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Abstract
Carbohydrate modification is a common phenomenon in nature. Many carbohydrate modifications
such as some epimerization, O-acetylation, O-sulfation, O-methylation, N-deacetylation, and N-
sulfation, take place after the formation of oligosaccharide or polysaccharide backbones. These
modifications can be categorized as carbohydrate post-glycosylational modifications (PGMs).
Carbohydrate PGMs further extend the complexity of the structures and the synthesis of
carbohydrates and glycoconjugates. They also increase the capacity of the biological information
that can be controlled by finely tuning the structures of carbohydrates. Developing efficient methods
to obtain structurally defined naturally occurring oligosaccharides, polysaccharides, and
glycoconjugates with carbohydrate PGMs is essential for understanding the biological significance
of carbohydrate PGMs. Combine with high-throughput screening methods, synthetic carbohydrates
with PGMs are invaluable probes in structure-activity relationship studies. We illustrate here several
classes of carbohydrates with PGMs and their applications. Recent progress in chemical, enzymatic,
and chemoenzymatic syntheses of these carbohydrates and their derivatives are also presented.

Introduction
Structural modification of carbohydrates is a common phenomenon in nature. For example,
sulfated carbohydrates are presented in a number of proteoglycans (glycosaminoglycans),
glycoproteins (e.g. selectin ligand, HNK-1 epitope, and oligosaccharides of pituitary hormones
etc.), and glycolipids (e.g. sulfatide and seminolipid etc.), and are believed to play important
roles in specific molecular recognition processes.1 Furthermore, modifications of sialic acid
monosaccharides, such as sulfation, phosphorylation, methylation, acetylation, and lactylation,
lead to the observation of more than 50 different sialic acid forms in nature.2 These widely
observed sialic acid modifications are also considered to be closely related to their biological
functions.

In vertebrates, the sulfation of carbohydrates on proteoglycans, glycoproteins, and glycolipids,
as well as varied modification of sialic acid including sulfation, methylation, some acetylation,
and lactylation are believed to take place after the formation of the glycosidic bond. These
processes can therefore, be described as carbohydrate post-glycosylational modifications
(PGMs), analogous with the term of commonly known protein post-translational modifications
(PTMs).

Little is known about the structure-activity relationship (SAR) of carbohydrate PGMs, due to
technical difficulties in analyzing natural presence of these structures and challenges in
obtaining homogenous forms of these compounds. With currently available advanced
analytical methods, the natural presence of structurally modified carbohydrates is being
elucidated more precisely. Much attention has been paid to obtainning structural defined
naturally occurring carbohydrates with PGMs and to elucidating the biological significance of
these structures.
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Chemical, enzymatic, and chemoenzymatic approaches have been developed for the synthesis
of structurally defined complex carbohydrates and glycoconjugates, including those with
carbohydrate PGMs. These compounds are essential probes for illustrating the structure
determinants of the substrates or ligands for carbohydrate-recognizing enzymes or proteins.
They are also critical to answer the fundamental questions on the biological significance of
carbohydrate modifications in nature, their biosynthetic and degradation pathways in
vertebrates and pathogenic bacteria, and their involvement in the normal and pathological
physiology of humans and other animals.

Sialic acids
Sialic acids (2-keto-3-deoxynonulosonic acids) are a family of negatively charged 9-carbon
sugars that have been predominantly found as the outermost carbohydrates units on
glycoproteins and glycolipids of vertebrates, or as components of polysaccharides in certain
types of bacteria.2

Sialic acids have a great structural complexity in nature and more than 50 structurally distinct
sialic acid forms have been found. Based on three basic sialic acid forms: N-acetylneuraminic
acid (Neu5Ac), N-glycolylneuraminic acid (Neu5Gc), and deaminoneuraminc acid (KDN),
single or multiple modifications can take place at the hydroxyl groups on C-4, C-5, C-7, C-8,
and/or C-9 positions, including O-acetylation and less frequent O-lactylation, O-methylation,
O-sulfation, and O-phosphorylation.2 (Figure 1)

