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ABSTRACT
Glycosaminoglycans (GAGs) are anionic, linear polysaccharides that regulate a number
of physiological processes. Many of them are found in the extracellular matrix of the cell,
covalently bound to a core protein. The Linhardt lab is particularly interested in a GAG called
heparin that interacts with a variety of proteins through its negatively charged sulfo (S) groups.
The most commonly known biological activity of heparin is its ability to inhibit the blood
coagulation cascade by binding to antithrombin III (AT). Although the specific structure that
interacts with AT is well-known, the role of the number and positions of the sulfo groups is
poorly understood due to the lack of an efficient method to synthesize structurally defined heparin
oligosaccharides.
The conventional route of preparing oligosaccharides is by chemical synthesis. However,
chemical

synthesis

of sulfated

carbohydrates is

especially difficult

due

to many

protection/deprotection steps and laborious purifications. To obtain even a few milligrams of an
oligosaccharide is challenging and time-consuming.
In an effort to overcome these issues, this thesis will describe a chemoenzymatic
approach for the synthesis of heparin and related oligosaccharides. Enzymes can be a powerful
tool in synthesis as they function in a regioselective and stereoselective manner in an aqueous
environment. By using heparin biosynthetic enzymes to add monosaccharide building blocks and
sulfo groups, structurally defined heparin oligosaccharides can be prepared without protection
chemistry, significantly shortening the number of synthetic steps.
We chemoenzymatically synthesized activated monosaccharide building blocks of
heparin, or uridine diphosphate (UDP)-sugars. In addition to its natural ones, we have synthesized
unnatural and isotope-enriched UDP-sugars. Natural UDP-sugars can be used to synthesize
naturally-occurring GAGs in vitro. On the other hand, unnatural UDP-sugars can be used for the
selective chemical N-sulfation or for giving GAGs a unique function.

xvi

Using these UDP-sugars, we synthesized two ultralow molecular weight (ULMW)
heparins with defined structures and sulfation patterns. They were synthesized from a
disaccharide acceptor that was extended to a heptasaccharide, followed by regioselective
epimerization and O-sulfation using heparin biosynthetic enzymes. The two ULMW heparins
were characterized by one- and two-dimensional nuclear magnetic resonance (NMR)
spectroscopy. Their bioactivities were determined by in vivo and in vitro studies, which showed
that the two ULMW heparins exhibited comparable anticoagulant activity to Arixtra.
To facilitate purification steps, a fluorous-tagged disaccharide acceptor was chemically
synthesized. At its reducing end, an α-configured O-methyl group was employed to mimic the
structure of Arixtra. The disaccharide was synthesized through a chemical glycosylation reaction
between a protected glycosyl acceptor and donor. The fluorous tag was successfully installed as a
carbamate on the reducing end of the acceptor.
Another approach for the preparation of heparin oligosaccharides is through the
enzymatic depolymerization of the intact polysaccharide. However, this method results in the
formation of an unsaturated double bond in the nonreducing end. We used ozonolysis to cleave
the double bond and to remove the sugar residue in the nonreducing end. Ozonolysis was applied
to commercially available low molecular weight heparins (LMWH). In vitro anticoagulant
activity assays showed that ozone-treated LMWH retained their anticoagulant activities.

xvii

1. Introduction
1.1 Glycosaminoglycans
Glycosaminoglycans (GAGs) are anionic linear polysaccharides with a repeating disaccharide
unit of hexuronic acid and hexosamine (Figure 1).1 With an average molecular weight of ~104106 Da,2 GAGs exist in all animal cells, usually in the extracellular matrix (ECM). They are
biologically important biomacromolecules as they have a high negative charge density which
allows them to interact with a variety of proteins and regulate physiological processes. The GAG
chain is usually covalently bound to a core protein through a serine (Ser) residue, and the
polysaccharide-protein conjugate is called a proteoglycan (PG).3,4 The number of GAG chains on
a PG can vary from one (e.g., decorin) to over 100, and the length and the composition of the
GAG chain have a significant effect on the biological functions and properties of the PG.3,5
GAGs are classified into several categories, according to their linkage type (1→3 and/or
1→4 linked) and saccharide composition of the repeating disaccharide unit: hyaluronan (HA),
keratan sulfate (KS), chondroitin sulfate/dermatan sulfate (CS/DS), and heparan sulfate
(HS)/heparin.1 Their respective compositions are shown in Figure 1. Of these polysaccharides,
HA has the simplest structure with repeating units of N-acetyl glucosamine (GlcNAc) and
glucuronic acid (GlcA). In KS, the uronic acid is replaced by galactose (Gal) and the GlcN can
have a sulfo group (S) the C6 position. CS and DS are structurally similar to each other, as CS is
composed of GlcA and N-acetyl galactosamine (GalNAc). In DS, some of the GlcA is epimerized
to iduronic acid (IdoA). In both cases, the uronic acid can have a 2-O-sulfo (2S) and the GalNAc
can have 4S and/or 6S.

Portions of this chapter previously appeared as: Masuko, S.; Linhardt, R. J. Chemoenzymatic
synthesis of the next generation of ultralow molecular weight heparin therapeutics. Future Med.
Chem. 2012, 4 (3), 289-296.
1

Figure 1. Structure of GAGs (X = H or SO3-, Y = Ac or SO3-).

1.2 Heparin and HS
Heparin and HS belong to the family of heparin/HS GAGs with an average molecular weight
(MWavg) of 12 kDa to 15 kDa and a molecular weight range from 5 kDa to 40 kDa.6
The structures of heparin and HS are the most complex within the GAG family. In
addition to O-sulfo groups, they can have an N-sulfo (NS) group instead of an N-acetyl on the
GlcN residue.7 HS is structurally similar to heparin but contains more GlcA and GlcNAc residues
and also has fewer sulfate groups than heparin: three sulfates per disaccharide in heparin versus
one sulfate in HS on average. These variable patterns of sulfo group substitution throughout its
chain give heparin and HS their structural diversity and heterogeneity and provide its anionic
character allowing it to interact with a variety of basic proteins.8,9 Another feature of heparin that
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can be distinguished from HS is the higher IdoA content than GlcA; more than 70% of the uronic
acids in heparin is IdoA versus 30-50% in HS.10 Due to these structural differences, heparin and
HS exhibit distinct biological functions. HS interacts with growth factor proteins that are involved
in cell growth and development.4,11 Heparin is most widely known for its ability to prolong bloodclotting by binding to antithrombin III (AT), but in recent years there has also been evidence for
its potential as an anti-inflammatory and anti-metastasis agent.8,12,13
Heparin has been used as an anticoagulant for over 75 years since it entered clinical trials
in 1935.14 It was first discovered in 1916 by McLean and Howell at Johns Hopkins University
and is one of the oldest drugs that is currently still in clinical use. While well studied, the
structure-activity relationship (SAR) of heparin/HS with heparin-binding proteins is not yet fully
understood due to the difficulties of preparing structurally defined GAGs.15

1.3 Biosynthesis of heparin16,17
Heparin is biosynthesized and stored inside mast cell granules, whereas HS is made in almost all
cells and found in the cell membrane or in the extracellular matrix.10 Within the cell, the Golgi
apparatus is responsible for protein synthesis and posttranslational glycosylation, producing
PGs.18 After the core protein is synthesized, the GAG chain elongation is initiated by the
glycosylation of a tetrasaccharide linker to a Ser residue on the core protein (Figure 2).

Figure 2. GAG-protein linkage region of PGs and heparosan backbone.
3

The tetrasaccharide, GlcAβ1→3Galβ1→3Galβ1→4Xylβ1-O-Ser, is synthesized by a
stepwise transfer of the respective uridine diphosphate (UDP) sugars. UDP-sugars are activated
monosaccharide donors that are sequentially transferred to an acceptor by glycosyltransferases.
UDP-GlcA and UDP-GlcNAc are shown in Figure 3.

Figure 3. Structures of UDP-GlcA and UDP-GlcNAc.

Once the tetrasaccharide is synthesized, the polymerization of the repeating disaccharide
region begins: N-acetylglucosamine transferase (GlcNAcT-I) transfers a GlcNAc residue through
an α1→4 linkage. Subsequently, βGlcA is transferred by HS-β1→4glucuronyltransferase II (HSGlcAT-II) followed by another αGlcNAc residue by GlcNAcT-II.17 This alternating process
results in a polysaccharide with the repeating unit, [-4βGlcA1→4αGlcNAc1-]n, also known as
heparosan. Subsequent modifications through the action of N-deacetylase/N-sulfotransferase
(NDST), C5-epimerase (C5-epi), and 2-, 6-, and 3-O-sulfotransferases (OSTs), result in heparin
(Figure 4). The number and position of sulfo groups varies throughout the chain and the most
common sequence is the IdoA2S(1→4)GlcNS6S, trisulfated disaccharide. A less commonly
occurring sequence can contain an IdoA or GlcA (or very rarely a GlcA2S) 1→4-linked to
GlcNAc or GlcNAc6S (or rarely a GlcNS3S6S) residue.

4

Figure 4. Modification of heparosan in the biosynthetic pathway of heparin.16

1.4 Anticoagulant mechanism of heparin
The most well-studied heparin-binding protein is AT, a serine proteinase inhibitor that, in its
activated form, inhibits the blood-clotting cascade (Figure 5).19

Figure 5. Simplified coagulation pathway showing the different points at which heparin,
LMWH and ULMWH inhibit coagulation through AT. The blue arrows indicate the direction of the
coagulation cascade (from activation to fibrin clot formation). The red lines passing through AT show the points in the
pathway inhibited by heparin, LMWH, and ULMWH through their interactions with AT. The thinner red line passing
through AT indicates the low level of thrombin inhibition by LMWH.
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Heparin’s application as an anticoagulant arises primarily from a specific pentasaccharide
sequence, shown in (Figure 6).20,21 This rare sequence, containing an unusual 3-O-sulfo group in
a GlcNS6S residue, is found in only about one-third of heparin’s chains.22 The negative charges
on the sulfo and carboxyl groups are essential for the tight binding of heparin and AT.23

Figure 6. The AT-binding pentasaccharide found in heparin.

Although AT in its native form is a weak protease inhibitor, on binding to the
pentasaccharide in heparin, AT undergoes a conformational change altering its reactive site loop,
resulting in a 300-fold increase in the inhibition of the critical serine protease Factor Xa located at
the convergence on the intrinsic and extrinsic activation pathways of the coagulation cascade
(Figure 5).24 Heparin bound to AT can also bind to and inhibit thrombin (Factor IIa). While
thrombin does not require a specific sequence within heparin to bind, if the AT-binding site on
heparin is flanked by a contiguous stretch of additional five to six trisulfated disaccharides,
heparin can also effectively bind thrombin.25,26 This ternary complex, consisting of heparin-ATthrombin, blocks thrombin’s ability to convert soluble fibrinogen into an insoluble fibrin clot
(Figure 5).

1.5 The heparin contamination crisis
Commercial heparin is currently prepared by animal tissue extraction, usually porcine intestine.
After processing, porcine intestinal mucosa contains other heparin-like GAGs that have a
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different charge state from heparin. To isolate heparin, the mixture of GAGs is passed through an
ion exchange resin that fractionates GAGs based on their charge density. Heparin, having ~2.6
sulfo groups per disaccharide on average, has the highest negative charge among them. The yield
for heparin is ~300 mg/animal, which corresponds to 30,000~50,000 units (U).
From late 2007 to early 2008, many patients suffered from severe allergic-type reactions
after being injected heparin and some of these reactions were quite severe being associated with
the death of nearly 100 patients in the United States alone. The cause was linked to an adulterant
in heparin,27 which was later identified as oversulfated chondroitin sulfate (OSCS).28 OSCS, a
semi-synthetic polysaccharide prepared through the chemical persulfonation of chondroitin
sulfate,29 is structurally similar to, and mimics heparin, in the anticoagulant pathway but unlike
heparin causes anaphylactoid side effects.30 After the heparin crisis, the United States Food and
Drug Administration (FDA) enhanced its inspection of heparin manufacturing facilities and the
United States Pharmacopeia (USP) has revised its monograph on heparin. Additional testing of
heparin active pharmaceutical ingredient (API), required by the FDA and USP, has markedly
decreased the availability and increased the cost of this critical drug.

1.6 Low molecular weight heparins (LMWHs)
Heparin is the anticoagulant of choice for cardiovascular surgery, the prevention of
thromboembolism, and hemodialysis. It is administered intravenously and exhibits some
undesirable

side

effects

including

hemorrhagic

complications31

and

heparin-induced

thrombocytopenia (HIT),32 which can result in the generation of antibodies to platelet factor 4
(PF4)-heparin complex that lead to platelet loss. In an effort to reduce undesirable side-effects of
heparin, many heparin-based mimetics have been developed.33
LMWHs, or fractionated heparin with a molecular weight of about 3~8 kDa, were first
introduced in the late 1980s as substitutes for heparin in certain applications. LMWHs exhibit
7

anticoagulant activity similar to heparin and may slightly lower the risk of bleeding complications
and HIT compared to unfractionated heparin, but most critically, LMWHs are subcutaneously
bioavailable.34,35 Due to their more predictable pharmacodynamics and anticoagulant effects,
LMWHs are used for patients with pulmonary embolism. They are given once or twice daily, as
their half-lives are longer than heparin, which is usually administered continuously or
immediately prior to procedures of brief duration.36 Because of their shorter chain lengths,
LMWHs show reduced activity towards thrombin (Factor IIa) and have anti-factor Xa/anti-factor
IIa ratios of approximately 4.37

Table 1. Commercially available LMWHs.38
LMWH

Depolymerization
method

Ardeparin

Oxidative
depolymerization with
H2O2
Oxidative
depolymerization with
Cu+ and H2O2

Parnaparin

Certoparin
Dalteparin
Nadroparin
Reviparin

Structure
(X = SO3- or H, Y = SO3- or Ac)

Deaminative cleavage
with isoamyl nitrite
Deaminative cleavage
with nitrous acid

Enoxaparin

Chemical β-elimination
by alkaline treatment

Tinzaparin

Enzymatic βelimination by
heparinase treatment
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There are a number of different LMWHs currently in use that are prepared by the
controlled chemical or enzymatic degradation of heparin (Table 1).39,40 Because the LMWHs are
derivatives of heparin, they are polydisperse and structurally heterogeneous and because of their
preparation by a chemical or enzymatic process, they often carry an unnatural anhydromannitol,
1,6-anhydro sugar or a Δ4,5 unsaturated uronic acid (ΔUA) residues at the ends of their chains.
Each LMWH is prepared differently and therefore has slightly differing properties from one
another.38 Moreover, LMWHs are all derived from porcine intestinal heparin and some varieties
were found to be severely contaminated during the heparin crisis of 2007 to 2008.

1.7 Ultralow molecular weight heparins (ULMWHs) as novel anticoagulants
ULMWHs have molecular weights of less than 3 kDa, corresponding to chain lengths that are
insufficient to exhibit measurable anti-factor IIa activity and, thus, are generally regarded as
specific anti-factor Xa agents. Fondaparinux is the first synthetic ULMWH and a pentasaccharide
based on the AT-binding site of heparin. First marketed in 2002 by Sanofi, it is now sold by
GlaxoSmithKline, under the trade name Arixtra. The FDA recently approved a generic version of
fondaparinux, synthesized by Dr. Reddy’s Laboratories.
Choay et al. first accomplished the total synthesis of fondaparinux in the 1980s shortly
after the AT-binding domain of heparin was elucidated.21,41,42 The reducing end of fondaparinux
is protected with an O-methyl group (Figure 7) as it prevented side reactions during its synthesis.
Due to its small molecular size, fondaparinux indirectly inhibits thrombin by specifically
inhibiting factor Xa but not act directly on thrombin.43 It also binds less tightly to PF4
significantly reducing the risk for HIT, and finally it can be administered subcutaneously
resulting in an increased half-life.33 Since it is structurally defined, the heparin pentasaccharide
has more predictable pharmacokinetics and pharmacodynamics, and it is easier to chemically
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characterize. Unfortunately, fondaparinux is prepared by a long and complex chemical synthesis,
making it an expensive anticoagulant.
Shortly following the total synthesis of fondaparinux, van Boeckel synthesized a ‘nonglycosamino’ glycan analog of the AT-binding pentasaccharide, in which all of the N-sulfates of
fondaparinux are replaced by O-sulfo groups, and the free hydroxyl groups replaced by O-methyl
groups (Figure 7).44,45 This analog, named idraparinux, was not only easier to synthesize but
displayed higher activity and a significantly longer-half life than fondaparinux.46 Although
idraparinux showed comparable effectiveness as a novel anticoagulant, its phase III clinical trial
was stopped shortly after patients experienced excessive bleeding.47

Figure 7. Structures of ULMWHs.

Sanofi is currently developing a novel ULMWH called semuloparin (AVE5026) for the
prevention of venous thromboembolism. It is a hemisynthetic ULMWH that is prepared by a
selective and controlled depolymerization of heparin using a phosphazene base.48 Due to its bulky
structure, the base cleaves the heparin chain through a β-elimination reaction only at the less
hindered regions, leaving the crowded AT-binding site intact (Figure 7). The generated ATbinding hexasaccharide is isolated by strong anion exchange (SAX) chromatography. Studies in
patients showed the anti-factor Xa/anti-factor IIa ratio of semuloparin to be above 30, indicating
10

nearly pure anti-factor Xa activity.49 Although the preparation cost is significantly lower than that
of fondaparinux, it is neither homogeneous nor structurally defined, and since it is still derived
from porcine intestinal heparin semuloparin could be subject to contamination or adulteration.

