sulfation of CS-C and CS-D with the
recombinant squid GalNAc4S-6ST.
Using recombinant squid GalNAc4S-6ST, it was found that
squid GalNAc4S-6ST could transfer sulfate to GalNAc4S
residues of not only CS-A but also shark CS-C or CS-D. The
rates of sulfation of CS-C and CS-D with recombinant squid
GalNAc4S-6ST were 28% and 55%, respectively, of the rate
of sulfation of CS-A, indicating that, unlike human
GalNAc4S-6ST, recombinant squid GalNAc4S-6ST could
sulfate CS-C efficiently as with the purified enzyme. When
#3S-labeled products formed from CS-C and CS-D by the
reaction with recombinant squid GaINAc4S-6ST and [**S]
PAPS were digested with ChABC and separated with SAX-
HPLC, the **S-radioactivity was found only in ADi-diS,. In
contrast, when the S-labeled products were digested with
ChACII, the **S-radioactivity was found in ADi-diS, and an
unidentified substance ([**S]Oligo B) which was eluted later
than Oligo IT in SAX-HPLC. The radioactivity of [**S]Oligo
B was shifted to the position of ADi-diS, after ChACII
digestion under the strong conditions. When [**S]Oligo B
was digested with ChACII after the reaction with mercuric
acetate, the radioactivity was shifted to the position of [**S]
Oligo A. These results suggested that [¥*S]Oligo B was
an unsaturated tetrasaccharide, AHexA-GalNAc4S6>S-
GalNAcGIcA2S-GalNAc6S® (Fig. 4).
To obtain direct evidences for the presence of GIcA2S-
GalNACc6S unit in [¥S]Oligo B, unlabeled oligosaccharide
identical to [**S]Oligo B was prepared. CS-C was sulfated
with recombinant squid GalNAc4S-6ST in the presence of 2
mM PAPS. When CS-C used for the substrate was digested
with ChACII, ATetra AD (AHexA-GalNAc4S-GIcA2S-
GalNACc6S) was obtained in addition to ADi-6S and ADi-4S.
On the other hand when the sulfated CS-C was digested with
ChACII, ATetra AD almost disappeared and a UV-absorbing
peak (Oligo C) was obtained at the position of [*S]Oligo B.
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-GlcA-GalNAc(4S0,)-GIcA(2S0 4)-GalNAc(6S0O, )-GlcA-
l squid GalNAc4S-6ST, [35S]PAPS

-GlcA-GalNAC(4S0,, 6%50,)-GIcA(2S0, )-GalNAC(6S0 ,)-GIcA-
ChACII

AHexA-GalNAc(4S0,, 6%S0,)-GIcA(2S0,)-GalNAc(6S0,)
[35S]Oligo B

chacll (stro:V Hg(CHaCOO),
AHexA-GalNAc(4S0., 63°S04)
[35S]ADi-diSg

6- Sasel GalNAc(4S04, 6%S0,)-GIcA(2S0, )-GalNAc(6S0, )
BgQ 2 [35S]Ollgo A
4

ChACII (strong)
GalNAC(4S0,, 6°S0,)

Fig. 4. Structural analysis of [**S]Oligo B

When Oligo C was digested with ChACII under the strong
conditions, equal amounts of ADi-diS; and ADi-diS
were formed. These results indicate that Oligo C was
AHexA-GalNAc4S6S-GlcA2S-GalNAc6S  (ATetra ED).
From these observations, it became evident that squid
GalNAc4S-6ST could convert -GlcA-GalNAc4S-GlcA2S-
GalNAc6S- sequence to -GlcA-GalNAc4S6S-GIcA2S-
GalNACc6S- sequence nearly quantitatively® (Fig. 5).

CS containing both D and E units (CS-DE) that was
synthesized from CS-D by the sulfation with squid
GalNAc4S-6ST inhibited thrombin in the absence of
antithrombin; inhibition efficiency of CS-DE was
comparable with that of CS-E from squid cartilage’.