Sialic acid-containing structures play vital roles in a variety of physiological and pathological
processes in vertebrates, such as cellular recognition and communication.2 They are also
believed to be important virulence factors in bacteria, used by bacteria to mimic sialylated host
cell surface carbohydrate structures to evade detection and attacking by the immune defense
mechanisms of the host. Modifications of sialic acids are species- and tissue-specific, they are
developmentally regulated and believed to be closely related to their biological functions, such
as immunogenicity, inflammation, bacterial or viral infection, tumor growth, and metastasis.
For example, O-acetylation of bacterial polysaccharides seems to alter host immune
responses3 and may have great impact on host innate response, immunogenicity, and disease
pathogenesis.3b Acetylation at C-9 OH group of sialic acid has been shown to enhance the
activation of the alternate pathway of complement.3b,4 The 9-O-acetylated sialic acids on host
cell surface are necessary for the binding and subsequent invasion of influenza C viruses5 but
prevent the attachment of malaria parasites6 and that of influenza A and B viruses.7 Mouse
hepatitis virus strain S is specific to 4-O-acetylated Neu5Ac (Neu4,5Ac2).2a,8 Gangliosides,
especially GD3, with Neu5,9Ac2 as terminal sugar are considered as tumor-associated antigens
or differentiation markers.6,8,9 4-O-Acetyl-GM3 has also been detected in human colon
carcinomas.10 Loss of O-acetylation of sLex in human colon cancer facilitates metastasis.2a

Modifications on sialic acids usually lead to the reduction or even resistance of sialidases or
trans-sialidases.11 Most sialic acid modifications reported to date have been found in
vertebrates and only a few have been found in bacteria.12

Sialic acid modifications, such as O-acetylation, O-methylation, O-lactylation, and O-
sulfation, are believed to take place after the synthesis of sialoglycoconjugates in mammalian,
3b,13 Group C meningococci,14 and E. coli,15 although O-acetylation is believed to occur on
free Neu5Ac in the biosynthesis of GBS (Group B Streptococcus or Streptococcus
agalactiae) capsular polysaccharide (a major virulence factor and the active principle of
vaccines in phase II trials).3b Only a few enzymes involved in the sialic acid modifications
have been discovered. For example, 9-O-acetyltransferase has been found in rat liver,13 bovine
submandibular gland,16 and E. coli K1;2a,17 4-O-acetyltransferase has been found in guinea
pig liver18 and equine submandibular gland;19 the enzyme catalyzing the transfer of methyl
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groups from S-adenosylmethionine to the C8 hydroxyl group of sialic acid (sialic acid 8-O-
methyltransferase) has been identified in starfish A. rubens.20 Recently, the gene encoding
polysialic acids O-acetyltransferase neuO has been identified in E. coli K1.21 A soluble sialate
9-O-acetyltransferase having high specificity for terminal α2,8-linked sialic acid has been
cloned from Campylobacter jejuni.22 Gene neuD in Group B Streptococcus (GBS) and E.
coli K1 has also been identified to encode a sialic acid O-acetyltransferase which is also
involved in the sialylation of capsular polysaccharides,23 although this enzyme may acetylate
monomeric sialic acid24 and the process can not be considered as carbohydrate PGMs.

As a result of the increased recognition of the biological importance of sialic acid containing
structures in both eukaryotes and prokaryotes, considerable efforts have been placed on
chemical, enzymatic, and chemoenzymatic synthesis of structurally defined sialic acids and
their derivatives. Earlier attempts, however, have been focused on obtaining non-natural sialic
acid derivatives and a limited number of naturally occurring sialic acid-containing structures
with or without sialic acid modifications (e.g. Neu5Ac, Neu5Gc, KDN, Neu5,9Ac,
Neu5Ac9Lt, Neu5Ac8Me, and Neu5Gc8SO3).25 Recently, our group has started the systematic
synthesis of libraries of α2,3- and α2,6- linked sialosides containing naturally occurring sialic
acid modifications using a highly efficient and convenient one-pot three-enzyme
chemoenzymatic approach established in our laboratory.26a,b In this method, sialic acid
modifications can be chemically or enzymatically introduced at an early stage, onto ManNAc
and mannose which can be considered as six carbon precursors for sialic acids. These ManNAc
and mannose derivatives can then be directly converted to naturally occurring sialosides in
one-pot using three enzymes, including a sialic acid aldolase, a CMP-sialic acid synthetase,
and an α2,3- or an α2,6- sialyltransferase (Scheme 1). Taking the advantage of the relaxed
substrate specificity of all the enzymes involved in the synthesis, the approach can be used for
convenient preparation of structurally defined naturally occurring sialosides and their non-
natural derivatives. ManNAc derivatives have also been synthesized and used to introduce non-
natural sialic acid derivatives onto cell surface by cultured cells and living animals.26c–f This
metabolic engineering approach provides an efficient method to introduce chemical handles
for detecting or further elaborating sialic acid-containing molecules in living systems.