1.8 Chemical approaches to heparin/HS oligosaccharide preparation
Fondaparinux is a successful example of a bioactive carbohydrate whose SAR has been wellstudied. During the course of its development, many analogs of the AT-binding pentasaccharide
were synthesized to finally elucidate the structure that is most bioactive.25,41,50 Of the biologically
and therapeutically important carbohydrates, heparin/HS oligosaccharides are some of the most
challenging to synthesize. In addition to the inherent challenges of carbohydrate synthesis
(difficulty in glycosylation stereocontrol

and

separation of

α/β

mixtures,

multiple

protection/deprotection steps), heparin/HS oligosaccharides are sulfated at various positions
throughout the carbohydrate chain. To regioselectively install sulfo groups at the desired
positions has been the main challenge in chemically synthesizing these complex molecules.
Other than target-oriented synthesis, a number of chemical and most recently, enzymatic
methods have been developed to access structurally defined heparin/HS oligosaccharides51–53 for
SAR studies. A modular approach, based on the principle that a library of diverse structures can
be prepared by the careful selection of properly protected building blocks, has been developed by
Boons et al. (Figure 8).54,55 Using this approach, a library of 12 HS oligosaccharides were
synthesized and structures that inhibit BACE-1, an enzyme associated with Alzheimer’s disease,
were identified.56
Solid-phase synthesis has been used for the rapid synthesis of peptides, DNA, and RNA
for decades. It was not until recently that solid-phase synthesis was applied to carbohydrate
synthesis (Figure 8). Seeberger has pioneered the development of automated solid-supported
synthesis for non-sulfated carbohydrates over the last decade.57–59 There are several reports on
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polymer-supported synthesis of heparin/HS oligosaccharides,60,61 but they proved to be only
slightly more efficient than solution-based synthesis. While solid-phase synthesis may provide an
efficient route to prepare sulfated oligosaccharides, there are major issues to be solved, such as
the use of excess donor in glycosylation reactions, lack of a direct analysis for reactionmonitoring, and the use of excess organic solvents for washing in between reaction cycles.
The SAR of heparin/HS are still unclear due to the lack of efficient methods to prepare
structurally defined oligosaccharides in a multimilligram scale.53

Figure 8. Modular synthesis and solid-phase synthesis of oligosaccharides.

1.9 Enzymes as a novel tool for carbohydrate synthesis
Chemists are starting to turn towards enzymatic or chemoenzymatic synthesis62,63 to circumvent
the problems associated with glycosylation reactions such as stereospecificity. Enzymes are
proteins that are used under mild (20-60 C) and generally aqueous conditions and catalyze the
chemical reaction of a substrate or substrates. Unlike most chemical reactions, these enzymatic
reactions

are

highly

chemospecific,

regiospecific,

and

stereospecific.

For

example,

glycosyltransferases can be used to glycosylate a saccharide unit without protecting or directing
groups affording only either α- or β-glycosylation at a specific site within the acceptor.
12

Using recombinant technology, glycosyltransferases and heparin biosynthetic enzymes
have been cloned and expressed, and are under study for the synthesis of heparin.64,65 Initial
efforts towards a chemoenzymatic preparation of heparin used C5-epi to convert the GlcA of the
heparosan polysaccharide to IdoA, but relied primarily on chemical modifications for N- and Osulfation, creating unwanted sulfation sites.66 An enzymatic synthesis of an oligosaccharide based
on the structure of HS has been accomplished using the heparin/HS modification enzymes 67 and
with glycosyltransferases.68 A concerted effort is currently underway to chemoenzymatically
synthesize a bioengineered heparin.69 Such a bioengineered heparin might one day be approved as
a generic heparin and also used in the preparation of LMWHs increasing the supply and safety of
these heparin products.70
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2. Chemoenzymatic synthesis of uridine diphosphate-GlcNAc and uridine diphosphateGalNAc analogs for the preparation of unnatural glycosaminoglycans
Eight GlcNAc-1-phosphate and GalNAc-1-phosphate analogs have been synthesized chemically
and were tested for their recognition by the GlmU uridyltransferase enzyme. Among these, only
substrates that have an amide linkage to the C-2 nitrogen were transferred by GlmU to afford
their corresponding UDP-sugar nucleotides. Resin-immobilized GlmU showed comparable
activity to nonimmobilized GlmU and provides a more facile final step in the synthesis of an
unnatural UDP-donor. The synthesized unnatural UDP-donors were tested for their activity as
substrates for glycosyltransferases in the preparation of unnatural glycosaminoglycans in vitro. A
subset of these analogs was useful as donors, increasing the synthetic repertoire for these
medically important polysaccharides.

2.1 Introduction
GAGs are a family of polysaccharides that are prevalent both as free glycans and in the core
structures of glycans in glycoproteins71 and glycolipids,72 affecting cell–cell interactions during
various metabolic processes.8 They are composed of repeating disaccharide units containing
hexosamine residues; the other part of the repeat is often an uronic acid residue. GlcNAc is found
in heparosan, heparin, HS, and hyaluronan. GalNAc is found in CS and DS.
Monosaccharides in the form of UDP-nucleotides act as donors being transferred to a
glycosyl acceptor by a glycosyltransferase or a synthase in the polysaccharide biosynthetic
pathway.73 Natural and unnatural GAGs can be prepared in the laboratory74 by using recombinant

This chapter previously appeared as: Masuko, S.; Bera, S.; Green, D. E.; Weïwer, M.; Liu, J.;
DeAngelis, P. L.; Linhardt, R. J. Chemoenzymatic synthesis of uridine diphosphate-GlcNAc and
uridine diphosphate-GalNAc analogs for the preparation of unnatural glycosaminoglycans. J.
Org. Chem. 2012, 77 (3), 1449-1456.
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GAG synthases and chemically prepared UDP-sugar nucleotides. With the advent of recombinant
technology, glycosyltransferases and synthases have now become readily available. A major
limitation to the enzymatic preparation of GAG polysaccharides and oligosaccharides is the
limited availability and cost of sugar nucleotides and of sugar nucleotide analogs and derivatives
due to the difficulty of their syntheses.63 Although they can be prepared in several ways, a purely
chemical approach requires a long and tedious synthesis and yields of UDP-donor are generally
low. Enzymatic synthesis offers an alternative to the use of protection and deprotection steps
required for chemical synthesis75 and circumvents the difficulties inherent to the formation of a
pyrophosphate bond.
Wang et al. reported the enzymatic synthesis of UDP-GlcNAc/UDP-GalNAc analogs
using recombinant Escherichia coli GlcNAc-1-phosphate GlmU.76 However they reported low
yields, especially for N-modified GalNAc-1-phosphate analogs and later turned to recombinant
human UDP-GalNAc pyrophosphorylase (AGX1) for the synthesis of UDP-GalNAc analogs.77
More recently, Chen et al. reported a one-pot, three-enzyme synthesis of UDP-GlcNAc
derivatives using an N-acetylhexosamine 1-kinase and GlmU but only a few derivatives were
successfully synthesized.78 This thesis chapter describes the chemical synthesis of eight different
GlcN-1-phosphate and GalN-1-phosphate analogs, their recognition by the GlmU enzyme, and
their usage by GAG synthases (Figure 9).

Figure 9. Enzymatic synthesis of UDP-GlcNAc and UDP-GalNAc analogs and their
conversion to GAGs.
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2.2 Results and Discussion
2.2.1 Synthesis of GlcN-1-phosphate and GalN-1-phosphate analogs
Eight natural and unnatural GlcN-1-phosphates and GalN-1-phosphates were chemically
synthesized from commercially available monosaccharides. Our first attempt aimed at
synthesizing GlcN-1-phosphate (6), since the amine group can be easily functionalized at a later
step. As shown in Figure 10, reactions of GlcN hydrochloride (1) with in situ generated TfN3
afforded 2-azido sugar 2 in 89% yield, which was subsequently peracetylated.79 MacDonald
phosphorylation80 of the protected 2-azido sugar gave monophosphate 4 in a modest 46% yield.
Subjecting 4 to Zemplén conditions removed its acetyl groups, affording GlcN3-1-phosphate (5).
Finally, reduction of 5 by hydrogenation using the Lindlar’s catalyst81 afforded GlcNH2-1phosphate (6) in quantitative yield.

Figure 10. Synthesis of GlcNH2-1-phosphate 6.

Next, GlcNAc-1-phosphate (7), the natural substrate of GlmU, was chemically
synthesized from 6 through N-acetylation using Ac2O in MeOH/H2O (1/3) followed by treatment
with MeOH/H2O/Et3N (2/2/1) to remove any O-acetyl groups that had been introduced (Figure
11). Next, GalNAc-1-phosphate (9), an unnatural substrate of GlmU, was synthesized to
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investigate the impact of the C4 configuration on GlmU recognition. Compound 9, a C4 epimer
of 7, was prepared from the commercially available peracetylated GalNAc (8).

Figure 11. Synthesis of GlcNAc/GalNAc-1-phosphate 9.

Unnatural UDP-GlcNAc and UDP-GalNAc analogs having a ‘clickable’82,83 alkyne group
were also synthesized. In our initial approach, we attempted to functionalize glucosamine
hydrochloride in the first step with propiolic acid under several different coupling conditions, but
this led to low yields and separation difficulties. Instead, the stepwise synthesis of GlcN-alkyne1-phosphate was undertaken as shown in Figure 12. 2-Azido-ᴅ-glucose tetra-O-acetate (3) was
reduced by hydrogenation with Lindlar’s catalyst to afford GlcN tetra-O-acetate (10). The amino
sugar 10 was then acylated using propiolic anhydride, prepared by treating propiolic acid with
DCC, and affording the alkyne derivative (11) in 70% yield. MacDonald phosphorylation80
followed by de-O-acetylation provided GlcN-alkyne-1-phosphate (13). GalN-alkyne-1-phosphate
(18) was similarly synthesized using CBz protection of the amino group (Figure 13):
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Figure 12. Synthesis of GlcN-alkyne-1-phosphate 13.

Figure 13. Synthesis of GalN-alkyne-1-phosphate 18.

Next, a bioisostere of GlcNAc-1-phosphate bearing an N-trifluoroacetamide was
synthesized (Figure 14). The N-trifluoroacetyl (TFA) group represents an excellent protecting
group in the chemoenzymatic synthesis of GAGs,68 as it can undergo selective deprotection by
mild base treatment and then can be readily N-sulfonated to afford heparin and HS type glycans.
First, ᴅ-glucosamine hydrochloride (1) was protected as an N-trifluoroacetyl by treatment of
CF3CO2Et84 followed by peracetylation. Phosphorylation80 followed by Zemplén deprotection
afforded GlcN-TFA-1-phosphate (22).

18

Figure 14. GlcN-TFA-1-phosphate 22.

A ‘thiol-clickable’85 analog, with an N-ene, was next synthesized from commercially
available tetra-O-acetyl glucosamine (23) (Figure 15). The per-O-acetylated sugar was chosen as
the starting material, as the unprotected monosaccharide was prone to polymerization upon
treatment with acryloyl chloride. Thus, treatment of the tetraacetate with acryloyl chloride
introduced an ene group to afford compound 24. Phosphorylation proceeding in low yield was
followed by deacetylation to give monophosphate 26.

Figure 15. Synthesis of GlcN-ene-1-phosphate 26.
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2.2.2 Preparation of the UDP-sugar nucleotides
After the successful synthesis of a small library of GlcNAc-1-phosphate and GalNAc-1phosphate analogs, each substrate was tested for its recognition by GlmU from E. coli.68 The
enzymatic reaction was performed in Tris buffer (46 mM, pH 7.0) with MgCl2, DTT, UTP, and
inorganic pyrophosphatase at 30 °C for 3 h (2 days for UDP-GalNAc analogs).86 The results are
shown in Table 2.

Table 2. GlcNAc/GalNAc-1-phosphate analog acceptance by GlmU.

Substrate
GlcNAc & analogs

GalNAc & analogs

R

Yield (%)

Product

5

n.r.

-

6

n.r.

-

7*

85

UDP-GlcNAc, 27

13

50

UDP-GlcN-alkyne, 28

22

78

UDP-GlcN-TFA, 29

26

65

UDP-GlcN-ene, 30

9*

70

UDP-GalNAc, 31

18

60

UDP-GalN-alkyne, 32

* = natural precursor
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Out of the eight analogs tested, six were accepted as substrates by GlmU, affording the
corresponding UDP-sugar nucleotides in high yields. Neither GlcN3-1-phosphate (5) nor GlcNH21-phosphate (6) was accepted by GlmU. GlcNAc-1-phosphate (7) and GlcN-TFA-1-phosphate
(22) were excellent substrates, yielding more than 70% conversion. Since GalNAc-1-phosphate
(9) was accepted by GlmU, the 4-OH group appears not to play a critical role in enzyme
recognition. Both GlcN-alkyne-1-phosphate (13) and GalN-alkyne-1-phosphate (18) gave
moderate yields of UDP-sugars using GlmU. On the basis of these observations, it appears that
the amide bond on the 2-amino functional group is essential for substrate recognition by GlmU
but the configuration at C4 is not important.
Immobilization of (His)6-tagged enzymes on Ni beads has been used in carbohydrate
synthesis.87,88 Because the reactions above using the soluble enzyme showed promising yields, we
examined the immobilization of GlmU for future applications in large-scale synthesis. Taking
advantage of the C-terminal (His)6-tag, GlmU was immobilized on Ni Sepharose beads that were
then added to the reaction mixture using 22 as the substrate. Immobilized GlmU gave high yields
of UDP-GlcN-TFA, comparable to that of the solution-based reaction. The same beads could be
recycled and reused for a second reaction, and retained high enzymatic activity. Recycling the
enzyme through its immobilization avoids the requirement of repeated enzyme expression, and
can allow for continuous processes and eases the purification of UDP-sugar nucleotide product.
Although UDP-GlcN3 and UDP-GlcNH2 could not be synthesized using GlmU, they
were chemically synthesized from the aforementioned GlcN3-1-phosphate (5) (Figure 16).
Compound 5 was converted to its pyridinium salt, then stirred with UMP-morpholidate89 in
pyridine for 5 days to afford UDP-GlcN3 (33). The azide group was then reduced to an amine by
hydrogenation using Lindlar’s catalyst, affording UDP-GlcNH2 (34). This free amino group was
then functionalized to afford the following unnatural UDP-GlcNAc analogs: UDP-GlcN-biotin
(35), UDP-GlcN-Fmoc (36), and UDP-GlcN-tBoc (37).
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Figure 16. Chemical synthesis of UDP-GlcN derivatives.

2.2.3 Analog usage by GAG synthatses
These ten UDP-sugar nucleotides were then tested for incorporation by various GAG synthases in
vitro. PmHAS and PmCS produce hyaluronan and chondroitin polysaccharides, respectively.90
PmHS1 and PmHS2 are two homologous isozymes that both can polymerize heparosan, the
precursor of HS and heparin.74,91 The hexosamine analogs were tested in a chain polymerization
assay using radioactively labeled UDP-[3H]GlcA; a radioactive signal results only if the
hexosamine is co-polymerized into the disaccharide repeats of a GAG product.74,91
The results shown in Table 3 demonstrate that some analogs function well with one or
more synthases, but a few analogs did not incorporate into polymer under our conditions. In
addition to increasing the chemical functionality of synthetic GAGs, the substrate specificity
information yields insights into the synthases’ recognition of their donor precursors.
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Table 3. Analog usage by GAG synthases as monitored by co-polymerization assay.74,91
[3H]GlcUA incorporation (disintegrations/min  10-3)
UDP-donor
a

PmHAS

PmCS
b

PmHS1

PmHS2

25-80

25-70

70-120

na

28

1

na

12

16

29

34

na

NSc

12

30

7

na

12

14

33

NSd

na

NSd

NSd

35

NSd

na

NSd

NSd

36

NS

na

NS

1.2

37

6

na

13

13

na

110d

na

na

na

82d

na

na

27

31

a

32

a

Natural precursor positive control (PmCS only utilizes UDP-GalNAc derivatives while the remainder of the

synthases only employ UDP-GlcNAc derivatives)
b

na, not applicable

c

NS, not significant (5-fold over background of the negative control without any UDP-hexosamine present)

d

Values for overnight reaction time

2.3 Conclusions
In conclusion, we synthesized a small library of GlcNAc/GalNAc-1-phosphate analogs for their
recognition by the GlmU uridyltransferase to synthesize UDP-GlcNAc/GalNAc analogs. Only
analogs with an amide linkage at the C-2 nitrogen were successfully accepted by GlmU and gave
the product in moderate to high yields. Analogs without an amide linkage were converted to
UDP-sugar donors by chemical synthesis. The UDP-sugars were then tested for incorporation by
GAG synthases using a radioactive assay, which showed that natural and unnatural UDP-sugars
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were incorporated into the polysaccharide. These results demonstrate that unnatural GAGs with a
desired functionality can be synthesized in vitro and have promising therapeutic applications.

2.4 Experimental Section
2.4.1 General methods and equipment
NMR spectra were recorded on a Varian 500 spectrometer (500 MHz for 1H NMR, 125 MHz for
13

C NMR) or Bruker Avance II 600 MHz (600 MHz for 1H NMR, 150 MHz for 13C NMR) or 800

MHz (800 MHz for 1H NMR, 200 MHz for 13C NMR) spectrometer with Topsin 2.1 software.
Mass data were acquired by high-resolution ESI-MS (Thermo LTQ XL Orbitrap, Bremen,
Germany). Thin-layer chromatography (TLC) was carried out using plates of silica gel 60 with
fluorescent indicator and revealed with UV light (254 nm) when possible and Von’s reagent or
ninhydrin solution in ethanol. Flash chromatography was performed using silica gel 230-400
mesh. Yields are given after purification, unless otherwise noted. When reactions were performed
under anhydrous conditions, the mixtures were maintained under argon. Compounds were named
following IUPAC rules as applied by Beilstein-Institute AutoNom (version 2.1) software for
systematic names in organic chemistry.