-GlcA-GalNAC(4S0,)-GIcA(250, )-GalNAC(6S0., )-GIcA-
i squid GalNAc4S-6ST, PAPS

-GlcA-GalNAC(4S0 4, 6S0.4)-GIcA(2S04)-GalNAC(6S04)-GIcA-
i ChACII

AHexA-GaINAC(4S0 4, 6S04)-GIcA(2S04 )-GalNAC(6S0.)
Oligo C

i ChACII (strong)

AHexA-GalNAc(4S04, 6S04)
ADi-diS ¢
+

AHexA(2S0.)-GalNAC(6S0.)
ADI-diS p
Fig. 5. Structural analysis of Oligo C
3.2.3. Sulfation of nonreducing terminal GalNAc4S
residue with Squid GalNAc4S-6ST
When 3S-labeled products formed from CS-A by the
reaction with recombinant squid GaINAc4S-6ST and [*S]
PAPS was digested with ChACII, and separated with SAX-
HPLC, the **S-radioactivity was found in [**S]ADi-diS and
[**S]Oligo A but not in GalNAc4S6S. These results are
quite different from the results obtained from human
GalNAc4S-6ST described above, and suggest that squid
GalNAc4S-6ST could efficiently sulfate nonreducing
terminal GalNAc4S residues only if the GalNAc4S
residues are included in GalNAc4S-GlcA2S-GalNAc6S.
As described in 2.6, when sturgeon notochord CS was
sulfated with human GalNAc4S-6ST and [**S]PAPS and

e ¥S-labeled products were digested with ChACII, [**S]
GalNAc4S6S and [*S]ADi-diS_ were obtained but [**S]
Oligo A was not, suggesting that sturgeon notochord CS
might be devoid of the precursor sequence, GalNAc4S-
GlcA2S-GalNAc6S-. When sturgeon notochord CS was
sulfated with squid GaINAc4S-6ST and [**S]PAPS, and the
3S-labeled products were digested with ChACII, the
»*S-radioactivity was found only in [**S]ADi-diS,. These
results also supported the assumption that sturgeon
notochord CS did not contain the nonreducing terminal
sequence, GaINAc4S-GlcA2S-GalNAc6S-°.

4. Substrate specificity of uronyl
2-O-sulfotransferase (20ST)

4.1. Cloning of 20ST

20ST transfers sulfate to position 2 of GlcA residues in CS
and had been cloned as a homologous gene of HS2ST which
transfers sulfate to position 2 of IdoA or GIcA of heparan
sulfate and heparin®. 20ST should play important roles in
the formation of the nonreducing terminal sequence,
GalINAc4S-GlcA2S-GalNAc6S, described above; however,
recognition of acceptor structures around the targeted GIcA
by 20ST has not been sufficiently clarified. Affinity purified
recombinant 20ST was prepared from COS7 cells
transfected with FLAG-20ST c¢DNA and this enzyme was
used to examine the substrate recognition’. Recombinant
20ST was also prepared from insect cells transfected with
vaculovirus and purified with heparin Sepharose and
3,5’-ADP-agarose’. There were some differences in the
substrate specificity between affinity purified recombinant
20ST? and crude extracts of the insect cells transfected with
vaculovirus®. One of reasons for the apparent difference
might be attributable to the methods used for the preparation
of the enzyme; the crude extracts of insect cells transfected
with bacurovirus were found to contained CS-degrading
activity in addition to 20ST activity” '°. The CS-degrading
activity might disturb analysis of the sulfated products.

4. 2. Specificity of 20ST toward various
glycosaminoglycans

When CS-A and CS-C were sulfated with 20ST and [**S]
PAPS, and the *S-labeled products were digested with
ChACII, only [**S]ADi-diS was obtained, indicating that
sulfate was transferred to position 2 of GIcA residue in
GlcA-GaINACc6S unit in CS-A and CS-C. When DSDS was
sulfated in the same manner, and the 3°S-labeled products
were digested with ChABC, only [**S]ADi-2S was obtained,

indicating that sulfate was transferred to position 2 of IdoA
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residue in IdoA-GalNAc unit in DSDS. The rate of sulfation
of DS was very low compared to CS-A, CS-C and DSDS.
But in the presence of ten-fold amounts of protamine, 20ST
transferred sulfate to DS efficiently. When DS was sulfated
with 20ST and [*S]PAPS in the presence of ten-fold
amounts of protamine, only [**S]ADi-diS; was obtained
after digestion of the **S-labeled products with ChABC,
indicating that sulfate was transferred to position 2 of IdoA
in IdoA-GalNAc4S units in DS. [*S]ADi-diS, was
confirmed by the observation that this material was
converted to [**SJADi-2S after digestion with 4-Sase®.