Glycosaminoglycans
Glycosaminoglycans (GAGs), including hyaluronic acid (HA), chondroitin sulfate (CS),
dermatan sulfate (DS), keratan sulfate (KS), and heparan sulfate (HS)/heparin (HP), are linear
polysaccharides composed of modified or non-modified repeating disaccharide units
containing a hexosamine.27 They play important roles such as regulation of development,
angiogenesis, axonal growth, cancer progression, microbial pathogenesis, and anticoagulation.
27b Except for HA which contains non-modified repeating units of GlcAβ1,3GlcNAcβ1,4
disaccharide, the formation of all other GAGs involves post-glycosylational modifications
(PGMs) of polysaccharide backbones formed by glycosyltransferase-catalyzed glycosylation
reactions, including single or multiple sulfation and/or epimerization (Table 1).

The biosynthesis of CS involves the formation of the polysaccharide backbone containing
GlcAβ1,3GalNAcβ1,4 (GlcA, glucuronic acid; GalNAc, N-acetylgalactosamine) repeating
disaccharide units followed by sulfation at the hydroxyl group at C-4, C-6, or both C-4 and
C-6 on GalNAc and/or sulfation at C-2 hydroxyl group of GlcA.28

The polysaccharide backbone formation of DS is the same as that for CS. An additional C-5
epimerization step after the glycosylation that epimerizes GlcA to IdoA, however, is included
in the biosynthesis of DS. The epimerization also results in the linkage change from GlcAβ1,3
to IdoAα1,3. Sulfation occurs afterwards to give C-4 sulfated GalNAc with or without C-2
sulfation of IdoA.29
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KS biosynthesis is achieved by the formation of polysaccharide backbone (poly N-
acetyllactosamine) consisting Galβ1,4GlcNAcβ1,3 (Gal, galactose; GlcNAc, N-
acetylglucosamine) repeating disaccharide units, followed by single or di-sulfation to form
Galβ1,4GlcNAc(6S)β1,3 or Gal(6S)β1,4GlcNAc(6s)β1,3 structures.30

The biosynthetic processes for heparan sulfate (HS) and heparin are essentially the same except
that heparin has a higher level of sulfation per disaccharide repeating unit and a higher iduronic
acid content. Their biosynthesis is complex and several enzymes are involved sequentially in
modifying the polysaccharide backbone (GlcAβ1,4GlcNAcα1,4)n formed by
glycosyltransferase-catalyzed glycosylations. These PGMs include: 1) N-deacetylation and
N-sulfation of GlcNAc residues to form N-sulfoglucosamine (GlcNS) residues catalyzed by
bifunctional N-deacetylase/N-sulfotransferases (four isoforms have been found); 2) C5-
epimerization of GlcA residues (at the non-reducing neighbor to GlcNS) to form IdoA residues
catalyzed by a GlcA C5-epimerase; 3) 2-O-sulfation of IdoA and GlcA residues to form IdoA
(2S) and GlcA(2S) respectively catalyzed by a 2-O-sulfotransferase; 4) 6-O-sulfation of
GlcNAc and GlcNS catalyzed by 6-O-sulfotransferases (three isoforms have been found) and
occationally 3-O-sulfation of GlcN and GlcNS residues catalyzed by 3-O-sulfotransferases
(seven isoforms have been found).31 All of these post-glycosylational modification processes
in the heparan sulfate/heparin biosynthesis modify only partial residues in the polysaccharide
backbone, thus lead to the complexity and heterogenecity of the produced HS and heparin
molecules.

The inherent chemical heterogeneity and diversity of GAGs challenge the clear understanding
of their structure-activity relationship and accurate defining of their chemical structures.
Nevertheless, a great progress has been made in recent years, including the development of
chemical and enzymatic synthetic strategies, efficient and high-throughput assay formats, and
analytic methodologies.