2.4.2 Expression of the GlmU enzyme
The procedures for the expression and purification of GlmU were described previously. 92 Briefly,
GlmU was cloned into a PET 21b vector (Novagen) to form a C-terminal (His)6-tagged fusion
protein. The expression was carried out in BL21 star cells (Invitrogen). The protein was purified
by a Ni-Sepharose 6 Fast Flow column (GE Health) following a standard procedure.
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2.4.3 General procedure for the MacDonald phosphorylation
Crystalline phosphoric acid (8.1 mmol) was dried in vacuo over phosphorous pentoxide for 12 h.
The 1-O-acetyl sugar derivative (1 mmol) was added and the mixture was heated at 60 °C in
vacuo. After 2 h, heating was ceased and the resulting dark black mixture was dissolved in
anhydrous THF (5 mL). The solution was cooled to 0 °C and concentrated ammonium hydroxide
(0.5 mL) was added until ~pH 7. The precipitate of ammonium phosphate was filtered off and
washed with THF (20 mL). The combined filtrate and washings were evaporated to give a syrupy
residue that was purified by flash column chromatography (EtOAc 100% to EtOAc/MeOH 50/50).

2.4.4 General procedure for the Zemplén deacetylation
Sodium methoxide (3 mmol) in MeOH (0.5 M) was added to the peracetylated phosphate (1
mmol) in MeOH (7 mL) at 0 °C. The reaction was stirred at 0 °C for 1 h and quenched with
Amberlite IR-120 (H+). Amberlite was removed through filtration and the filtrate was
concentrated in vacuo to afford the fully deprotected phosphate in quantitative yield.

2.4.5 General procedure for the enzymatic preparation of the UDP-sugar nucleotides
A reaction mixture containing the monophosphate, glucosamine-1-phosphate acetyltransferase/Nacetyl glucosamine-1-phosphate uridyltransferase (GlmU), Tris-HCl (46 mM, pH 7.0), MgCl2 (5
mM), dithiothreitol (200 µM), UTP (2.5 mM), inorganic pyrophosphatase (0.012 U/µL), from
Sigma-Aldrich, was incubated at 30 °C for 3 h. For GalNAc substrates, a second portion of GlmU
was added to the reaction mixture on the second day. The completion of the reaction was
monitored by TLC (n-butanol/formic acid/methanol = 4/8/1) or through MS. Then 3 reaction
volumes of ethanol was added to quench the reaction and stored overnight at -20 °C.
Centrifugation at 3000 rcf for 30 min afforded the crude product in the supernatant which was
then concentrated and further purified on a BioGel (Bio-Rad) P2 column (2.5 × 65cm) and eluted
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with H2O. Fractions were collected and those containing the product as determined by UV
absorbance at 262 nm were combined and freeze-dried to afford the pure product.

2.4.6 Procedures and structural characterization of intermediates and products
2-azido-2-deoxy-ᴅ-glucopyranose-3,4,6-triacetate-1-dihydrogen phosphate (4)
Brown oil; 1H NMR (500 MHz, MeOD ): δ (ppm) 5.73 (s, 1H), 5.49 (t, J = 9.5 Hz, 1H), 5.12 (t,
J = 9.74 Hz, 1H), 4.36 (d, J = 10 Hz, 2H), 4.14 (m, 1H), 3.65 (d, J = 9 Hz, 1H), 2.08 (s, 3H), 2.04
(s, 6H); 13C NMR (125 MHz, MeOD): δ (ppm) 171.1, 170.2, 170.0, 93.4, 70.7, 68.4, 68.0, 61.4,
61.2, 61.1; HRMS-FAB: [M-H] calcd. for C12H17N3O11P- 410.0606 Found: 410.0601.

2-azido-2-deoxy-ᴅ-glucopyranose-1-dihydrogen phosphate (5)
Light brown amorphous solid; 1H NMR (500 MHz, D2O ): δ (ppm) 5.54 (dd, J = 7.4 Hz, 3.1 Hz,
1H), 3.88-3.72 (m, 4H), 3.48 (t, J = 9.5 Hz, 1H), 3.29 (d, J = 2.5 Hz, 1H); 13C NMR (125 MHz,
D2O): δ (ppm) 94.0, 72.8, 70.7, 69.5, 62.8, 60.3; HRMS-FAB: [M-H] calcd. for C6H11N3O8P284.0289 Found: 284.0289.

2-amino-2-deoxy-ᴅ-glucopyranose-1-dihydrogen phosphate (6)
Lindlar’s catalyst (20 mg) was added to a stirred solution of 5 (75 mg, 0.228 mmol) in MeOH/
H2O, 1/1 (10 mL). A hydrogen balloon was attached to the reaction flask and the reaction was
stirred overnight at room temperature. The reaction mixture was filtered through Celite and rinsed
with water. The filtrate and washings were combined and concentrated to afford 6 in quantitative
yield.
H NMR (800 MHz, D2O ): δ (ppm) 5.59 (dd, J = 7.4 Hz, 3.1 Hz, 1H), 3.90-3.84 (m, 3H), 3.73

1

(m, 1H), 3.45 (m, 1H), 3.26 (m, 1H); 13C NMR (200 MHz, D2O): δ (ppm) 90.8, 72.1, 69.6, 69.4,
60.1, 54.4; HRMS-FAB: [M-H] calcd. for C6H13NO8P- 258.0384 Found: 258.0391.
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2-deoxy-2-[(1-oxo-2-propyn-1-yl)amino]-ᴅ-glucopyranose-1,3,4,6-tetraacetate (11)
To a stirred solution of DCC (740 mg, 3.59 mmol) in dry CH2Cl2 (19.5 mL), propiolic acid (0.18
mL, 2.92 mmol) was slowly added at 0 °C. After 1 h, 10 (1.267 g, 2.924 mmol) was dissolved in
dry CH2Cl2 (7 mL), and DIPEA was added dropwise. The reaction mixture was stirred for 1 h at
0 °C, then warmed to room temperature and then stirred for another 2 h before the solvents were
removed in vacuo. The crude product was purified by silica gel chromatography (MeOH/CH2Cl2,
1/20) to yield 11 as a colorless amorphous solid (1.20 g, 70%). 1H NMR (500 MHz, CDCl3): δ
(ppm) 6.01 (d, J = 9.4 Hz, 1H), 5.69 (d, J = 8.7 Hz, 1H), 5.14 (m, 2H), 4.34 (m, 1H), 4.27 (dd, J =
4.2, 12.5 Hz, 1H), 4.12 (d, J = 12.5 Hz, 1H), 3.81 (m, 1H), 2.13-2.04 (4s, 12H); 13C NMR (125
MHz, CDCl3): δ (ppm) 171.2, 170.7, 169.5, 169.4, 152.1, 92.0, 76.5, 74.7, 72.5, 72.2, 68.0, 61.6,
52.6, 20.8-20.5; HRMS-FAB: [M+Na] calcd. for C17H21NNaO10+ 422.1063 Found: 422.1065.

2-deoxy-2-[(1-oxo-2-propyn-1-yl)amino]-ᴅ-glucopyranose-3,4,6-triacetate-1-dihydrogen
phosphate (12)
Brown oil; 1H NMR (500 MHz, CDCl3): δ (ppm) 6.01 (d, J = 9.4 Hz, 1H), 5.69 (d, J = 8.7 Hz,
1H), 5.14 (m, 2H), 4.34 (m, 1H), 4.27 (dd, J = 4.2, 12.5 Hz, 1H), 4.12 (d, J = 12.5 Hz, 1H), 3.81
(m, 1H), 2.13-2.04 (4s, 12H); 13C NMR (125 MHz, CDCl3): δ (ppm) 171.2, 170.7, 169.5, 169.4,
152.1, 92.0, 76.5, 74.7, 72.5, 72.2, 68.0, 61.6, 52.6, 20.8-20.5; HRMS-FAB: [M+Na] calcd. for
C17H21NNaO10+ 422.1063 Found: 422.1065.

2-deoxy-2-[(1-oxo-2-propyn-1-yl)amino]-ᴅ-glucopyranose-1-dihydrogen phosphate (13)
Light brown amorphous solid; 1H NMR (500 MHz, D2O): δ (ppm) 5.32 (dd, J = 3.3, 7.0 Hz, 1H),
3.87 (dt, J = 2.6, 10.5 Hz, 1H), 3.72 (dd, J = 2.4, 4.2 Hz, 1H), 3.70-3.64 (m, 3H) 3.38 (dd, J = 9.1,
10.0 Hz, 1H), 3.35 (s, 1H);

13

C NMR (125 MHz, D2O): δ (ppm) 152.5, 95.5, 77.8, 75.0, 73.2,

63.9, 62.9, 56.7, 56.6; HRMS-FAB: [M-H] calcd. for C9H13NO9P- 310.0328 Found: 310.0323.
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2-deoxy-2-[[(phenylmethoxy)carbonyl]amino]-ᴅ-galactopyranose-1,3,4,6-tetraacetate (15)
Galactosamine·HCl (5.0 g, 23 mmol) was dissolved in 130 mL of 0.5 M NaOMe in MeOH and
stirred for 35 min. The reaction mixture was cooled to 0 °C, 3.23 mL (23.2 mmol) of Et3N and
5.0 g (23 mmol) of benzyl chloroformate were added, and the mixture was stirred for 5 h. The
thick suspension was concentrated and dissolved in 25 mL of Ac2O and 50 mL of pyridine. A
catalytic amount of N,N-(dimethylamino)pyridine (DMAP) was added, and the solution was
stirred overnight. It was concentrated and coevaporated with toluene (6 × 25 mL). The resulting
syrup was dissolved in 40 mL of CHCl3 and washed with saturated CuSO4 (2 × 20 mL), sat.
NaHCO3 (aq.) (2 × 25 mL), and brine (1 × 25 mL). The combined aqueous layers were extracted
with 40 mL of CHCl3, and the combined organic layers were dried over Na2SO4. The crude
product was concentrated and purified by silica gel chromatography eluting with a gradient of
200/1 to 20/1, CHCl3/MeOH, to yield 6.3 g (52%) of a yellow syrup comprising a mixture of
anomers. 1H NMR (500 MHz, CDCl3): δ 7.32 (m, 5H), 6.22 (dd, J = 3.65 Hz, 1H), 5.39 (m, 1H),
5.12-4.99 (m, 3H), 4.43 (m, 1H), 4.12-3.98 (m, 3H), 2.12 (s, 3H), 2.09 (s, 3H), 1.98 (s, 3H), 1.89
(s, 3H);

13

C NMR (125 MHz, CDCl3): δ 170.4, 170.3, 170.3, 168.8, 155.4, 136.7, 128.5, 91.4,

77.3, 68.4, 68.0, 67.1, 66.7, 61.2, 48.6, 20.8, 20.5, 20.4. HRMS-FAB: [M+Na] calcd. for
C22H25NNaO10+ 486.1376 Found: 486.1379.

2-amino-2-deoxy-ᴅ-galactopyranose-1,3,4,6-tetraacetate hydrochloride (16)
H NMR (500 MHz, CD3OD): δ 6.37 (d, J = 3.6 Hz, 1H), 5.50 (dd, J = 1.3, 3.2 Hz, 1H), 5.36 (dd,
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J = 3.2, 8.3 Hz, 1H), 4.43 (m, 1H), 4.12 (d, J = 6.6 Hz, 1H), 4.09 (d, J = 6.6 Hz, 1H), 3.96 (dd, J
= 3.6, 11.4 Hz, 1H), 2.21 (s, 3H), 2.14 (s, 3H), 2.06 (s, 3H), 1.89 (s, 3H); 13C NMR (125 MHz,
CD3OD): δ 169.8, 169.4, 168.8, 168.5, 91.6, 67.6, 65.6, 61.2, 55.4, 42.4, 19.1, 17.3, 15.8, 11.2.
HRMS-FAB: [M+Na] calcd. for C14H21NNaO9+ 370.1114 Found: 370.1117.
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2-deoxy-2-[(1-oxo-2-propyn-1-yl)amino]-ᴅ-galactopyranose-1,3,4,6-tetraacetate (17)
Colorless oil; 1H NMR (500 MHz, CDCl3): δ 6.10 (d, J = 3.6 Hz, 1H), 5.32 (m, 1H), 5.09 (dd, J =
3.2, 11.6 Hz, 1H), 4.56 (dd, J = 3.2, 11.6 Hz, 1H), 4.16 (t, J = 6.6 Hz, 1H), 3.97 (m, 2H), 3.57 (m,
1H), 2.93 (s, 1H), 2.05 (s, 3H), 2.04 (s, 3H), 1.90 (s, 3H), 1.89 (s, 3H);

13

C NMR (125 MHz,

CDCl3): δ 170.5, 170.2, 169.4, 168.8, 152.3, 92.5, 77.2, 74.4, 71.5, 70.1, 66.2, 61.3, 49.4, 24.822.0; HRMS-FAB: [M+Na] calcd. for C17H21NNaO10+ 422.1063 Found: 422.1068.

2-deoxy-2-[(1-oxo-2-propyn-1-yl)amino]-α-ᴅ-galactopyranose-1-(dihydrogen phosphate)
(18)
Light brown amorphous solid; 1H NMR (500 MHz, CD3OD): δ 5.32 (dd, J = 3.4, 7.2 Hz, 1H),
4.17 (dt, J = 2.6, 10.8 Hz, 1H), 4.00 (dd, J = 5.7, 6.3 Hz, 1H), 3.86 (m, 1H), 3.80 (dd, J = 3.1,
10.0 Hz, 1H), 3.59 (m, 1H), 3.34 (s, 1H); 13C NMR (125 MHz, CD3OD): δ (ppm) 152.6, 91.4,
68.0, 67.9, 67.5, 67.2, 66.0, 61.9, 61.3; HRMS-FAB: [M-H] calcd. for C9H13NO9P- 310.0328
Found: 310.0321.

2-deoxy-2-[(trifluoroacetyl)amino]-ᴅ-glucopyranose (19)
Et3N (3.50 mL, 25 mmol) and CF3CO2Et (3.8 mL, 32 mmol) were added to ᴅ-glucosamine
hydrochloride (5.375 g, 25 mmol) in MeOH (15 mL). The reaction mixture was stirred at room
temperature overnight. The solution was concentrated in vacuo and recrystallized in MeOH to
afford N-trifluoroacetylated 19 (α/β = 1:0.8) (5.26 g, 19.2 mmol, 71%). 1H NMR (500 MHz,
D2O): δ (ppm) 8.28 (d, J = 0.76 Hz, 1H), 5.11 (d, J = 3.49 Hz, 1H), 4.63 (d, J = 12.5 Hz, 1H),
3.84 (dd, J = 10.73, 3.53 Hz, 1H), 3.77 (d, J = 1.44 Hz, 1H), 3.75-3.73 (m, 1H), 3.73-3.71 (m,
1H), 3.71-3.69 (m, 1H), 3.68 (d, J = 2.31 Hz, 1H), 3.64 (d, J = 5.20 Hz, 1H), 3.63 (d, J = 2.43 Hz,
1H), 3.62-3.60 (m, 1H), 3.59 (dd, J = 4.87, 2.14 Hz, 1H), 3.49-3.45 (m, 1H), 3.34 (ddd, J = 10.06,
2H); 13C NMR (125 MHz, D2O): δ (ppm) 94.8, 90.5, 76.7, 73.8, 71.7, 70.9, 70.7, 70.4, 61.4, 61.2,
57.7, 55.1; HRMS-FAB: [M-H] calcd. for C8H11F3NO6- 274.0544 Found: 274.0541.
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2-deoxy-2-[(trifluoroacetyl)amino]-ᴅ-glucopyranose-1,3,4,6-tetraacetate (20)
Pyridine (56.3 mL) and Ac2O (32.5 mL) were added to 19 (5.26 g, 19.2 mmol). The reaction
mixture was stirred for 3 hours at room temperature. The solution was concentrated in vacuo and
co-evaporated with toluene (10 mL) three times. The resulting residue was recrystallized in Et 2O
(15 mL) and petroleum ether (5 mL) to afford peracetylated 20 (α:β = 1:0.33, 8.51 g, 19.2 mmol,
quant.). 1H NMR (500 MHz, CDCl3): δ (ppm) 6.60 (d, J = 9.28 Hz, 1H), 6.51 (d, J = 8.50 Hz,
1H), 6.27 (d, J = 3.66 Hz, 1H), 5.76 (d, J = 8.71 Hz, 1H), 5.35-5.28 (m, 1H), 5.25 (t, J = 9.74,
1H), 5.22-5.16 (m, 1H), 4.45 (ddd, J = 10.84, 8.69, 3.66 Hz, 1H), 4.33-4.27 (m, 2H), 4.15 (dd, J
= 12.56, 2.28 Hz, 1H), 4.09 (dd, J = 12.50, 2.33 Hz, 1H), 4.04 (ddd, J = 9.95, 3.97, 2.32 Hz, 1H),
3.85 (ddd, J = 9.50, 4.50, 2.18 Hz, 1H), 2.23 (s, 3H), 2.13 (s, 6H), 2.11 (s, 6H), 2.08 (s, 3H), 2.08
(s, 3H), 2.07 (s, 3H), 2.06 (s, 3H); 13C NMR (500 MHz, CDCl3): δ (ppm) 171.7, 170.7, 169.2,
168.6, 157.5, 157.2, 116.5, 114.2, 91.7, 89.6, 72.8, 71.9, 70.1, 69.7, 67.9, 67.2, 61.6, 61.3, 53.1,
51.7; HRMS-FAB: [M-H] calcd. for C16H19F3NO10- 442.0967 Found: 442.0961.