4.3. Identification of a unique sequence formed in
CS-A by the sulfation with 20ST

Since ChACII exhibited varying degrees of resistance
toward oligosaccharides containing GlcA2S as described in
2.3, it was expected that oligosaccharides containing
GlcA2S should be released when the **S-labeled products
formed from CS-A by the reaction with 20ST and [**S]
PAPS were subjected to limited digestion with ChACII.
Actually a [¥S]tetrasacharide ([*S]Oligo D) was obtained
as a sole radioactive material after limited digestion with
ChACII from the *S-labeled products. [**S]Oligo D was
converted to [**S]ADi-diS ) after ChACII digestion under the
conventional conditions, and to [**S]ADi-2S after further
digestion with 6-Sase. When [**S]Oligo D was digested with
6-Sase alone, the radioactivity was detected in an unidentified
material and the unidentified material was converted to
[**S]ADi-2S after further digestion with ChACII. From these
observations, it was strongly suggested that GIcA2S-
GalNACc6S unit was present in the reducing side of [**S]
Oligo D. Structure of [*S]Oligo D was analyzed by an
alternative approach. After removal of AHexA in [¥*S]Oligo
D with mercuric acetate, [**S]Oligo D was converted to a
[**S]trisaccharide eluted at the position of Oligo I in SAX-
HPLC. When the [*S]trisaccharide was sulfated with squid
GalNAc4S-6ST and 2 mM PAPS, it was converted to

-GlcA-GalNAc(4S0,)-GlcA-GalNAc(6S0 4)-GlcA-
20ST, [35S]PAPS
-GlcA-GalNAc(4S0,)-GIcA(235S0 ,)-GalNAc(6S0, )-GIcA-
l ChACI! (partial)
AHexA-GalNAc(4S0, )-GIcA(2%S0, )-GalNAC(6S0 4)

[358]0ligo D
haC! | sase Hg(CHLC00),
AHexA-GalNAc(4S0,4)-GIcA(2%°S0,)-GalNAc
i ChACII
AHexA(2%°S04)-GalNAc
[355]ADI-2S
AHexA(2%°S0, )-GalNAc(6S0 )
[358]ADi-diSp
i s GalNAc(4S0,)-GIcA(235S0,)-GalNAc(6SO, )
-Sase
M [%s]0ligo |
AHexA(2*°S0,4)-GalNAc l GalNAC4S-6ST, PAPS
[3S]ADi-25

GalNAC(4S0, ,650,)-GIcA(2%S0,)-GalNAC(6S0, )
[35S]0ligo A

Fig. 6. Structural analysis of [**S]Oligo D

[**S]Oligo A, indicating that GaINAc4S residue should be
present at the nonreducing terminal of the [¥S]trisaccharide.
From these results, [**S]Oligo D was deduced to be AHexA-
GalNAc4S-GIcA2%S-GalNAc6S (Fig. 6). Since GIcA2S-
GalNAc6S unit was present in CS-A at about 0.5% of the
total disaccharide units, the 2-O-sulfated sequence described
above was expected to be present in CS-A itself. To confirm
the structure of [**S]Oligo D, CS-A was partially digested
with ChACII and an oligosaccharide (Oligo E) that behaved
identically with [¥S]Oligo D in SAX-HPLC was looked for
in the digests. From 550 umol CS-A, 0.4 pmol of Oligo E
was obtained. When Oligo E was digested with ChACII,
ADi-4S and ADi-diS ) were obtained. After further digestion
with 6-Sase, ADi-diS; was converted to ADi-2S, whereas
after further digestion with 4-Sase, ADi-4S was converted to
ADi-0S. When Oligo E was digested with 6-Sase alone, it
was converted to the unidentified material that was obtained
after 6-Sase digestion of [**S]Oligo D. After further digestion
of the unidentified material with ChACII, ADi-4S and ADi-
28 were obtained. When Oligo E was treated with mercuric
acetate, it was converted to Oligo I, which was further
converted GalNAc4S and ADi-diS after digestion with
ChABC. From these results, Oligo E was confirmed to be
AHexA-GalNAc4S-GlcA2S-GalNAc6S. Since [*S]Oligo D
was identical to Oligo E, it was concluded that 20ST
transferred sulfate preferentially to position 2 of GIcA
residue included in the sequence of GalNAc4S-GlcA-
GalNAc6S, and produce GalNAc4S-GlcA2S-GalNAc6S®

(Fig. 7).