Extensive studies have been carried out for HS/heparin due to their important roles in regulating
cancer growth, blood coagulation, inflammation, assisting viral and bacterial infections, and
cell differentiation. Heparin, the most commonly used anticoagulant drug, can be considered
as a special form of HS with higher levels of sulfation and iduronic acid content.31b Currently
available evidence indicates that the interaction of HS/heparin and different biologically
important proteins (e.g. growth factors, antithrombin) is specific and is closely related to the
structure, such as sulfation pattern, sequence, as well as IdoA and sulfate contents, of the HS/
heparin. For example, a pentasaccharide sequence HexA-GlcN(NS)-HexA-GlcN(NS)-IdoA
(2S) (Figure 2a) has been identified to be specific for fibroblast growth factor 2 (FGF2) binding,
32 another pentasaccharide sequence of heparin GlcN(6S)-GlcA-GlcN(NS,3S)-IdoA(2S)-
GlcN(NS) (Figure 2b) is responsible for antithrombin III (AT-III, a serine protease inhibitor
that blocks thrombin and factor Xa in the coagulation cascade) binding,33 although a longer
sequence (14–20 saccharide units) is required to accelerate the AT-III/thrombin interaction
and inhibit thrombin activity.34 Based on the structure of the AT-binding pentasaccharide, a
new synthetic pentasaccharide anticoagulant under the trade name of Arixtra was approved by
the FDA (Figure 2c).33b A synthetic hexadecasaccharide (SR123781) that displays excellent
anticoagulant activity against thrombin in vitro and in vivo was produced (Figure 3).35 A low
molecular weight heparin mimetic, PI88 (Figure 2d), is under phase II clinical trial to treat
hepes simplex viral infections.36 It is also a potential anticancer drug that inhibits the activity
of heparanase in facilitating tumor metastasis.31b,37 Nevertheless, the detailed structures and
specific sequences of HS/heparin that interact with many other proteins, such as other growth
factors, chemokines, and annexins, are currently unclear.38
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Traditional methods of purifying oligosaccharides after enzymatic digestion of GAG chains
have provided useful quantities of HS/heparin oliogosaccharides for early structure-activity
relationship studies.39

Information on biochemical characterization and understanding of HS/heparin biosynthetic
enzymes and the availability of their gene sequences led to the successful enzymatic synthesis
of some active HS/heparin sequences using Escherichia coli K5 capsular polysaccharide.40

More recently, multimilligram scale enzymatic synthesis of bioactive HSs that can bind to
antithrombin, FGF2, or hepes simplex virus glycoprotein D was achieved, using completely
desulfated and N-sulfated heparin followed by multiple O-sulfation catalyzed by immobilized
recombinant HS O-sulfotransferases with the regeneration of activated sulfo donor 3′-
phosphoadenosine 5′-phosphosulfate (PAPS).41

A chemoenzymatic approach has also been developed as an alternative for the synthesis of
heparin-like polysaccharide with anticoagulant activity using purified Escherichia coli K5
capsular polysaccharide followed by C-5 epimerization, chemical persulfation, and
subsequently selective desulfonation.42

Although challenging, a variety of chemical methods have been developed for the synthesis
of structurally defined HS/heparin oligosaccharides and their analogs.43 These include target-
oriented synthesis,33b,44 modular synthesis,45 and solid-phase synthesis.46 Libraries of
chemically synthesized HS/heparin oligosaccharides have been used to generate carbohydrate
microarrays for the studies of HS/heparin-protein interactions.47 A novel di-sulfated
monosaccharide IdoA(2S,4S) has been found to be able to bind FGF-1. This information may
help to design novel angiogenic inhibitors with anticancer properties.48

Currently available methods provide the access to a range of defined HS/heparin
oligosaccharide sequences, but not to all possible oligosaccharide sequences. Furthermore, the
chemical synthetic yields decrease dramatically with the increase of the length of the target
molecules. Obtaining defined structures longer than hexasaccharides remains to be a major
challenge for chemical synthesis. Enzymatic approaches relying on polysaccharide
modification inevitably lead to inherent heterogenecity of the products formed. An effective
method to obtain structurally defined polysaccharides or large oligosaccharides is still lacking.

CS proteoglycans are located on cell surfaces and distributed in various human tissues, having
various important biological activities such as cell migration, recognition, morphogenesis, and
signal transduction. CSs have been classified into five categories (CS-A, C, D, E, K) according
to the sulfation patterns of the repeating disaccharide units (Table 1b). CSs with different
sulfation patterns have been known to participate in specific physiological functions. For
example, the squid cartilage CS-E [GlcAβ1,3GalNAc(4S,6S)β1,4] has been found to interact
with various heparin-binding growth factors.49 CS octa or larger oligosaccharides with at least
three continuous CS-E sequences have been shown to bind to type V collagen.50

Purified squid N-acetylgalactosamine 4-sulfate 6-O-sulfotransferase (GalNAc4S-6ST) has
been used in enzymatic synthesis of CS-E from CS-A [GlcAβ1,3GalNAc(4S)β1,4], converting
half of GalNAc(4SO4) residues to GalNAc(4,6-SO4) residues.51 This enzyme can also
catalyze the synthesis of oversulfated DS IdoAα1,3GalNAc(4S,6S)β1,4 units when DS
IdoAα1,3GalNAc(4S)β1,4 is used as the substrate.