2-deoxy-2-[(trifluoroacetyl)amino]-ᴅ-glucopyranose-3,4,6-triacetate-1-dihydrogen
phosphate (21)
H NMR (500 MHz, D2O): δ (ppm) 5.70-5.55 (m, 1H), 5.43 (s, 1H), 5.14 (s, 1H), 4.36 (s, 2H),
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4.24-4.09 (m, 1H), 3.34 (d, J = 19.11 Hz, 1H), 2.08 (s, 3H), 2.01 (s, 3H), 1.94 (s, 3H); 13C NMR
(125 MHz, D2O): δ (ppm) 171.3, 170.4, 169.8, 157.2, 114.7, 92.7, 71.2, 68.2, 68.1, 61.4, 52.8;
HRMS-FAB: [M-H] calcd. for C14H18F3NO12P- 480.0524 Found: 480.0524.

2-deoxy-2-[(trifluoroacetyl)amino]-ᴅ-glucopyranose-1-dihydrogen phosphate (22)
H NMR (500 MHz, D2O): δ (ppm) 5.44 (dd, J = 7.32, 3.23 Hz, 1H), 4.03 (ddd, J = 10.57, 3.17,

1

1.84 Hz, 1H), 3.94 (ddd, J = 10.12, 4.89, 2.22 Hz, 1H), 3.77 (dd, J = 12.38, 4.94 Hz, 1H), 3.87
(ddd, J = 12.31, 9.99, 5.66 Hz, 1H), 3.51 (dd, J = 10.06, 9.14 Hz, 1H); 13C NMR (125 MHz,
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D2O): δ (ppm) 159.4, 116.7, 92.6, 72.6, 69.9, 69.5, 60.2, 54.3; HRMS-FAB: [M-H] calcd. for
C8H12F3NO9P- 354.0207 Found: 354.0206.

2-deoxy-2-[(1-oxo-2-ethen-1-yl)amino]-β-ᴅ-glucopyranose-1,3,4,6-tetraacetate (24)
Et3N (145 µL, 1.04 mmol) was added to a stirred solution of 1,3,4,6-O-acetyl-2-amino-2-deoxyβ-ᴅ-glucopyranose·HCl (200 mg, 0.521 mmol). The solution was cooled to 0 °C and acryloyl
chloride (50 µL, 0.625 mmol) was added dropwise. The reaction mixture was stirred overnight at
room temperature. The solution was concentrated in vacuo and purified on silica gel
chromatography (hexanes 100% to hexanes/EtOAc = 1/1) to afford 24 as a clear syrup (170 mg,
81%).
H NMR (500 MHz, CDCl3): δ (ppm) 6.96 (d, J = 9.59 Hz, 1H), 6.20 (d, J = 17.1 Hz, 1H), 6.00
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(dd, J = 17.1, 10.4 Hz, 1H), 5.68 (d, J = 8.8 Hz, 1H), 5.61 (d, J = 9.0 Hz, 1H), 5.17 (t, J = 11.0 Hz,
1H), 5.07 (t, J = 9.65 Hz, 1H), 4. 34 (dd, J = 19.42, 9.61 Hz, 1H), 4.21 (td, J = 9.10, 4.57 Hz, 1H),
4.08 (dd, J = 12.44, 2.15 Hz, 1H), 3.81 (ddd, J = 9.85, 4.55, 2.19 Hz, 1H), 2.04-1.95 (s, 12H); 13C
NMR (125 MHz, CDCl3): δ (ppm) 171.2, 170.9, 169.7, 169.4, 166.0, 130.1, 127.4, 92.4, 72.6,
72.6, 68.0, 61.7, 61.7, 52.5, 50.3; HRMS-FAB: [M+H] calcd. for C17H24NO10+ 402.1400 Found:
402.1395.

2-deoxy-2-[(1-oxo-2-ethen-1-yl)amino]-α-ᴅ-glucopyranose-3,4,6-triacetate-1-(dihydrogen
phosphate) (25)
Brown oil; 1H NMR (500 MHz, MeOD): δ (ppm) 6.28 (d, J = 9.92 Hz, 17 Hz, 1H), 6.22 (dd, J =
17.5, 2.05 Hz,1H), 5.66 (dd, J = 9.93, 2.05 Hz, 1H), 5.52 (dd, J = 6.63, 3.26 Hz, 1H), 5.36 (dd, J
= 10.49, 9.59 Hz, 1H), 5.11 (t, J = 9.75, 9.75 Hz, 1H), 4.39-4.34 (m, 1H), 4.31 (dd, J = 9.20,
6.05 Hz, 2H), 4.29-4.26 (m, 1H), 4.17-4.11 (m, 1H), 2.00 (s, 6H), 1.94 (s, 3H); 13C NMR (125
MHz, MeOD): δ (ppm) 171.1, 170.5, 169.9, 166.7, 130.3, 126.1, 93.7, 71.4, 68.3, 68.2, 61.5, 51.9,
50.3 ; HRMS-FAB: [M-H] calcd. for C15H21NO12P- 438.0807 Found: 438.0800.
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2-deoxy-2-[(1-oxo-2-ethen-1-yl)amino]-α-ᴅ-glucopyranose-3,4,6-1-(dihydrogen

phosphate)

(26)
Light brown amorphous solid; 1H NMR (500 MHz, D2O): δ (ppm) 6.14 (dd, J = 17.14, 10.20 Hz,
1H), 6.04 (dd, J = 17.14, 1.35 Hz, 1H), 5.60 (dd, J = 10.23, 1.34 Hz, 1H), 5.28 (dd, J = 6.63,
3.26 Hz, 1H), 3.88-3.83 (m, 1H), 3.68 (dd, J = 6.66, 3.67 Hz, 1H), 3.65-3.62 (m, 3H), 3.59 (m,
1H); 13C NMR (125 MHz, D2O): δ (ppm) 165.8, 129.4, 128.0, 93.5, 72.6, 70.4, 69.4, 60.1, 53.7;
HRMS-FAB: [M-H] calcd. for C9H15NO9P- 312.0490 Found: 312.0486.

P'-[2-(acetylamino)-2-deoxy-α-ᴅ-glucopyranosyl] ester-uridine 5'-(trihydrogen diphosphate),
(UDP-GlcNAc, 27)
H NMR (500 MHz, D2O): δ (ppm) 7.87 (dd, J = 8.08, 2.41 Hz, 1H), 5.93-5.86 (m, 2H), 5.44 (d,
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J = 3.28 Hz, 1H), 4.32-4.25 (m, 2H), 4.24-4.08 (m, 3H), 3.94-3.88 (m, 1H), 3.86 (ddd, J = 8.03,
5.20, 2.66 Hz, 1H), 3.80 (dd, J = 17.63, 9.17 Hz, 1H), 3.73 (ddd, J = 18.49, 9.53, 5.39 Hz, 2H),
3.47 (ddd, J = 9.52, 5.51, 3.38 Hz, 1H), 2.02-1.95 (s, 3H); 13C NMR (125 MHz, D2O): δ (ppm)
174.7, 166.7, 152.1, 141.4, 102.6, 94.3, 88.4, 83.0, 73.7, 72.9, 70.8, 69.5, 69.4, 64.9, 60.2, 53.5,
22.0; HRMS-FAB: [M-H] calcd. for C17H26N3O17P2- 606.0743 Found: 606.0734.

P'-[2-(1-oxo-2-propyn-1-yl)amino-2-deoxy-α-ᴅ-glucopyranosyl] ester-uridine 5'(trihydrogen diphosphate) (UDP-GlcN-alkyne, 28)
White fluffy powder; 1H NMR (600 MHz, D2O): δ (ppm) 7.89 (d, J = 8.1 Hz, 1H), 5.89 (d, J =
4.6 Hz, 1H), 5.88 (d, J = 8.9 Hz, 1H), 5.47 (dd, J = 3.2, 6.9 Hz, 1H), 4.28 (m, 2H), 4.20 (m, 1H),
4.18-4.16 (m, 1H), 4.12-4.09 (m, 1H), 3.99 (dt, J = 3.1, 10.5 Hz, 1H), 3.87-8.83 (m, 1H), 3.793.77 (m, 1H), 3.76-3.70 (m, 2H), 3.49-3.44 (m, 2H); 13C NMR (150 MHz, D2O): δ (ppm) 166.2,
154.8, 151.8, 141.6, 102.6, 94.1, 88.4, 88.3, 83.2, 73.8, 72.0, 69.6, 68.3, 67.4, 64.9, 60.2, 50.3,
50.2; HRMS-FAB: [M] calcd. for C18H25N3O17P2+ 617.0659 Found: 617.0656.
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P'-[2-deoxy-2-[(2,2,2-trifluoroacetyl)amino]-α-ᴅ-glucopyranosyl] ester-uridine 5'(trihydrogen diphosphate) (UDP-GlcN-TFA, 29)
White fluffy powder; 1H NMR (600 MHz, D2O): δ (ppm) 7.88 (d, J = 8.11 Hz, 1H), 5.90 (m, 2H),
5.58-5.51 (dd, 1H, J = 7.0 Hz, 3.2 Hz), 4.29 (m, 2H), 4.21 (s, 1H), 4.20-4.14 (m, 1H), 4.11 (ddd,
J = 11.68, 5.39, 3.12 Hz, 1H), 4.04 (d, J = 10.57 Hz, 1H), 3.88 (dd, J = 20.10, 9.82 Hz, 2H), 3.81
(d, J = 11.83 Hz, 1H), 3.78-3.73 (m, 1H), 3.52 (dd, J = 9.53, 5.39 Hz, 1H); 13C NMR (150 MHz,
D2O): δ (ppm) 166.4, 160.0, 151.9, 141.8, 117.0, 102.7, 93.9, 88.5, 83.2, 73.9, 73.1, 70.3, 69.7,
69.5, 64.9, 60.2, 54.4; HRMS-FAB: [M-H] calcd. for C17H23F3N3O17P2- 660.0460 Found:
660.0463.

P'-[2-deoxy-2-[(1-oxo-2-ethen-1-yl)amino]-2-deoxy-α-ᴅ-glucopyranosyl]

ester-uridine

5'-

(trihydrogen diphosphate) (UDP-GlcN-ene, 30)
White fluffy powder; 1H NMR (800 MHz, D2O): δ (ppm) 7.88 (d, J = 8.09 Hz, 1H), 6.35-6.29
(dd, J = 10.4, 18.4 Hz, 1H), 6.19-6.13(d, J = 16.8 Hz, 1H), 5.92-5.86 (m, 2H), 5.74-5.68 (d, J =
10.4 Hz, 1H), 5.46-5.42 (m, 1H), 4.31-4.25 (m, 2H), 4.21-4.18 (m, 1H), 4.18-4.08 (m, 2H), 3.973.93 (m, 1H), 3.88-3.84 (m, 1H), 3.78-3.73 (m, 3H), 3.50-3.46 (m, 1H);

13

C NMR (200 MHz,

D2O): δ (ppm) 168.7, 166.1, 151.7, 141.4, 129.6, 127.9, 102.5, 94.4, 88.3, 83.1, 73.7, 72.9, 70.9,
69.5, 69.3, 64.8, 60.1, 53.6; HRMS-FAB: [M-H] calcd. for C18H26N3O17P2-618.0743 Found:
618.0741.

P'-[2-(acetylamino)-2-deoxy-α-ᴅ-galactopyranosyl] ester-uridine 5'-(trihydrogen
diphosphate), (UDP-GalNAc, 31)
H NMR (500 MHz, D2O): δ (ppm) 7.79 (d, J = 8.2 Hz, 1H), 5.81 (br d, J = 4.2 Hz, 1H); 5.79 (br
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d, J = 8.3, 1H); 5.39 (dd, J = 6.9, 3.3 Hz, 1H); 4.22-4.19 (m, 2H), 4.13-4.08 (m, 3H), 4.05-4.01
(m, 2H); 3.88 (d, J = 3.0 Hz, 1H), 3.78 (dd, J = 11.8, 3.2 Hz, 1H); 3.73 (m, 1H), 3.62 (m, 1H),
1.92 (s, 3H); HRMS-FAB: [M] calcd. for C17H27N3O17P2+ 607.0816 Found: 607.0818.
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P'-[2-(1-oxo-2-propyn-1-yl)amino-2-deoxy-α-ᴅ-galactopyranosyl] ester-uridine 5'(trihydrogen diphosphate) (UDP-GalN-alkyne, 32)
White fluffy powder; 1H NMR (600 MHz, D2O): δ (ppm) 7.87 (d, J = 8.1 Hz, 1H), 5.89 (d, J =
4.8 Hz, 1H), 5.86 (d, J = 8.2 Hz, 1H), 5.50 (dd, J = 3.4, 6.9 Hz, 1H), 4.28 (m, 2H), 4.22 (dt, J =
3.1, 10.6 Hz, 1H), 4.20 (m, 1H), 4.17 (m, 1H), 4.11-4.09 (m, 2H), 3.97 (br d, J = 3.0 Hz, 1H),
3.91 (dd, J = 3.1, 10.9 Hz, 1H), 3.70-3.64 (m, 3H); 13C NMR (150 MHz, D2O): δ (ppm) 166.2,
155.0, 151.8, 141.6, 102.6, 94.2, 88.4, 83.2, 83.1, 73.7, 72.0, 69.7, 68.3, 67.5, 65.0, 60.9, 50.3,
50.2; HRMS-FAB: [M] calcd. for C18H25N3O17P2+ 617.0659 Found: 617.0661.

P'-[2-azido-2-deoxy-α-ᴅ-glucopyranosyl] ester-uridine 5'-(trihydrogen diphosphate) (UDPGlcN3, 33)
UMP-morpholidate (211 mg, 0.303 mmol) was dried by dissolving in anhydrous pyridine (5 mL)
and concentrating in vacuo three times. Fully deprotected phosphate 5 (77 mg, 0.217 mmol) was
converted to its PyH+ form by passing through an Amberlite (PyH+) column. UMP-Morpholidate
was dissolved in pyridine (5 mL) and added to phosphate 5 (PyH+). The reaction mixture was
stirred for 5 days at room temperature. The solvent was removed by concentration and the
resulting residue was dissolved in H2O (10 mL). Insoluble material was removed through
filtration and the soluble filtrate was concentrated in vacuo. The residue was loaded onto a
BioGel P2 column (2.5 × 65 cm) and eluted with H2O. Fractions were collected and those
containing the product as determined by TLC (nBuOH/HCO2H/H2O = 4/8/1) were combined and
freeze-dried to afford a white powder (50 mg, 0.0756 mmol, 35%).
H NMR (500 MHz, D2O): δ (ppm) 7.90 (d, J = 8.12 Hz, 1H), 5.91 (m, 2H), 5.61 (dd, J = 7.48,
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3.32 Hz, 1H), 4.30 (m, 2H), 4.23-4.18 (m, 1H), 4.15 (m, 2H), 3.89-3.83 (m, 2H), 3.78 (dd, J =
12.47, 2.34 Hz, 1H), 3.71 (dd, J = 12.51, 4.28 Hz, 1H), 3.46 (dd, J = 10.12, 9.16 Hz, 1H), 3.30
(m, 1H); 13C NMR (125 MHz, D2O): δ (ppm) 166.6, 152.2, 141.9, 102.9, 94.6, 88.5, 83.5, 74.0,

34

73.0, 70.9, 69.9, 69.6, 63.1, 63.0, 60.3; HRMS-FAB: [M-H] calcd. for C15H22N5O16P2- 590.0542
Found: 590.0539.

P'-[2-amino-2-deoxy-α-ᴅ-glucopyranosyl] ester-uridine 5'-(trihydrogen diphosphate) (UDPGlcNH2, 34)
1H NMR (800 MHz, D2O): δ (ppm) 7.87 (d, J = 8.09 Hz, 1H), 5.93-5.85 (m, 2H), 5.64-5.56 (m,
1H), 4.29 (d, J = 2.66 Hz, 2H), 4.23-4.19 (m, 1H), 4.19-4.09 (m, 2H), 3.85-3.81 (m, 1H), 3.803.72 (m, 2H), 3.72-3.66 (m, 1H), 3.45-3.39 (m, 1H), 3.01-2.91 (m, 1H);
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C NMR (200 MHz,

D2O): δ (ppm) 166.6, 152.2, 141.9, 102.7, 94.7, 88.5, 83.1, 73.8, 73.2, 71.8, 69.6, 69.1, 65.0, 60.1,
54.7; HRMS-FAB: [M-H] calcd. for C15H24N3O16P2- 564.0637 Found: 564.0638.

P'-[2-deoxy-2-[[5-[(3aS,4S,6aR)-hexahydro-2-oxo-1H-thieno[3,4-d]imidazol-4-yl]-1oxopentyl]amino]-α-ᴅ-glucopyranosyl] ester uridine 5'-(trihydrogen diphosphate) (UDPGlcN-biotin, 35)
To a stirred solution of 34 (5 mg, 8.2 µmol) in HEPES buffer (2.5 mL, pH 8) was added 2.5 mL
of a 10mM biotin-NHS solution in DMF at 0 °C. The reaction mixture was stirred for 2 h at 0 °C
then concentrated. The crude mixture was purified on a BioGel P2 column (2.5 × 65cm) and
eluted with H2O. Fractions were collected and those containing the product as determined by
TLC (nBuOH/HCO2H/H2O = 4/8/1) were combined and freeze-dried to afford 35 as a white
powder.
H NMR (600 MHz, D2O): δ (ppm) 7.92-7.87 (d, J = 7.8 Hz, 1H), 5.92-5.83 (m, 2H), 5.44-5.39
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(m, 1H), 4.54-4.49 (m, 1H), 4.37-4.33 (m, 1H), 4.31-4.24 (m, 2H), 4.21-4.18 (m, 1H), 4.18-4.08
(m, 2H), 3.95-3.90 (m, 1H), 3.88-3.83 (m, 1H), 3.82-3.77 (m, 1H), 3.76-3.69 (m, 2H), 3.49-3.43
(m, 1H), 2.95-2.88 (m, 1H), 2.72-2.65 (m, 1H), 2.32-2.25 (m, 1H), 1.70-1.29 (m, 8H); 13C NMR
(150 MHz, D2O): δ 177.5, 166.2, 158.1, 153.3, 141.7, 102.6, 94.6, 84.5, 83.1, 73.8, 73.0, 70.9,
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69.6, 64.9, 62.0, 60.2, 55.1, 48.1, 39.7, 35.4, 27.9, 27.5, 25.0; HRMS-FAB: [M-H] calcd. for
C25H38N5O18P2S- 790.1413 Found: 790.1401.