-GlcA-GalNAC(4S0, )-GIcA(2S0,)-GalNAC(6S0, )-GIcA-
l ChACII (partial)

AHexA-GalNAc(4S0,4)-GlcA(2S04)-GalNAc(6SO4)
Oligo E
ChACII
6-Sase

[~ AHexA-GalNAC(450. )-GIcA(2S04 )-GalNAc

AHexA(2S0 4)-GalNAC(BSO.) | onsc
ADi-diSo AHexA(2804)-GalNAc Hg(CH4C00) »
AHexA-GalNAC(4S0, ) 4Di-2S
ADi-48 AHexA-GalNAc(4S0,)
SrSasi/ 4-Sase ADi-4S
INAG(4S0,,)-GICA(2S0, )-GalNA
AHexA(250.)-GalNAc GalNAC(4S0,)-GleA( %?33, GalNAC(6SO,)
ADi-28 AHexA(2S0,)-GalNACc(6S0.) l ChABG
ADi-diS,
AHexA-GalNAC(4504) o AHexA-GalNAC(4S04)
ADi-4S AHexA-GalNAc ADI-4S
ADI-0S

GalNAG(4SO,)
Fig. 7. Structural analysis of Oligo E

The specificity of 20ST described above appears to be
supported by the observation that 20ST transferred sulfate
efficiently to position 2 of the GIcA residue of the GlcA-
GalNAc6S unit of the artificial CS containing both
GalNAc4S and GalNAc6S, but poorly transferred sulfate at
the same position of the artificial CS containing only
GalNAc6S!.
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4.4. Substrate specificity of 20ST toward
oligosaccharides
The rates of sulfation of Tetra-66, Tetra-44, and Tetra-64
with 20ST were 0.20-, 0.11- and 0.04-fold, respectively, of
the rate of sulfation of Tetra 46, indicating that Tetra 46 was
the best substrate among these tetrasaccharides. When
Tetra-46 was sulfated with 20ST and [*S]PAPS and the
33S-labeled product was digested with B-glucuronidase, the
radioactivity was recovered at the position of Oligo I in
SAX-HPLC, indicating that sulfate was transferred to the
internal GlcA residue but not to the nonreducing terminal
GlcA of Tetra-46. Such results appeared to be well coincided
with the observation that 20ST transferred sulfate to GlcA
residue included in the characteristic sequence of CS-A,
GalNAc4S-GlcA-GalNAc6S.
Similar preference of 20ST was also observed in
trisaccharides. The rates of sulfation of Tri-66, Tri-44,
and Tri-64 were 0.19-, 0.16- and 0.05-fold, respectively,
of the rate for Tri-46. As shown in 2.6, the nonreducing
terminal sequence, GalNAc4S-GlcA2S-GalNAc6S-, could
be modified to GaINAc4S6S-GlcA2S-GalNAc6S- with Gal
NAc4S-6ST. Since 20ST transferred sulfate preferentially
to Tri-46, the nonreducing terminal sequence, GalNAc4S-
GlcA2S-GalNACc6S-, should be synthesized by 20ST from
the precursor sequence, GalNAc4S-GlcA-GalNAc6S-°.

4.5. 20ST is able to transfer sulfate to position 2 of
GIcA residue not only in GlcA-GalNAc6S unit
but also in GlcA-GalNAc4S unit in the presence
of 2 mM PAPS.

CS-A was sulfated by the purified recombinant 20ST

expressed in insect cells in the presence of 2 mM PAPS until

GlcA2S-GalNACc6S unit reached 17% of total disaccharide

units. When the resultant sulfated CS-A was digested with

ChACII, not only ADi-diS | but also ADi-diS, was obtained,

indicating that GlcA-GalNAc4S unit in CS-A could be

converted to GlcA2S-GalNAc4S unit by 20ST’; however, it
is not clear whether such reaction occurs in vivo, because

GlcA2S-GalNAc4S unit has been rarely found in CS

extracted from animal tissues.

5. A proposed mechanism by which
the highly sulfated nonreducing
terminal sequence is produced in
CS-A

On the basis of the information described above, a possible

mechanism by which the highly sulfated nonreducing

terminal sequence is produced could be conceivable (Fig. 8).
After or concurrently with elongation of CS polysaccharide
chain, position 4 and position 6 of GalNAc residues appear
to be sulfated nearly randomly with C4ST and C6S,
respectively. A nonreducing terminal sequence, GalNAc4S-
GlcA-GaINAc6S-, thus formed could be sulfated with
20ST. The resulting sequence, GalNAc4S-GIcA2S-
GalNAc6S- could be further converted to GalNAc4S6S-
GlcA2S-GalNAc6S- by the sulfation with GalNAc4S-6ST.
According to this mechanism, organisms that are deficient
in either GaINAc4S-6ST or 20ST would not produce this

highly sulfated nonreducing terminal sequence.