Chemoenzymatic synthesis of structurally defined CS has been achieved by hyaluronidase-
catalyzed polymerization of synthetic sulfated disaccharide oxazoline. For example,
hyaluronidase from ovine tests or bovine tests afforded synthetic CS of molecular weights
ranging from 4000 to 18400 with exclusively GalNAc(4S) units.52
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Chemical synthesis of structurally defined CS oligosaccharides has been reported.53 More
recently, a convergent synthetic approach to CS-E [GlcAβ1,3GalNAc(4S,6S)β1,4], CS-C
[GlcAβ1,3GalNAc(6S)β1,4], CS-A [GlcAβ1,3GalNAc(4S)β1,4], and non-natural CS-R
[GlcAβ1,3GalNAc(2S,3S)β1,4] oligosaccharides was described.54

DS plays a similar role as CS in cellular processes and it serves as a cofactor for several growth
factors and a mediator for FGF-2 response. The hexasaccharide sequence in DS that specifically
binds to heparin co-factor II has been postulated as [IdoA(2S)α1,3GalNAc(4S)β1,4]3.55 Lately
a longer nonasaccharide DS fragment containg four disacccharide sequence of IdoA(2S)
α1,3GalNAc(4S)β1,4 has also been identified as the active site of DS for heparin co-factor II.
56 Enzymatic approaches using N-acetylgalactosamine 4-sulfatase (arylsulfatase B) have been
applied in the de-sulfonation of 4S of the non-reducing terminal GalNAc residue of DS
disulfated trisaccharide to afford monosulfated trisaccharide, which can be further converted
to monosulfated disaccharide IdoAα1,3GalNAc(4S) using N-acetylhexosaminidase to provide
a substrate for α-L-iduronidase (Scheme 2).57 Chemical synthesis of DS oligosaccharides has
also been reported in the last decade.58 As L-IdoA is considered as a poor acceptor in the
glycosylation with D-GalN donors, the strategy of using L-Ido derivatives instead of L-IdoA
as acceptors is often adopted in the synthesis of DS oligosaccharides.58

Found in cornea, various types of cartilage and brain, KS plays important roles in corneal
transparency, nerve growth cone guidance, and cell adhesion.59 Structural changes in KS are
found in response to some human diseases. For instance, the lack and reduction of sulfation in
corneal KS are closely associate with type I and type II macular corneal dystrophies.60 Also,
the change of sulfation contents in synovial fluid KS is clearly correlated with the severity of
osteoarthritis.61 KS differs from other GAGs by containing a nonacidic residue. This simplifies
its chemical synthesis since there is no demand of elaborating C-6 to generate a carboxylate
group. Chemical synthesis of defined KS oligosaccharides has been achieved.62

Chemoenzymatic approach has also been developed for the synthesis of KS-derived di- and
tetra- saccharides by keratanse II-digestion of shark cartilage followed by subsequent
chromatography and selective desulfonation.63