P'-[2-deoxy-2-[[fluorenylmethoxycarbonyl]amino]-α-ᴅ-glucopyranosyl] ester uridine 5'(trihydrogen diphosphate) (UDP-GlcN-Fmoc, 36)
To a stirred solution of 34 (5 mg, 8.2 µmol) in 1,4-dioxane/H2O, 1/1 (0.8 mL) was added
NaHCO3 (6.9 mg, 8.2 µmol ) and FmocCl (5.3 mg, 20.5 µmol). The reaction was stirred
overnight at room temperature then concentrated. The crude mixture was purified on a BioGel P2
column (2.5 × 65 cm) and eluted with H2O. Fractions were collected and those containing the
product as determined by TLC (nBuOH/HCO2H/H2O, 4/8/1) were combined and freeze-dried to
afford 36 as a white powder.
1H NMR (600 MHz, D2O): δ (ppm) 7.92-7.87 (d, J = 7.8 Hz, 1H), 5.92-5.83 (m, 2H), 5.44-5.39
(m, 1H), 4.54-4.49 (m, 1H), 4.37-4.33 (m, 1H), 4.31-4.24 (m, 2H), 4.21-4.18 (m, 1H), 4.18-4.08
(m, 2H), 3.95-3.90 (m, 1H), 3.88-3.83 (m, 1H), 3.82-3.77 (m, 1H), 3.76-3.69 (m, 2H), 3.49-3.43
(m, 1H), 2.95-2.88 (m, 1H), 2.72-2.65 (m, 1H), 2.32-2.25 (m, 1H), 1.70-1.29 (m, 8H); 13C NMR
(150 MHz, D2O): δ (ppm) 163.1, 162.9, 143.5, 141.0, 140.8, 128.0, 127.5, 125.5, 125.4, 120.1,
117.3, 102.3, 94.9, 88.5, 82.8, 73.6, 73.0, 71.7, 71.2, 64.9, 60.4, 46.8; HRMS-FAB: [M-H] calcd.
for C30H34N3O18P2- 786.1318 Found: 786.1318.

P'-[2-deoxy-2-[[(1,1-dimethylethoxy)carbonyl]amino]-α-ᴅ-glucopyranosyl] ester uridine 5'(trihydrogen diphosphate) (UDP-GlcN-tBoc, 37)
Boc2O (4.53 µL, 0.0197 mmol) was added to a stirred solution of 34 (8 mg, 0.0131 mmol) in 1,4dioxane/H2O, 1/1 (1 mL). The pH of the solution was adjusted to pH 10 using 10% NaOH (aq.)
and the reaction was stirred overnight at room temperature. A second portion of Boc2O (4.53 µL,
0.0197 mmol) was added and the reaction was again stirred overnight at room temperature.
Ethyl acetate (1 mL) was added to the reaction mixture and the organic phase was removed from
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the resulting biphasic mixture. The aqueous phase was loaded onto a BioGel P2 column (2.5 ×
65cm) and eluted with H2O. Fractions were collected and those containing the product as
determined by TLC (nBuOH/HCO2H/H2O = 4/8/1) were combined and freeze-dried to afford 37
as a white powder (5.0 mg, 0.007 mmol, 30%).
H NMR (500 MHz, D2O): δ (ppm) 7.96 (d, J = 8.00 Hz, 1H), 6.00 (d, J = 4.00 Hz, 1H), 5.98-

1

5.95 (m, 2H), 5.54-5.49 (m, 1H), 4.37 (t, J = 4.33 Hz, 2H), 4.29 (s, 1H), 4.24 (s, 1H), 4.20 (dd, J
= 6.04, 2.82 Hz, 1H), 3.93 (dd, J = 10.00, 3.16 Hz, 1H), 3.86-3.82 (m, 1H), 3.72 (d, J = 5.77 Hz,
1H), 3.68 (s, 1H), 3.54 (d, J = 9.43 Hz, 1H), 1.45 (s, 9H); 13C NMR (125 MHz, D2O): δ (ppm)
178.2, 167. 4, 157.9, 141.5, 102.7, 95.0, 88.0, 85.2, 81.3, 73.8, 72.9, 69.6, 69.5, 65.9, 64.8, 60.2,
55.0, 27.6; HRMS-FAB: [M-H] calcd. for C20H32N3O18P2- 664.1162 Found: 664.1166.

2.4.7 General procedure for the radioactive assay
A given UDP-hexosamine analog (1-4 mM) and radioactive 3H-UDP-GlcUA (0.6-1 mM, 0.1
Ci) were co-incubated in 20-50 L reactions containing 50 mM Tris pH 7.2, 1 mM MnCl2, (as
well as 1 M ethylene glycol for PmHAS and PmCS) with 5-20 g of purified recombinant
enzyme at 30 C for 3-16 hrs. The reaction mixture was then quenched with detergent and
analyzed by descending paper chromatography. As a negative control for assay background, a
reaction with no UDP-hexosamine was tested in parallel (chain polymerization can only occur
when UDP-GlcUA and a functional UDP- hexosamine are present simultaneously).
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3. Chemoenzymatic synthesis of homogeneous ultralow molecular weight heparins
3.1 Introduction
Heparin has been used as an anticoagulant drug for over 50 years.93 It is currently marketed in
three forms: unfractionated (UF) heparin (MWavg ~14000); LMWH (MWavg ~6000); and the
synthetic ULMW heparin pentasaccharide Arixtra (GlaxoSmithKline) (MW 1508.3). UF heparin
is used in surgery and kidney dialysis due to its relatively short half-life and its safety for renal
impaired patients.94 LMWH and Arixtra, introduced over a decade ago, have played an
increasingly important role in preventing venous thrombosis among high risk patients 95,96 because
of their more predictable anticoagulant doses, long half-lives, and reduced risks of osteoporosis.97
Recent research on LMWH has resulted in the European approval of Bemiparin,98 a secondgeneration LMWH, and the U.S. approval of a generic LMWH, M-Enoxaparin.
UF heparin is isolated from porcine intestine or bovine lung, and LMWHs are prepared
through the chemical or enzymatic degradation of this animal-sourced UF heparin. Worldwide
distribution of contaminated heparin in 2007 has raised concerns over the reliability and safety of
animal-sourced heparins and LMWH.28,99 As a result, a cost-effective method for preparing new
synthetic heparins is highly desirable.13 Heparin is a polysaccharide that consists of a
disaccharide-repeating unit of either IdoA or GlcA and GlcN residues, each capable of carrying
sulfo groups. The locations of the sulfo groups and IdoA residues are crucial for heparin’s
anticoagulant activity. The chemical synthesis of Arixtra is the most successful example to date
for preparing a synthetic heparin,42 entails ~50 steps with an overall yield of ~0.1%;100 as such,
Arixtra is the most expensive drug among heparins.101 Efforts to improve the synthesis of Arixtra
with a purely chemical approach have achieved only limited success.102

This chapter previously appeared as: Xu, Y.; Masuko, S.; Takieddin, M.; Xu, H.; Liu, R.; Jing, J.;
Mousa, S.; Linhardt, R. J.; Liu, J. Chemoenzymatic synthesis of homogeneous ultralow molecular
weight heparins Science, 2011, 334 (6055), 498-501.
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3.2 Experimental Design
A chemoenzymatic approach, relying on a series of HS biosynthetic enzymes, mimics the
biosynthesis of heparin and HS.103 Heparin and HS have similar disaccharide repeating units;
however, heparin carries more sulfo groups and a higher level of IdoA residues and possesses the
strongest anticoagulant activity among this class of polysaccharide isolated from natural sources.
HS polymerases synthesize the backbone with a disaccharide repeating unit of GlcA and GlcNAc.
Subsequent modification relies on sulfotransferases and an epimerase, including NDST
[containing separate N-deacetylase and N-sulfotransferase (NST) domains], C5-epi, 2-OST, 6OST and 3-OST. Using these enzymes, our laboratory and others have succeeded in the
preparation

of

heparin

polysaccharides69,104–106

as

well

as

structurally

defined

HS

oligosaccharides.67,68 In particular, our laboratory developed a protocol to control the size of the
oligosaccharides, positions of the N-sulfo glucosamine, 2-O-sulfo IdoA or 6-O-,N-disulfo
glucosamine residues.68 However, the utility of this approach for the targeted synthesis of
medicinally significant heparin oligosaccharides requiring all four controlled sulfation steps, Nsulfation, 6-O-, 2-O- and 3-O-sulfation, has not been demonstrated. Furthermore, until now, low
recovery yields in each purification step have cast doubt on the scalability of such
chemoenzymatic synthesis.
We targeted two ULMW heparins, constructs I and II, because of their apparent
compatibility with our chemoenzymatic approach (Figure 17). These new constructs contain the
antithrombin (AT)-binding domains of porcine and bovine heparin, respectively, which constitute
the pharmacophores of anticoagulant heparin.107 Construct I also resembles the AT-binding site
of human heparin.108 Construct II has the same structure as Arixtra except for replacement of a
methyl aglycone with disaccharide III. This structural similarity facilitates comparison of the
synthetic efficiency and the in vitro and in vivo biological activities of these two homogeneous
ULMW heparins to Arixtra.
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Figure 17. Chemoenzymatic schemes of ULMW heaprin construct I and II. The synthesis started
from disaccharide III, and it was then elongated to tetrasaccharide IV. Eight additional steps transformed IV to
construct I (left column). Steps d through h were combined in sequential one-pot reaction format. Ten additional steps
transformed IV to construct II (right column). The recovery yield at each purification step was determined by parallel
synthesis of the corresponding radioactively labeled oligosaccharide.

3.3 Chemoenzymatic synthesis of ULMW heparins I and II
Our synthesis of ULMW heparins includes backbone elongation and saccharide modification
(Figure 17). Disaccharide III was chosen as the starting material because it can be elongated by
glycosyltransferases and can be prepared in multigram quantities from heparosan, readily
obtained by fermentation.109 Elongation of disaccharide III to tetrasaccharide IV was completed
using two bacterial glycosyltransferases, N-acetyl glucosaminyl transferase of E. coli K5 (KfiA)92
and heparosan synthase 2 (PmHS2) from Pasteurella multocida.74 Tetrasaccharide IV was
designed with an unnatural monosaccharide, GlcNTFA, because the N-TFA group can be readily
converted to an N-sulfo group68 in a later step. In preparation of ULMW heparin construct I,
tetrasaccharide IV was elongated to heptasaccharide V in three steps with an overall yield of 80%
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(Figure 17, steps a, b, and c). Heptasaccharide V was converted to the final product by a series of
chemoenzymatic reactions, including conversion of the GlcNTFA residue to GlcNS (Figure 17,
left column, steps d and e), epimerization and 2-O-sulfation (Figure 17, left column, step f; here,
epimerization of GlcA to IdoA is accompanied by 2-O-sulfation using 2-OST to form an IdoA2S
at residue D), 6-O-sulfation (Figure 17, left column, step g) and 3-O-sulfation (Figure 17, left
column, step h, the 3-O-sulfation occurred at residue C). After these 10 steps, we obtained 3.5 mg
of construct I in 45% overall yield as assessed by NMR spectral integration (Figure 18).

A.

B.

Figure 18. Determination of the concentrations of construct I and construct II used in
activity studies. A. CH3CD2OH in D2O (5mM) was prepared at 0 °C by weighing 1.2 mg of CH3CD2OH and
diluting to 5 mL. ULMW heparin construct I was dissolved in 335 µL of the 5 mM solution of CH3CD2OH in D2O.
The peak at ~1.0 ppm corresponds to the methyl group in CH3CD2OH, whereas the peak at ~2.0 ppm corresponds to
the methyl group in N-acetyl. Taking the integration of these two peaks, the amount of heparin construct I was
calculated as: (3.45/3.00) × 5 mM × 335 µL × 1778.48 g/mol = 3.38 mg. B. CH3CD2OH in D2O (5 mM) was prepared
at 0 °C by weighing 1.2 mg of CH3CD2OH and diluting to 5 mL. ULMW heparin construct II was dissolved in 350 µL
of the 5 mM solution of CH3CD2OH in D2O. The peak at ~1.0 ppm corresponds to the methyl group in CH 3CD2OH,
whereas the peak at ~3.4 ppm corresponds to the H-2 of ring B, C, and F. Taking the integration of these two peaks, the
amount of heparin construct II was calculated as: (3.00/1.53) × 5 mM × 350 µL × 1816.50 g/mol = 6.23 mg. The two
samples were dried, dissolved in water and transferred to Eppendorf tubes to prepare two stock solutions of construct I
and construct II at 10 mg/mL for use in subsequent activity studies. The amount of construct I and II were also
checked by carbazole assay against a heparin standard curve and were 3.95 (±0.05) mg and 7.17 (±0.75),
respectively.110 The concentrations of constructs I and II determined by NMR were used in all of the activity studies.
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Selective epimerization/2-O-sulfation of residue D but not residue B (step f) takes advantage of
known enzyme specificity, as residue D is flanked by two GlcNS residues.111 Similarly, in the 3O-sulfation step (step h), 3-OST-1 selectively adds a 3-O-sulfo group to residue C but not to
residue E, because residue C is flanked by a GlcA residue at its nonreducing end.112 In the
conversion of heptasaccharide V to ULMW heparin construct I, it was critical to ensure that each
modification was completed. For this purpose, small-scale reactions were carried out in parallel
using [35S]3′-phosphoadenosine 5′-phosphosulate ([35S]PAPS) to form the
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S-labeled

intermediates; monitoring by diethylaminoethyl high-performance liquid chromatography
(DEAE-HPLC) enabled optimization of the reagent concentrations and reaction times required in
the synthesis (Figure 19).

A.

B.

C5-epi/2-OST

C.

6-OST-1 and 6-OST-3

Figure 19. DEAE-HPLC chromatograms of

35

S-labeled intermediates during the

preparation of ULMW heparin construct I. Panel A shows the N-[35S] sulfo labeled N-sulfated
heptasaccharide. The proposed structure is shown at the top of right column. Panel B shows the 2-O-[35S]sulfo labeled
heptasaccharide after the incubation with a mixture of C5-epi and 2-OST. The proposed structure of this intermediate is
shown in the middle of the right column. Panel C shows the 6-O-[35S]sulfo labeled heptasaccharide after the
modification of 6-OST-1 and -3. The proposed structure of this intermediate is shown at the bottom of right column.
The right column also indicates the reaction involved in the synthesis. The product after 6-O-sulfation was subjected to
3-O-sulfation to yield ULMW heparin construct I. The elution profile of ULMW heparin construct I on DEAE-HPLC
is shown in Figure 22A.
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Two extra steps were required to add a GlcNS6S residue to the nonreducing end in the
synthesis of ULMW heparin construct II. Tetrasaccharide IV was first converted to
hexasaccharide VI, and the N-TFA groups were replaced by N-sulfo groups to afford
hexasaccharide VII (Figure 17, right column). Hexasaccharide VII was elongated to a
heptasaccharide with a nonreducing end GlcNTFA (residue A). This heptasaccharide was treated
with C5-epi and 2-OST enzymes (Figure 17, right column, step f) to place an IdoA2S at residue
D forming heptasaccharide VIII. The introduction of a GlcNTFA residue at the nonreducing end
was a critical control point because it prevented the action of C5-epi and 2-OST on the GlcA
(residue B in step f). Heptasaccharide VIII was then converted to construct II in a sequential onepot reaction format (Figure 17, right column, steps d, e, g, and h). Carrying out a small-scale
reaction using [35S]PAPS ensured complete 6-O-sulfation (Figure 20).

A.

B.
6-OST-1 and 6-OST-3

Figure 20. DEAE-HPLC profiles of

35

S-labeled intermediates during the preparation of

ULMW heparin construct II. Panel A shows the DEAE-HPLC profile of N-[35S]sulfo labeled heptasaccharide.
The proposed structure is shown on the top of right column. Panel B shows the 6-O-[35S]sulfo labeled heptasaccharide
after 6-OST-1 and -3 modifications. The proposed structure is shown on the bottom of right column. The product after
6-O-sulfation was subjected to 3-O-sulfation to yield ULMW heparin construct II. The elution profile of ULMW
heparin construct II on DEAE-HPLC is shown in Figure 21.
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We obtained 7.2 mg of ULMW heparin construct II in 12 steps with an overall yield of 37%, as
determined by NMR spectral integration (Figure 18). The synthesis of construct II was achieved
by rearranging the order of the modification and elongation steps without employing additional
enzymes or reagents, thus demonstrating that both structural control and target diversification are
possible in chemoenzymatic synthesis.

A.

B.

C.