GalNAc-GlcA-GalNAc-
l C4ST, C6ST
GalNAc(4S0O, )-GlcA-GalNAc(6S0, )-
l 20ST
GalNAc(4S0,)-GIcA(2S0,)-GalNAc(6S0,)-
l GalNAc4S-6ST

GalNAc(4S04, 6S04)-GlcA(2S04)-GalNAc(6SO4 )-

Fig. 8. A proposed mechanism by which the highly sulfated
nonreducing terminal sequence is produced in CS-A

Perspectives
Unlike protein and DNA, glycosaminoglycans have no
definite sequences over whole molecules. Nevertheless,
some defined local sequences have been found in heparin/
heparan sulfate which interact with specific proteins.
GalNAc4S6S residues at the nonreducing terminal of CS
have been reported'?’>. The proportion of the nonreducing
terminal GaINAc4S6S contained in the aggrecan has been
reported to decrease in osteoarthritis'®. In this review I
described nonreducing terminal modification of CS by
concerted reactions of C4ST, C6ST, 20ST and GalNAc4S-
6ST. Whether the highly sulfated nonreducing terminal
sequences described in this review are able to interact with
specific proteins remains to be determined. The highly
sulfated nonreducing terminal sequence was found in whale
cartilage CS but not in sturgeon notochord CS. On the basis
of the structural difference between whale cartilage CS and
sturgeon notochord CS, it may be possible to identify
proteins that interact with the sequence: proteins that bind to
whale cartilage CS but not to sturgeon notochord CS might
be candidates for the proteins that interact with the
nonreducing terminal sequence. If oligosaccharide
derivatives containing the highly sulfated nonreducing
terminal sequence become available, those products would

help our understanding of function of the unique structure
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through binding experiments or antibody preparation.
GalNAc4S-6ST knockout mice generated in our laboratory
have been wused for the study concerning mast
cell ~maturation'’, neurite outgrowth'®, liver fibrosis!
osteoporosis®, and binding of semaphorin-3A to CS in
perineuronal net?'. Since isoforms of GalNAc4S-6ST are
not known, the nonreducing terminal highly sulfated
structure in CS-A should disappear in GalNAc4S-6ST
knockout mice, and hence some phenotypes of GalNAc4S-
6ST knockout mice might be attributable to the absence of
the highly sulfated nonreducing terminal structure in CS.
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Appendix

Chondroitinase ABC cleaves glycoside bonds between
GalNAc and GIcA or IdoA in CS or DS by elimination
reaction. Disaccharides or oligosaccharides having AHexA
at the nonreducing terminal are formed.

Chondroitinase ACII cleaves glycoside bonds between
GalNAc and GIcA in CS by elimination reaction.
Disaccharides or oligosaccharides having AHexA at the
nonreducing terminal are formed. The glycosyl bond
between GalNAc and GIcA2S shows varying degree of
resistance to this enzyme (see 2.3).

Chondro-6-sulfatase  cleaves sulfate group from
unsaturated disaccharide, ADi-6S. Under strong conditions,
this enzyme is able to degrade monosaccharide,
GalNAc4S6S, to yield GalNAc4S. 6-Sase cleaves sulfate
groups from reducing terminal GalNAc6S residue but not
from nonreducing terminal GalNAc6S residue of Tri-46,
Tri-64, and Tri-66 (see ref. 5).

Chondro-4-sulfatase cleaves sulfate group attached to
position 4 of GaINAc4S residue of ADi-4S and ADi-diS ..

Nonreducing terminal AHexA attached to disaccharides
or oligosaccharides are cleaved by the reaction with mercuric
acetate.

Tetrasaccharides and trisaccharides bearing sulfate groups
at different position were prepared from CS. CS was digested
with testicular hyaluronidase and tetrasaccharide fractions
were separated from the digests by gel chromatography. The
tetrasaccharide fraction was separated into Tetra-44,
Tetra-64 and a mixture of Tetra-46 and Tetra-66 with SAX-
HPLC. The mixture of Tetra-46 and Tetra-66 was separated
to Tetra-46 and Tetra-66 with Polyamine II-HPLC. Tri-44,
Tri-46, Tri-64, and Tri-66 were obtained from the respective
tetrasaccharides by B-glucuronidase digestion.

Nonreducing terminal AHexA attached to disaccharides
or oligosaccharides can be cleaved by the reaction with

mercuric acetate.
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