Other carbohydrates with PGMs
Other than as important modifications on some sialic acid structures and most
glycosaminoglycans, sulfation of carbohydrates has also been observed in some glycoproteins
and glycolipids as PGMs. Carbohydrate structures with 3′-sulfo-galatose have been found in
both N- and O-linked glycans of glycoproteins. Compared to their un-sulfated sialylated
structures, 3′-sulfo-Lex Gal(3S)β1,4(Fucα1,3)GlcNAc-R and 3′-sulfo-Lea Gal(3S)β1,3
(Fucα1,4)GlcNAc-R (Figure 4a) have been shown to be more potent ligands for both L- and
E-selectin.64 Furthermore, 6-O-sulfo sialyl Lex Neu5Acα2,3Galβ1,4(Fucα1,3)GlcAc(6S) has
been identified by staining lymph nodes with specific monoclonal antibodies G72 and
G152.65 Enzymatic syntheses of 3′-sulfated Lewis epitopes have been achieved by the recently
cloned sulfotransferases including Gal3ST-2 and Gal3ST-3.66 Several 6-O-sulfotransferases
that transfer sulfate from PAPS to C-6 hydroxyl group of GlcNAc have been identified.67 Total
syntheses of sulfated Lex and Lea-type oligosaccharide selectin ligands have also been obtained
by chemical approaches.68 Three sulfated variants of sialyl Lex sequence (Figure 4b) have been
chemically synthesized and used in selectin binding assays.69 Among them, 6-sulfo-sialyl
Lex Neu5Acα2,3Galβ1,4(Fucα1,3)GlcAc(6S) is the preferred ligand for L-selectin; 6′-sulfo-
sialyl Lex Neu5Acα2,3Gal(6S)β1,4(Fucα1,3)GlcAc does not show signal of binding; and 6′,
6-disulfo-sialyl Lex Neu5Acα2,3Gal(6S)β1,4(Fucα1,3)GlcAc(6S) shows an intermediate
signal of binding.70
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Epimerization can also be considered as one type of PGM. Other than the glucuronic acid C5-
epimerase activity mentioned in the biosynthesis of some glycosaminoglycans such as DS and
HS/heparin, C5-mannuronan epimerase catalyzing the formation of α-L-guluronic acid
residues from β-D-mannuronic acid residues is involved in the biosynthesis of linear
polysaccharide alginate in brown seaweeds and certain bacteria. Both these C5-epimerization
processes take place at the polymer level. A family of seven Ca2+-dependent epimerases
(AlgE1-7) has been identified in Azotobacter vinelandii. Different enzymes can introduce
different distribution patterns of guluronic acid residues in the alginate polymer, contributing
to different degrees of flexibility of the polysaccharides.71

Summary and perspective
The diversity of carbohydrate structure and function is truly extraordinary. Carbohydrate post-
glycosylational modifications (PGMs), including sulfation, acetylation, phosphorylation,
methylation, lactylation, epimerization, and others represent a major source of carbohydrate
variation and extend the complexity and the information that is controlled by carbohydrate
structures. Understanding the mechanism and the significance of naturally occurring
carbohydrate structural diversity may facilitate the discovery and development of new
therapeutics for human diseases such as cancer, inflammatory, infectious, and others.

Significant progress has been made over the past two decades in obtaining homogenous
structurally defined carbohydrates with PGMs. Challenges still exist. Futrure work in this area
should be devoted to further characterizing natural occurrence of carbohydrates with PGMs
and developing novel synthetic strategies, including chemical, enzymatic, and
chemoenzymatic approaches, for the synthesis of complex, structure-defined carbohydrates
with PGMs. Assay development, including the development of high-throughput screening
method, for understanding the biological roles of carbohydrate PGMs is equally important.
Furthuremore, identifying, obtaining, and characterizing carbohydrate biosynthetic enzymes
with flexible substrate specificity and enzymes that are responsible for PGMs will greatly
facilitate the chemoenzymatic and enzymatic synthesis of naturally occurring carbohydrates
with PGMs. Biochemical characterization and protein X-ray crystal structure based studies
will also proved a better understanding of enzyme mechanism and provide foundation for site-
directed mutagenesis. Directed evolution is an alternative stratege to provide tailor made
enzymes for chemoenzymatic and enzymatic synthesis.
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Figure 1.
Naturally occurring sialic acids
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Figure 2.
Heparin sequences of therapeutic significance.
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Figure 3.
Structure of synthetic hexadecasaccharide SR123781A.
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Figure 4.
Structures of sulphated sialyl Lex and sulphated Lex/Lea
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Scheme 1.
One-pot three enzyme synthesis of naturally occurring sialosides with sialic acid modifications.
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Scheme 2.
Enzymatic de-sulfation of oligosaccharide with arylsulfatase B.
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Table 1

GAGs and their repeating units.
GAGs Repeating Units Structures of Repeating Units
a)
Hyaluronic
acid (HA)

GlcA β1,3GlcNAcβ1,4

b)
Chondroitin
sulfate (CS)

GlcA(no S or 2S)
β1,3GalNAc(4S, 6S, or
4,6S2) β1,4

c)
Dermatan
sulfate (DS)

IdoA(no S or 2S)
α1,3GalNAc(4S)β1,4

d) Keratan
sulfate (KS)

Gal(no S or 6S)
β1,4GlcNAc(6S)β1,3

e) Heparan
sulfate
(HS)/
Heparin
(HP)

GlcA(no S or 2S) β1,4
[or IdoA (no S or 2S)
α1,4]GlcNAc(or
GlcNS)(with 3S, 6S, or
3,6S2) α1,4
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