D.
A1/E1

B1

F1

C1

D1

Figure 21. Structural characterization of ULMW heparin construct II. Panel A shows the DEAEHPLC profile of

35

S-labeled product. Panel B shows the ESI-MS spectrum of ULMW heparin construct II. 1 (m/z =

288.6) represents the signal of the loss of one sulfo group of ULMW heparin construct II, carrying six charges. 2 (m/z
= 330.4) represents the signal of the loss of two sulfo groups of ULMW heparin construct II, carrying five charges. The
measured molecular mass for ULMW heparin construct II was 1817.1 ± 0.3 Da, which is very close to the calculated
one (1816.5 Da) and was confirmed by exact mass measurements using high resolution MS. Panel C shows the 1D 1H
NMR spectrum of ULMW heparin construct II. Peaks corresponding to the anomeric protons of the construct can be
clearly identified. Panel D shows the 2D COSY spectrum of ULMW heparin construct II and the peak assignments of
all protons.
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3.4 Structural analysis by 1D and 2D NMR
The structure of construct I was confirmed by electrospray ionization mass spectrometry (ESIMS), as well as one-dimensional (1D) and two-dimensional (2D) NMR analysis (Figure 22).

Figure 22. Structural characterization of heparin construct I. A. The DEAE-HPLC profile of a 35Slabeled product. B. The ESI-MS spectrum of construct I. Peaks 1, 2 and 3 represent the desulfated signals of quadruply
charged ions. Peaks 4 to 7 represent the desulfated signals of triply charged ions. Peaks 8 to 12 represent the desulfated
signals of doubly charged ions. C. The 1D 1H NMR spectrum of construct I. Peaks assigned to the anomeric protons of
each hexose ring (A to F) are labeled. D. The 2D COSY spectrum of construct I and the corresponding peak
assignments of the anomeric protons that resonate as doublets at δ 5.48 (d, J = 3.23 Hz, 2H), 5.35 (d, J = 2.94 Hz, 1H),
5.09 (broad doublet, 1H), 4.53 (d, J = 8.11 Hz, 1H), 4.46 (d, J = 8.07 Hz, 1H) ppm. The small coupling constants (~3
Hz) of the anomeric protons indicate an α linkage, and the large coupling constants (~8 Hz) indicate a β linkage.

The 3-O-[35S]sulfo labeled construct I showed a single symmetric peak in a high resolution
DEAE-HPLC trace (Figure 22A), demonstrating that the purity of the product was above 95%
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[in the large-scale reaction purity was confirmed by polyacrylamide gel electrophoresis (PAGE)]
(Figure 23).

Figure 23. Polyacrylamide gel electrophoresis (PAGE) for the assessment of the purity of
Arixtra and ULMW heparin construct I. 8 μg of bovine lung derived heparin oligosaccharide standards
(left lane);113 1.2 μg of Arixtra (middle lane) and 1.2 μg of construct I (right lane) were loaded onto a 22 % PAGE gel.
The gel was subjected to electrophoresis for 1.5 h at 200 V and fixed and stained with Alcian blue.113 The labeled
bands in the ladder were assigned using homogeneous oligosaccharides.

The ESI-MS analysis revealed construct I to have a molecular mass of 1778.5 ± 0.8 daltons,
which is identical to the expected calculated molecular mass (1778.5 daltons) (Figure 22B).
High-resolution ESI-MS exhibited a signal at a mass/charge ratio of 887.5313, consistent with
[M-2H]2- (calculated m/z, 887.5324). The 2D 1H NMR spectrum clearly demonstrates the
presence of six anomeric protons that resonate as doublets (Figure 22, C and D). The small
coupling constants (~3 Hz) of three anomeric protons indicate α linkages between the A-B, C-D,
and E-F rings; larger coupling constants (~8 Hz) indicate β linkages between the B-C, D-E, and
F-G rings. The presence of an internal IdoA2S is clearly visible as indicated by a broad
characteristic anomeric signal at δ 5.09 parts per million (ppm) that resonates ~0.6 ppm
downfield relative to the anomeric proton of GlcA residues. The complete assignment of the
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spectrum is shown in Table 4. The structure of ULMW heparin construct II was confirmed using
the same methods (Figure 21 and Table 5). High resolution ESI-MS of construct II afforded a
value consistent with [M-2H]2- of 906.5047 (calculated m/z, 906.5056). A 1H-13C heteronuclear
multiple-quantum coherence (HMQC) analysis of constructs I and II further confirmed the
assignments discussed above (Figure 24). The structures of all intermediates were confirmed by
ESI-MS analysis (data not shown).

Table 4. 1H NMR chemical shift assignment (in ppm) of construct I.
1

2

3

4

5

6a

A

5.35

3.83

3.65

3.50

3.82

4.08

B

4.52

3.28

3.61

3.72

3.72

C

5.48

3.36

4.23

3.89

4.08

D

5.09

4.22

4.06

4.07

4.73

E

5.49

3.21

3.56

3.69

3.88

F

4.46

3.31

3.76

3.73

3.70

G
3.62/3.69*
3.86
*Ring G has 2 protons on carbon-1

4.17

4.08

4.00

6b
4.29
---

4.18

4.41
---

4.13

4.39
---

3.65

3.69

Table 5. 1H NMR chemical shift assignments (in ppm) of construct II.
1

2

3

4

5

6a

6b

A

5.50

3.18

3.52

3.51

3.74

4.07

4.27

B

4.55

3.33

3.76

3.85

3.78

C

5.47

3.36

4.25

3.90

3.99

D

5.12

4.22

4.10

4.10

4.88

E

5.49

3.18

3.58

3.58

3.85

F

4.48

3.33

3.76

3,76

3.78

G
3.61/3.68*
3.86
*Ring G has 2 protons on carbon-1

4.16

4.16

4.00
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--4.19

4.39
---

4.13

4.37
---

3.65

3.69

A.

B.

Figure 24. 1H-13C HMQC analysis of ULMW heparin constructs I and II. Panel A and Panel B
show the 1H-13C HMQC spectrum of ULMW heparin construct I and II, respectively (anomeric region excluded). The
A2 signal of construct II shifted downfield in the 13C dimension compared to construct I due to the presence of an Nsulfo group.

3.5 In vitro and in vivo assays
The in vitro and anticoagulant activities of construct I and II and in vivo pharmacokinetic
properties were next assessed and compared with those of Arixtra. We anticipated that these
ULMW heparins would exhibit anticoagulant activity by forming a 1:1 complex with AT, which
subsequently inactivates factor Xa in the blood coagulation cascade.114 The binding affinities of
AT to constructs I and II were 5.2 ± 0.2 nM and 9.1 ± 0.2 nM, respectively, very similar to the
5.9 ± 1.5 nM measured for Arixtra. Next, the in vitro anti-Xa activity of each ULMW heparin
was determined (Figure 25A).104 The median inhibitory concentration (IC50) values of constructs
I and II were 2.8 nM and 3.6 nM, respectively, again very close to the 3.0 nM value measured for
Arixtra. Finally, the pharmacokinetic (anti-Xa) property of each ULMW heparin was examined in
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vivo using a rabbit model.115,116 A standard curve for each ULMW heparin was prepared in rabbit
plasma. After the subcutaneous administration of 120 μg per kg of weight to three anesthetized
rabbits, plasma samples were collected and anti-Xa activity was measured over a 24-hour period.
The pharmacokinetic profiles of Arixtra, construct I, and construct II were very similar (Figure
25B).

A.

B.

Figure 25. Determination of the anticoagulant activities and pharmacokinetic properties of
ULMW heparin construct I and II. Panel A shows the anti-Xa activity using a chromogenic substrate.
Arixtra and constructs I and II were incubated with AT (240 nM), factor Xa (5.9 nM), and the peptide substrate (289
μM). The activity of Xa was determined by the rate of increase of the absorbance at 405 nm. The activity without drugs
was defined as 100 %. Each data point represents the average of four determinations ± SD. B. The pharmacodynamic
profiles in rabbits. Arixtra and constructs I and II were each independently administered subcutaneously at 120 μg/kg
to three rabbits (n = 3) and plasma samples were collected from 0 to 24 hours. The anti-Xa activity of plasma samples
was measured against a standard curve. The area under the curve for Arixtra, construct I, and construct II were 457,
473, and 802, respectively. Error bars mean ± SD.
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3.6 Scale-up synthesis of ULMW heparin construct I
Construct I was resynthesized at a 15-fold greater scale to demonstrate the scalability and
reproducibility of this chemoenzymatic process. In this larger-scale synthesis, the sequential onepot format (step d, e, g, f, and h in Figure 17) was divided into three steps, permitting the
isolation and weighing of the intermediates and their complete structural analysis using NMR and
high-resolution MS (Figure 26). Construct I (49 mg) was obtained at > 95% purity based on
PAGE and NMR analysis, and in an overall yield of 38% (Figure 26).

3.7 Conclusions
Heparin oligosaccharides are generally perceived to be difficult to synthesize by chemical
methods. Long synthetic routes—necessitated by the introduction and removal of protecting
groups—lead to low overall yield and there is a lack of efficient methods to separate side
products from desired intermediates. The chemoenzymatic approach demonstrated here shows
that targeted, scalable, and high-efficiency synthesis of heparin oligosaccharides is possible. We
achieved this goal by carefully selecting the substrate size and optimizing the sequence of sulfo
group installation. Careful design of target structures offers a major advance over our previous
study68 by avoiding by-product formation. For example, the order for installing different types of
sulfo groups is critically important in synthesizing construct I. The optimized sequence is Nsulfation followed by epimerization/2-O-sulfation, 6-O-sulfation and 3-O-sulfation. Reversal of
the order in which epimerization/2-O-sulfation and 6-O-sulfation (or 6-O-sulfation and 3-Osulfation) take place results in very low yields of products. Target size selection is also critical, as
heptasaccharides and larger oligosaccharides are highly susceptible to sulfotransferase
modification and undergo nearly quantitative conversion to the desired intermediate, without side
products in each modification step. Another crucial innovation was the improvement of
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Figure 26. 1D 1H NMR, PAGE, and high resolution MS for the assessment of the purity of
heptasaccharide IX, heptasaccharide X, and ULMW heparin construct I. A. Synthetic steps for
the synthesis of ULMW heparin construct I in a scale-up preparation. The amount of intermediates and the molar
recovery yield at each step are indicated in the parenthesis next to the name of the compound. The recovery yield at
each step was estimated by weighting the intermediate compounds. B. 1D 1H NMR (800 MHz) spectra of the anomeric
region of heptasaccharide IX (top), heptasaccharide X (middle), and ULMW heparin construct I (final product, bottom)
are shown. The anomeric proton of IdoA2S can be seen at ~5.15 ppm in the spectrum of heptasaccharide. C. 12 μg of
bovine lung derived heparin oligosaccharide standards (left lane);113 25 μg of heptasaccharide IX, 15 μg of
heptasaccharide X, 2.5 μg of ULMW heparin construct I were loaded onto a 22 % PAGE gel. The gel was subjected to
electrophoresis for 70 min at 200 V and fixed and stained with Alcian blue. 113 The labeled bands in the ladder were
assigned using homogeneous oligosaccharides. The purity of ULMW heparin construct I was determined to be >97%
based on band integration. D. High-resolution ESI-MS was performed (Thermo LTQ XL Orbitrap, Bremen, Germany)
on heptasaccharide IX, heptasaccharide X, and ULMW heparin construct I. The [M-H]- mass observed was almost
identical to the mass calculated in each heptasaccharide.
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purification protocols, raising the 30 to 40% yields from each purification step described in our
previous study68 to ~90% herein by coupling column purification with ESI-MS analysis.
Dabigatran, a direct thrombin inhibitor, was recently approved by the U.S. FDA, a
culmination of intensified efforts for new anticoagulant drug development.117 However, none of
the currently marketed anticoagulant drugs can replace heparin because of its unique
pharmacological properties. A cost-effective approach to prepare heparin is important not only to
secure the safety of the heparin supply chain but also to provide the opportunity to design
derivatives that eliminate side effects. Although our chemoenzymatic approach, with appropriate
optimization, provides a general method for preparing different heparins, including ULMW
heparin, and in principle LWMH and UF heparin, target selection is restricted by the substrate
specificities of the enzymes. Smaller targets, such as the Arixtra pentasaccharide, are more
difficult to prepare because PmHS2 inefficiently elongates glucosamine monosaccharide. Despite
this drawback, our chemoenzymatic approach facilitates the scalable synthesis of larger targets
through a shorter route. Further optimization will certainly be necessary to make this method
amenable to industrial-scale synthesis. We recently developed a method to reduce the cost of the
synthesis of the sulfo donor, PAPS, by a factor of more than 5,000118 facilitating large-scale
enzyme-based synthesis. The inclusion of a cofactor recycling system for the regeneration of
PAPS119 could further reduce cost and eliminate potential PAP-involved sulfotransferase
inhibition. Continuing efforts should provide a generic and cost-effective approach for the largescale preparation of antithrombotic therapeutic agents with improved safety and pharmacological
effects.
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3.8 Experimental Methods
3.8.1 Expression of HS biosynthetic enzymes
A total of eight enzymes were used for the synthesis, including NST, C5-epi, 2-OST, 6-OST-1, 6OST-3, 3-OST-1, KfiA, and PmHS2. All enzymes were expressed in E. coli and purified by
appropriate affinity chromatography as described previously.68

3.8.2 Preparation of enzyme cofactors
A sulfo donor, 3′-phosphoadenosine 5′-phophosulfate (PAPS), was prepared using adenosine
phosphokinase and ATP-sulfurylase.68 The cost for PAPS using this approach was reduced by
5000-fold in comparison to a commercial source. Preparation of UDP-GlcNTFA was completed
using

GlcNH2-1-phosphate

(Sigma)

and

glucosamine-1-phosphate

acetyltransferase/N-

acetylglucosamine-1-phosphate uridyltransferase (GlmU) as described previously.68 Briefly,
GlcNH2-1-phosphate

(Sigma-Aldrich)

was

converted

to

GlcNTFA

using

S-ethyl

trifluorothioacetate (Sigma-Aldrich). The resultant GlcNTFA-1-phosphate was then converted to
UDP-GlcNTFA using GlmU in a buffer containing 46 mM Tris-HCl (pH 7.0), 5 mM MgCl2, 200
μM dithiothreitol, 2.5 mM UTP and 0.012 U/μL inorganic pyrophosphatase (Sigma-Aldrich). The
resultant UDP-GlcNTFA was ready for the elongation reaction involved in using KfiA as
described below.

3.8.3 Preparation of oligosaccharide backbone
Tetrasaccharide IV (40 mg) was synthesized from disaccharide III by using KfiA, PmHS2 and
UDP-GlcNTFA and UDP-GlcA as described previously.68 The product was purified by a BioGel
P-2 column (1.5 × 200 cm) that was equilibrated with 0.1 M ammonium bicarbonate at a flow
rate of 15 mL/h. The fractions were then subjected to ESI-MS analysis. Those fractions
containing tetrasaccharide IV were pooled. The procedures for synthesizing heptasaccharide V
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and hexasaccharide VI were essentially the same. Using ESI-MS to locate the fractions
containing products significantly improved the yield for the synthesis of oligosaccharides.

3.8.4 NMR analysis
Constructs I and II were analyzed by 1D 1H-NMR and 2D NMR (1H-13C HMQC, 1H-1H COSY,
TOCSY, and NOESY). All NMR experiments were performed at 298 K on Bruker Avance II 800
MHz spectrometer with Topsin 2.1 software. Samples (3.0 to 6.0 mg) were each dissolved in 0.5
mL D2O (99.996%, Sigma, Co.) and lyophilized three times to remove the exchangeable protons.
The samples were re-dissolved in 0.4 mL D2O and transferred to NMR microtubes (OD 5 mm,
Norrell). 1D 1H NMR experiments were performed with 256 scans and an acquisition time of 850
msec. 2D 1H-13C HMQC experiments were performed with 16 scans, 1.5 sec relaxation delay,
and 250 msec acquisition time. 2D 1H-1H COSY experiments were performed with 16 scans, 1.5
sec relaxation delay, and 500 msec acquisition time. 2D 1H-1H TOCSY experiments were
performed with 16 scans, 1.5 sec relaxation delay, and 850 msec acquisition time. 2D NOESY
experiments were performed with 8 scans, 1.0 sec relaxation delay, 850 msec acquisition time,
and 300 msec mixing time.

3.8.5 Determination of the anticoagulant activity in vivo
Construct I, construct II and Arixtra were administered subcutaneously at a dose of 120 μg/kg to
New Zealand white rabbits weighing from 2 - 5 kg. Rabbit blood samples were collected at 0, 0.5,
1, 2, 3, 6, 8, and 24 h from either the central auricular artery or the right common carotid artery
via an inserted polyethylene tube (PE190). Insertion of PE tubing and subsequent blood sampling
were performed under anesthesia induced and maintained by subcutaneous co-administration of
ketamine (20 mg/kg) and xylazine (10 mg/kg). All blood samples were collected in 2 mL
Eppendorf tubes containing 100 µL sodium citrate and plasma was immediately prepared by
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centrifugation at 3000 ×g for 10 min and stored at -20 °C until time of measurement of anti-Xa
activity. The anti-Xa activity of plasma samples was measured directly on an ACL-8000
coagulation analyzer (Instrumentation Laboratory) using the HemosIL Heparin kit (Beckman
Coulter).

3.8.6 Sulfation and epimerization modifications of oligosaccharide backbones
The conversion of hexasaccharide V to ULMW heparin construct I involves five steps, including
de-N-trifluoroacetylation/N-sulfation, C5-epimerization/2-O-sulfation, 6-O-sulfation and 3-Osulfation. Under one-pot reaction conditions, detrifluoroacetylated heptasaccharide V (3.5 mg)
was incubated with reaction mixture containing 400 μM PAPS, 50 mM MES, pH 7.0, and 0.03
mg/mL NST in a total volume of 40 mL at 37 °C overnight. Then the reaction mixture was
diluted 3 times with 50 mM MES buffer to the total volume of 120 mL. To the reaction, the final
concentrations of 0.03 mg/mL C5-epi and 2 mM CaCl2 were added. After incubating for 30 min at
37 °C, 2-OST 0.03 mg/mL, PAPS 400 μM were added in total volume of 130 mL for an
additional night at 37 °C. Then the reaction mixture was diluted 3 times to a total volume of 390
mL containing 400 μM PAPS, 50 mM MES, pH 7.0, and 0.03 mg/mL 6-OST-1 and 0.03 mg/mL
6-OST-3 for an additional night at 37 °C. Then 0.03 mg/mL 3-OST-1, 10 mM MnCl2, 5 mM
MgCl2, and PAPS at a final concentration of 600 μM was added in a total volume of 400 mL for
an additional night at 37 °C. The product was purified by a DEAE column. The synthesis of
ULMW heparin construct II followed essentially the same procedures.
A 1 mL aliquot of the large reaction mixture was combined with [35S]PAPS (2 × 106 cpm,
0.2 nmol) to monitor the completion of each sulfation step. The reaction mixture was sampled
every 6 h for the analysis by DEAE-HPLC and PAMN-HPLC to monitor progression of the
reaction by observing the emergence of the 35S-labeled product. After overnight incubation, a 0.5
mL aliquot of the large scale reaction was subjected to further sulfation using 400 μg of fresh
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enzyme, [35S]PAPS (2 × 106 cpm, 50 μM), in a total volume of 2 mL for 4 h at 37 °C. The sample
was analyzed by DEAE-HPLC and PAMN-HPLC. If the large reaction was completed, no further
35

S-labeled product could be observed. At this point, the next sulfation reaction mixture was

added.

3.8.7 Mass spectrometric analysis of oligosaccharides
The analyses were performed on a Thermo LCQ-Deca. The nonsulfated oligosaccharide (1 μL)
eluted from BioGel P-2 was directly diluted in 200 μL of 9:1 MeOH/H2O solution. A syringe
pump (Harvard Apparatus) was used to introduce the sample via direct infusion (35 μL/min).
Experiments were carried out in negative ionization mode with the electrospray source set to 5
KV and 275 °C. Sulfated oligosaccharide (1 μL) was diluted in a different working solution
containing 200 μL of 70% acetonitrile and 10 mM imidazole. Experiments for sulfated
oligosaccharides were carried out in negative ionization mode with the electrospray source set to
2 KV and 200 °C. The automatic gain control was set to 1 × 107 for full scan MS. The MS data
were acquired and processed using Xcalibur 1.3.
High-resolution ESI-MS analysis was conducted on Thermo LTQ XL Orbitrap mass
spectrometer (Thermo, Bremen, Germany). Samples were injected using an Agilent 1200 NanoFlow HPLC System (Agilent, Palo Alto, CA) and an Agilent 1200 autosampler. The injection
volume was 1-2 μL and a flow rate of the mobile phase (H2O containing 2 vol. % formic acid)
was 50 μL/min.

3.8.8 Inhibition effect of the ULMW heparins on the activity of factor Xa
Assays were based on a previously published method.120,121 Briefly, bovine factor Xa (Sigma) was
diluted to 5 U/mL (~80 nM) with PBS containing 1 mg/mL BSA. Human AT (Cutter Biological)
was diluted with PBS containing 1 mg/mL BSA to give a stock solution at a concentration of 27
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µM. The chromogenic substrates, S-2765 was purchased from Diapharma and prepared at 1.3
mM in water. The oligosaccharide (Arixtra®, ULMW heparin construct I and II) was dissolved in
PBS at various concentrations (1 to 72 nM). The reaction mixture, which consisted of 80 L of
AT stock solution and 15 L of the solution containing the sample, was incubated at 37 C for 2
min. Factor Xa (10 L) was added. After incubating at 37 C for 4 min, 30 L of S-2765 was
added. The absorbance of the reaction mixture was measured at 405 nm continuously for 10 min.
The absorbance values were plotted against the reaction time. The initial reaction rates as a
function of concentration were used to calculate the IC50 values.

3.8.9 HPLC analysis
Both DEAE-HPLC and polyamine-based anion exchange (PAMN)-HPLC were used to purify the
oligosaccharides. The elution conditions for the HPLC analysis were described elsewhere.68

3.8.10 Purification of ULMW heparin construct I by mono Q column
About 100 mL of the reaction mixture from the conversion of heptasaccharide V to ULMW
heparin construct I was adjusted to pH 5.0 and the final concentration of sodium chloride to 250
mM. The mixture was loaded onto a mono Q 5/50 column that was equilibrated with a buffer
containing 25 mM sodium acetate (pH 5.0) and 250 mM sodium chloride at a flow rate of 0.5
mL/min. The column was then eluted with a linear gradient of sodium chloride from 250 mM to
1000 mM in 25 mM sodium acetate (pH 5.0) over 80 min. Fractions were then subjected to
PAGE analysis to locate the products. The fractions containing the highest purity of ULMW
heparin construct I were pooled, dialyzed against water and desalted on a BioGel P-2 column. A
total of 15 mg of ULMW heparin construct I was purified by this process, and 10 mg of highly
purified sample was obtained and subjected to NMR analysis.
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4. Synthesis of 13C/15N labeled UDP-nucleotides for the enzymatic preparation of
glycosaminoglycans
4.1 Introduction
GAGs regulate a wide range of physiological functions through their interaction with a variety of
different proteins. A better understanding of these interactions relies on the availability of welldefined, GAG oligosaccharides. In principle, the preparation of heparin can be achieved by
synthetic and enzymatic methods using UDP-sugars as building blocks. Study of the
conformational structure of the GAG backbone using 1H NMR is difficult due to resonance
overlap and the use of 13C and 15N NMR is limited due to the low abundance of these nuclei. The
preparation of 13C and 15N labeled heparin oligosaccharides would be of great importance when
using

13

C and

15

N NMR to study their molecular structures as well as their interactions with

different proteins. In this chapter, the synthesis of isotope-enriched UDP-GlcA (38), UDPGlcNAc (39), and UDP-GlcNTFA (40*) (Figure 27) is described. These isotope-enriched UDPnucleotides will be used to build

13

C/15N labeled heparin/HS oligosaccharides to study their

conformational changes upon binding to heparin-binding proteins.

Figure 27. Isotope-enriched UDP-sugars. In this figure and all other figures in this chapter the 13C-enriched
centers are shown with heavy dots.
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4.2 Enzymatic synthesis of 13C UDP-Glc, the precursor of 13C UDP-GlcA
Although GlcA is not abundant in heparin, GAG synthases use UDP-GlcA to introduce GlcA,
which is then epimerized to IdoA by C5-epi. In the past, our laboratory has chemically
synthesized UDP-IdoA, an unnatural donor, which would provide a direct incorporation of IdoA
residues. However, UDP-IdoA was not incorporated into heparosan acceptors, indicating that
UDP-IdoA is not a substrate for glycosyltransferases.122 Therefore we turned to developing an
efficient route to synthesize 38, a natural donor.
Commercially available uniformly labeled

13

C labeled glucose (41) was chosen as the

starting material to synthesize 38. Because this starting material is expensive, the synthesis should
entail a minimum number of steps to avoid sample loss. A complete enzymatic transformation
would be ideal, since it would avoid protection/deprotection steps.
First, 13C UDP-Glc (38) was enzymatically synthesized in a one-pot, three-step reaction
according to published methods.123,124 As shown in Figure 28, in the first step 13C glucose was
phosphorylated by hexokinase in the presence of UTP to afford

13

C glucose-6-phosphate (42)

followed by the migration of the phosphate group to the anomeric center by phosphoglucomutase,
forming 13C glucose-1-phosphate (43). The conversion of 13C glucose-1-phosphate by UDP-Glc
pyrophosphorylase in the presence of inorganic pyrophosphate afforded

13

C UDP-Glc (44) in

51% yield. Inorganic pyrophosphatase facilitated the reaction as it cleaved inorganic
pyrophosphate (PPi) that was generated.
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Figure 28. Enzymatic synthesis of 13C UDP-Glc.

4.3 Chemical synthesis of 13C UDP-Glc
The enzymatic steps proceeded smoothly to completion in up to a 50 mg scale, and 44 was easily
isolated from the reaction mixture. However, when the same reactions were run on a 2-fold larger
scale, the enzymatic reactions did not proceed to completion even with an increased amount of
enzyme and a longer reaction time. The reaction conditions were not scalable and economically
unfeasible since they required expensive reagents (UTP, α-ᴅ-glucose 1,6-biphosphate) and
enzymes (phosphoglucomutase, inorganic pyrophosphatase). The separation of 44 was also
extremely difficult due the excess amounts of UTP added in the reaction. For these reasons, we
decided to chemically synthesize 44 for larger scale reactions.
The chemical synthesis of 44 is shown in Figure 29. 13C Glucose (41) was peracetylated
to afford 45, then phosphorylated to 46. The acetyl protection groups were removed under the
Zemplén conditions to afford monophosphate 47 which was converted to its pyridinium salt (not
shown) prior to its reaction with uridine 5′-monophosphomorpholidate 4-morpholine.125 After
stirring in pyridine for five days, the reaction afforded 44PyH in 63% yield. The product was easily
separated on a size exclusion chromatography column even on a 300 mg scale.
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Figure 29. Chemical synthesis of 13C UDP-Glc.

4.4 Enzymatic oxidation of 13C UDP-Glc to 13C UDP-GlcA
One of the main challenges in chemically synthesizing UDP-GlcA from UDP-Glc is the selective
C6 oxidation to form the carboxylic acid. In its biosynthesis, the formation of UDP-GlcA is
catalyzed by UDP-glucose dehydrogenase, a NAD+-dependent oxidation.126 As shown in Figure
30, the catalytic mechanism is initiated with a hydride transfer to NAD+ and proton loss to form
an aldehyde intermediate followed by oxidation by NAD+, thioester formation, and hydrolysis to
form UDP-GlcA.127 In our synthesis of 38, commercially available UDP-Glc dehydrogenase was
used to enzymatically oxidize C6 of 44PyH to a carboxylic acid (Figure 31). The reaction
proceeded smoothly, and the product could be isolated using strong anion exchange (SAX)
chromatography.

Figure 30. Two-step oxidation by UDP-Glc dehydrogenase.
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Figure 31. Enzymatic oxidation of 13C UDP-Glc to 13C UDP-GlcA.

4.5 Chemoenzymatic synthesis of 13C UDP-GlcNAc and 13C/15N UDP-GlcNTFA
The chemical synthesis of

13

C GlcNAc-1-phosphate (55), the precursor of

13

C-labeled UDP-

GlcNAc (39) is shown in Figure 32. The synthesis began with 41 as the starting material. All
hydroxyl groups were protected with O-acetyl groups followed by bromination of the anomeric
center. Because 48 was unstable, upon reaction completion by TLC analysis, the crude product
was immediately subjected to zinc reduction,128 affording a 1,2-glucal product (49). The
following two-step azido-nitration afforded a mixture of manno- (51) and gluco-configured (50)
isomers.129 Due to steric interactions with the 4-acetoxy group, 50 is less favored than 51 and
therefore the reaction yields were higher for the undesired isomer than for the desired product.130
The anomeric acetyl group was displaced with a phospho group by the MacDonald
phosphorylation80 to afford 52. After acetyl deprotection by the Zemplén conditions, the azido
group was reduced by hydrogenation in the presence of the Lindlar’s catalyst.81 The amino group
of 54 was converted to an N-acetyl group by Ac2O treatment followed by basic removal of
unnecessary O-acetyl groups to afford 55.
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Figure 32. Synthesis of 13C GlcNAc-1-phosphate 55.

In the synthesis of 13C/15N labeled GlcNTFA-1-phosphate, 15N enriched NaN3 (NaN215N)
was used to introduce the azido group at C2. The synthesis of

13

C/15N GlcNTFA-1-phosphate

(57*) is shown in Figure 33. At the azido-nitration step, 49 was treated with 15N-enriched NaN3,
yielding a mixture of gluco- (50*) and manno-configured (51*) products. The presence of an 15N
in the product was confirmed by 15N NMR and high resolution MS. However, about half of the
product contained 14N, because either nitrogen on the N215N- group can be attached to C2. After
acetyl deprotection and hydrogenation, the free amino group was N-trifluoroacetylated by
treatment with CF3COSEt131 to afford 57*.
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Figure 33. Synthesis of 13C/15N GlcNTFA-1-phosphate 57*.

Monophosphates 55 and 57* were used as substrates for the enzymatic conversion by
GlmU (see Section 2) to their corresponding sugar nucleotides. As shown in Figure 34, 39 and
40* were synthesized in high yields.

Figure 34. Enzymatic synthesis of 13C UDP-GlcNAc 39 and 13C/15N UDP-GlcNTFA 40*.

4.6 Conclusions
In conclusion, we developed an improved synthesis for

13

C UDP-Glc, which was then

enzymatically transformed to 13C UDP-GlcA. The overall yield was 15% for 5 steps. 13C UDPGlcNAc and

13

C/15N UDP-GlcNTFA were prepared from their corresponding monophosphate
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precursors and successfully transferred by the GlmU enzyme. The overall yield of

13

C UDP-

GlcNAc was 1.5% over 10 steps, and for 13C/15N UDP-GlcNTFA, 1.2%. These isotope-enriched
sugar nucleotides will be used as building blocks for synthesizing

13

C/15N labeled

oligosaccharides and for studying the molecular structure and binding of heparin/HS type
oligosaccharides to proteins.

4.7 Experimental Section
4.7.1 General methods and equipment
NMR spectra were recorded on a Varian 500 spectrometer (500 MHz for 1H NMR, 125 MHz for
13

C NMR). Mass data were acquired by high-resolution ESI-MS (Thermo LTQ XL Orbitrap,

Bremen, Germany). Thin-layer chromatography (TLC) was carried out using plates of silica gel
60 with fluorescent indicator and revealed with UV light (254 nm) when possible and Von’s
reagent. Reagents were purchased from Sigma-Aldrich (St. Louis, MO).

13

C and

15

N labeld

compounds were purchased from Cambridge Isotope Laboratories (Andover, MA) Flash
chromatography was performed using silica gel 230-400 mesh. Yields are given after purification,
unless otherwise noted. When reactions were performed under anhydrous conditions, the
mixtures were maintained under argon. Compounds were named following IUPAC rules as
applied by Beilstein-Institute AutoNom (version 2.1) software for systematic names in organic
chemistry.

4.7.2 Procedures and structural characterization of intermediates and products
13

C uridine diphosphate-glucose (UDP-Glc) (44)

A 10 mL buffer solution (Tris-HCl, 100 mM, pH 8.0) containing

13

C glucose (50 mg, 0.268

mmol), UTP (353 mg, 0.672 mmol), MgCl2, (135 mg, 1.42 mmol), EDTA (14 mg, 0.048 mmol),
hexokinase (EC 2.7.1.1, 100 U), bovine serum albumin (BSA) (6 mg), and NaN3 (1 mg, 0.015
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mmol) was incubated at room temperature. After 12 h, the reaction mixture was boiled at 100 °C
for 3 min, and was adjusted to pH 7.8. To this reaction mixture was added phosphoglucomutase
(EC 5.4.2.2, 100 U), UDP-glucose pyrophosphorylase (EC 2.7.7.9, 35 U), inorganic
pyrophosphatase (EC 3.6.1.1, 20 U), EDTA (112 mg), and α-ᴅ-glucose 1,6-bisphosphate (1 mg,
0.002 mmol). This mixture was incubated at 30 °C for 4 days. Then calf intestinal alkaline
phosphatase (CIAP, EC 3.1.3.1, 25 U) was added and incubated at 30 °C. After 6 h, the reaction
mixture was centrigufed at 7000 rcf for 30 min to remove insoluble precipitates, and the
supernatant was transferred to a 3,000 MWCO spin column and centrifuged at 4000 rpm for 30
min. The flow-through was collected and lyophilized. The dried reaction mixture was purified on
a Sephadex LH-20 (GE Healthcare) column (2.5 × 75cm) and eluted with 50 % MeOH in H2O.
Fractions containing the product as determined by TLC (nBuOH/HCO2H/H2O = 4/8/1) were
collected and lyophilized to afford the pure product (84 mg, 51%) as a white fluffy powder.
H NMR (500 MHz, D2O): δ (ppm) 7.88 (d, J = 8.0 Hz, 1H), 5.89-5.87 (m, 2H), 5.51 (ddd, J =

1

3.0, 7.0, 175 Hz, 1H), 4.32-4.28 (m, 2H), 4.19-4.18 (m, 1H), 4.19-4.10 (m, 1H), 4.13-4.12 (m,
2H), 3.80 (ddd, J = 4.5, 7.5, 155.0 Hz, 1H), 3.74 (dd, J = 0.5, 145.5 Hz, 1H), 3.67 (ddd, J = 3.5,
13.5, 142.5 Hz, 2H), 3.42 (d, J = 127.5 Hz, 1H), 3.38 (m, 1H); 13C NMR (125 MHz, D2O): δ
(ppm) 95.7 (ddd, J = 3.37, 6.12, 44.5 Hz, 1C), 73.3-72.6 (m, 2C), 71.7 (dtt, J = 3.75, 37, 74.5 Hz,
1C), 69.3 (t, J = 37.5 Hz, 1C), 60.4 (d, J = 42.6 Hz, 1C); HRMS-FAB: [M-H] calcd. for
C913C6H23N2O17P2- 571.0679 Found: 571.0682.

C ᴅ-glucose pentaacetate (45)

13

α:β = 1:0.6; 1H NMR (500 MHz, CDCl3): δ (ppm) 6.30 (d, J = 180.0 Hz, 1H), 5.68 (dd, J = 8.5,
165.0 Hz, 1H), 5.23 (dt, J = 4.0, 150.0 Hz, 2H), 5.12 (d, J = 150.0 Hz, 2H), 4.25 (dt, J = 4.0,
165.0 Hz, 2H), 4.10 (m, 4H), 4.09 (dd, J = 8.5, 150.0 Hz, 1H), 3.80 (dd, J = 8.0, 130.0 Hz, 1H),
2.15-1.99 (s, 30H); 13C NMR (125 MHz, CDCl3): δ (ppm) 170.4-169.5 (s, 5C), 91.9 (d, J = 48.0
Hz, 1C), 89.2 (d, J = 44.5 Hz, 1C), 73.3-72.5 (m, 2C), 70.7-70.3 (m, 2C), 70.0-69.3 (m, 2C), 61.8
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(s, 1C), 61.4 (s, 1C), 20.9-20.6 (s, 5C); HRMS-FAB: [M+Na] calcd. for C1013C6H22O11Na+
419.1261 Found: 419.1249.
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C 2,3,4,6-tetra-O-acetyl-α-ᴅ-glucopyranose-1-dihydrogen phosphate (46)

See Section 2.4.3 for the MacDonald phosphorylation. Brown film.
H NMR (500 MHz, MeOD): δ (ppm) 5.71 (d, J = 176.5 Hz, 1H), 5.52 (d, J = 154.5 Hz, 1H),

1

5.11 (dd, J = 3.72, 123.5 Hz, 1H), 4.85 (d, J = 149.5 Hz, 1H), 4.32 (dd, J = 9.5, 145.5 Hz, 1H),
4.32 (d, J = 145.5 Hz, 1H), 4.14 (dd, J = 10.5, 151.5 Hz, 1H), 2.06-1.99 (s, 12H); 13C NMR (125
MHz, MeOD): δ (ppm) 171.7-169.9 (s, 4C), 91.4 (d, J = 44 Hz, 1C), 71.0-69.5 (m, 2C), 68.1-67.8
(m, 2C), 61.3 (d, J = 41.5 Hz, 1C), 19.6-19.3 (s, 4C); HRMS-FAB: [M-H] calcd. for
C813C6H20O13P- 433.0848 Found: 433.0847.

13

C 2,3,4,6-tetra-O-acetyl-α-ᴅ-glucopyranose-1-disodium phosphate (47)

See Section 2.4.4 for the Zemplén deacetylation. Brown powder.
H NMR (500 MHz, D2O): δ (ppm) 5.27 (d, J = 174.5 Hz, 1H), 3.71-3.60 (m, 2H), 3.48-3.16 (m,

1

4H); 13C NMR (125 MHz, D2O): δ (ppm) 95.3 (d, J = 48.2 Hz, 1C), 73.0-71.9 (m, 2C), 71.5-70.8
(m, 1C), 68.8 (t, J = 40.9 Hz, 1C), 60.0 (d, J = 42.7 Hz, 1C); HRMS-FAB: [M-H] calcd. for
13

C6H12O9P- 265.0426 Found: 265.0423.

13

C uridine diphosphate-glucuronic acid (UDP-GlcA) (38)

13

C Glucose 44PyH (59 mg, 0.103 mmol) was dissolved in Tris buffer (50 mM, pH 8.7, 4 mL). To

this was added NAD (20 mg, 0.032 mmol), sodium pyruvate (15 mg, 0.136 mmol), and lactate
dehydrogenase (EC 1.1.1.27, Sigma, 100 U). The pH was readjusted to 8.7, and UDP-Glc
dehydrogenase (10 U) was added. The reaction was incubated at room temperature overnight.
The reaction mixture was centrifuged at 10,000 rcf for 10 min to remove precipitates then the
supernatant was transferred to a 3,000 MWCO (Millipore) spin column and centrifuged at 4000
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rpm for 30 min. The flow-through was collected and lyophilized. The mixture was purified by a
FPLC system with a mono Q 5/50 GL column (GE Healthcare), 0.5 mL/min, linear gradient of
2.0 M NaCl, pH 7.4 during 35 min, with detection at 254 nm. Typical elution times under these
conditions were 21 min for UDP-GlcUA. The fractions containing the product were collected and
lyophilized, and desalted on a BioGel P2 (Bio-Rad) column. The fractions were detected by UV
absorption at 262 nm and those containing the product were combined and lyophilized to give a
slightly yellow powder (39 mg, 64%).
H NMR (500 MHz, D2O): δ (ppm) 7.84 (d, J = 8.0 Hz, 1H), 5.89-5.88 (m, 2H), 5.51 (dd, J = 1.0,

1

175.0 Hz, 1H), 4.28-4.26 (m, 1H), 4.19-4.13 (m, 2H), 4.09-3.91 (m, 1H), 4.08-3.83 (m, 1H), 3.72
(ddd, J = 1.0, 3.0, 81.5 Hz, 1H), 3.47 (t, J = 7.0 Hz, 1H), 3.53-3.28 (m, 1H); 13C NMR (125 MHz,
D2O): δ (ppm) 176.2 (s, 1C), 96.9 (d, J = 2.2 Hz, 1C), 72.7-71.7 (m, 4C); HRMS-FAB: [M-H]
calcd. for C913C6H22N2O18P2- 585.0471 Found: 585.0474.
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C 1,2-dideoxy-3,4,6-tri-O-acetyl-ᴅ-arabino-1-hexenopyranose (49)
C ᴅ-glucose pentaacetate 45 (6.37g, 16.1 mmol) was dissolved in CH2Cl2 (32.2 mL) under

13

argon. After the solution was cooled to 0 °C, PBr3 (2.58 mL, 27.4 mmol) and H2O (1.74 mL, 96.6
mmol) were added to the reaction mixture. The reaction was slowly warmed to room temperature.
After 3 h, the reaction mixture was diluted with H2O (30 mL), and the solution was extracted with
CH2Cl2 (3 × 30 mL). The combined organic phase containing the bromide was washed with sat.
NaHCO3 (aq), dried over Na2SO4, and concentrated in vacuo.
Meanwhile a solution of sodium acetate (7.79 g, 95 mmol) in H2O (12.1 mL) and glacial acetic
acid (9.70 mL) was prepared. After the solution was cooled in an ice-salt mixture, zinc dust (5.26
g, 80.5 mmol) and cupric sulfate (308 mg, 1.93 mmol) in H2O (1.86 mL) were added to this
solution. When the blue color had disappeared, the solution of above-mentioned bromide
dissolved in glacial acetic acid was added gradually over 15 min keeping the temperature between
-10 and -20 °C. Efficient stirring was necessary and was continued for 3 h at 0 °C. The mixture
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was filtered, and the filter paper was washed with 50% acetic acid. H2O (50 mL) was added to the
combined filtrates at 0 °C and the solution was extracted with CHCl3 (5 × 10 mL). The combined
CHCl3 extracts were washed with iced-water, sat. NaHCO3 (aq), and again with cold H2O. The
solution was dried over Na2SO4, and concentrated in vacuo to afford the crude product as a
colorless syrup. The crude product was purified on a silica gel flash chromatography column
(petroleum ether/EtOAc = 2/1) to afford the pure product as a colorless syrup (3.02 g, 68 % over
two steps).
H NMR (500 MHz, CDCl3): δ (ppm) 6.28 (dd, J = 6.0, 190.0 Hz, 1H), 5.12 (d, J = 150.0 Hz,

1

1H), 5.00 (dd, J = 6.0, 150.0 Hz, 1H), 4.63 (dd, J = 3.0, 170.0 Hz, 1H), 4.20 (dt, J = 6.0, 150.0
Hz, 1H), 4.07 (d, J = 150.0 Hz, 1H), 3.99 (d, J = 150.0 Hz, 1H), 1.87-1.83 (s, 9H); 13C NMR
(125 MHz, CDCl3): δ (ppm) 170.4-169.5 (s, 3C), 145.6 (d, J = 74.8 Hz, 1C), 98.9 (dd, J = 44.7,
74.8 Hz, 1C), 74.0 (t, J = 42.5 Hz, 1C), 67.5-67.0 (m, 2C), 61.3 (d, J = 42.5 Hz, 1C), 20.9-20.6 (s,
3C); HRMS-FAB: [M+Na] calcd. for C613C6H16O7Na+ 301.0989 Found: 301.0992.
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C 2-deoxy-2-azido-1,3,4,6-tetra-O-acetyl-glucopyranose (50)

A solution of 49 (910 mg, 3.27 mmol) in dry MeCN (42.5 mL) was added to a mixture of CAN
(6.52 g, 11.9 mmol) and NaN3 (318 mg, 4.90 mol) in MeCN (12.6 mL) which was cooled in an
ice-salt bath with vigorous stirring under Ar. The mixture was stirred overnight at -15 °C. Upon
completion of the reaction as determined by TLC, the solution was diluted with Et2O (30 mL) and
ice-cold H2O (30 mL). The organic phase was washed with H2O (3 × 25 mL), dried over Na2SO4,
and evaporated to give a syrup.
A solution of the above syrup in AcOH (3 mL) containing NaOAc (96.7 mg) was heated at
100 °C for 2 h and then cooled to room temperature. The mixture was extracted with CH2Cl2 (3 ×
30 mL), washed with H2O, sat. NaHCO3 (aq), and H2O, dried over Na2SO4, and evaporated to
give a syrup containing the manno- and gluco-configured product. The mixture was separated on
a silica gel flash chromatography column (petroleum ether/EtOAc = 2/1) to afford the gluco69

configured product (385 mg, 31 % over two steps) and manno-configured product (500 mg, 40 %
over two steps) as colorless syrups.
α:β = 1:0.5; 1H NMR (500 MHz, CDCl3): δ (ppm) 6.25 (ddd, J = 2.5, 6.0, 180.0 Hz, 1H), 5.52
(dd, J = 8.5, 169 Hz, 1H), 5.40 (d, J = 169 Hz, 2H), 5.08 (d, J = 123.0 Hz, 1H), 5.02 (d, J =
142.0 Hz, 1H), 4.27 (ddd, J = 5.0, 13.0, 150.0 Hz, 2H), 4.02 (d, J = 150.0 Hz, 4H), 3.98 (dd, J =
3.5, 142.0 Hz, 1H), 3.63 (ddd, J = 5.0, 11.0, 145.0 Hz, 1H), 2.15-2.00 (s, 24H); 13C NMR (125
MHz, CDCl3): δ (ppm) 170.5- 168.4 (s, 4C), 92.4 (d, J = 46.0 Hz, 1C), 89.8 (d, J = 46.0 Hz, 1C),
72.5 (t, J = 42.0 Hz, 2C), 70.6 (t, J = 40.0 Hz, 1C), 69.6 (t, J = 42.0 Hz, 1C), 67.7 (m, 2C), 62.4
(dd, J = 40.0, 46.0 Hz, 1C), 60.0 (dddd, J = 2.5, 37.6, 40.0, 46.0 Hz, 1C), 20.8-20.4 (s, 4C);
HRMS-FAB: [M+Na] calcd. for C813C6H19O9Na+ 402.1215 Found: 402.1219.
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C 2-deoxy-2-azido-3,4,6-tri-O-acetyl-α-ᴅ-glucopyranose-1-dihydrogen phosphate (52)

See Section 2.4.3 for the MacDonald phosphorylation. Brown film.
H NMR (500 MHz, CDCl3): δ (ppm) 5.64 (dt, J = 1.5, 176.0 Hz, 1H), 5.36 (dd, J = 1.5, 184 Hz,

1

1H), 5.02 (d, J = 200 Hz, 1H), 4.29 (d, J = 150.0 Hz, 2H), 4.08 (d, J = 150.0 Hz, 1H), 3.57 (d, J
= 140.0 Hz, 1H), 2.08-1.98 (s, 9H); 13C NMR (125 MHz, CDCl3): δ (ppm) 96.6 (d, J = 38.7 Hz,
1C), 81.6 (m, 1C), 72.0-71.7 (m, 2C), 65.5-65.1 (m, 1C); HRMS-FAB: [M-H] calcd. for
C613C6H17O11N3P- 416.0807 Found: 416.0805.
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C 2-azido-2-deoxy-α-ᴅ-glucopyranose-1-disodium phosphate (53)

See Section 2.4.4 for the Zemplén deacetylation. Colorless film.
H NMR (500 MHz, D2O): δ (ppm) 5.49 (dd, J = 2.5, 172.0 Hz, 1H), 3.93 (dd, J = 9.5, 150 Hz,

1

2H), 3.85 (dd, J = 12.0, 145 Hz, 1H), 3.74 (ddd, J = 4.5, 12.0, 145.0 Hz, 1H), 3.67 (dd, J = 9.5,
90.0 Hz, 1H), 3.22 (dt, J = 6.0, 140.0 Hz, 1H); 13C NMR (125 MHz, D2O): δ (ppm) 92.7 (d, J =
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43.0 Hz, 1C), 71.8 (t, J = 40.0 Hz, 1C), 71.0-69.7 (m, 2C), 63.2 (dt, J = 7.6, 40.0 Hz, 1C), 60.6 (d,
J = 42.0 Hz, 1C); HRMS-FAB: [M-H] calcd. for 13C6H11O8N3P- 290.0491 Found: 290.0487.

13

C 2-amino-2-deoxy-α-ᴅ-glucopyranose-1-disodium phosphate (54)

H NMR (500 MHz, D2O): δ (ppm) 5.35 (d, J = 170.0 Hz, 1H), 3.89 (d, J = 145 Hz, 1H), 3.87

1

(dd, J = 12.0, 120 Hz, 1H), 3.71 (ddd, J = 4.5, 12.0, 145.0 Hz, 1H), 3.59 (dd, J = 12.0, 120.0 Hz,
1H), 3.30 (dd, J = 2.0, 120.0 Hz, 1H), 2.63 (d, J = 137.5 Hz, 1H); 13C NMR (125 MHz, D2O): δ
(ppm) 94.3 (d, J = 45.0 Hz, 1C), 73.7 (t, J = 37.0 Hz, 1C), 72.0 (t, J = 41.4 Hz, 1C), 70.0 (t, J =
39.2 Hz, 1C), 60.8 (d, J = 42.5 Hz, 1C), 55.4 (dt, J = 7.4, 37.0 Hz, 1C); HRMS-FAB: [M-H]
calcd. for 13C6H13O8NP- 264.0586 Found: 264.0584.

13

C N-acetyl-α-ᴅ-glucosamine-1-phosphate (55)

H NMR (500 MHz, D2O): δ (ppm) 5.34 (d, J = 170.0 Hz, 1H), 3.83 (d, J = 145 Hz, 2H), 3.80 (d,

1

J = 145 Hz, 1H), 3.77 (d, J = 145.0 Hz, 1H), 3.72 (d, J = 145.0 Hz, 1H), 3.44 (dd, J = 6.5, 145.0
Hz, 1H), 1.97 (s, 3H); 13C NMR (125 MHz, D2O): δ (ppm) 174.4 (s, 1C), 93.1 (d, J = 45.0 Hz,
1C), 72.4 (t, J = 40.4 Hz, 1C), 70.5 (t, J = 38.0 Hz, 1C), 69.5 (t, J = 38.0 Hz, 1C), 60.3 (d, J =
42.6 Hz, 1C), 53.8 (ddt, J = 3.2, 7.7, 38.0 Hz, 1C), 22.8 (s, 1C); HRMS-FAB: [M-H] calcd. for
C213C6H15O9NP- 306.0691 Found: 306.0691.

13

C

P'-[2-(acetylamino)-2-deoxy-α-ᴅ-glucopyranosyl]

ester-uridine

5'-(trihydrogen

diphosphate), (UDP-GlcNAc, 39)
See Section 2.4.5 for the GlmU reaction.
H NMR (500 MHz, D2O): δ (ppm) 7.91 (d, J = 8.0 Hz, 1H), 5.92 (m, 2H), 5.46 (dd, J = 3.0, 176

1

Hz, 1H), 4.31 (m, 2H), 4.24 (m, 1H), 4.19-4.13 (m, 2H), 4.16 (ddd, J = 2.5, 4.5, 42.0 Hz, 1H),
4.04 (d, J = 23.0 Hz, 1H), 3.92 (dd, J = 3.5 Hz, 1H), 3.90 (d, J = 3.5 Hz, 1H), 3.76 (dd, J = 8.5,
37.0 Hz, 1H), 3.62 (d, J = 4.5 Hz, 1H), 3.47 (dt, J = 3.0, 119.0 Hz), 2.02 (s, 3H); 13C NMR (125
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MHz, D2O): δ (ppm) 174.6 (s, 1C), 166.2 (s, 1C), 151.7 (s, 1C), 141.5 (s, 1C), 102.5 (s, 1C), 94.3
(d, J = 44.7 Hz, 1C), 72.8 (t, J = 40.7 Hz, 1C), 70.7 (t, J = 37.8 Hz, 1C), 69.3 (m, 1C), 60.1 (d, J
= 42.5 Hz, 1C), 53.5 (m, 1C); HRMS-FAB: [M-H] calcd. for C1113C6H26O17N3P2- 612.0944
Found: 612.0945.

13

C/15N 2-deoxy-2-azido-1,3,4,6-tetra-O-acetyl-glucopyranose (50*)

The same experimental procedure for 50 was carried out, except

15

N enriched NaN3 was used

instead of regular NaN3.
N NMR (50.7 MHz, D2O): δ (ppm) 107.4 (s, 1N); HRMS-FAB: [M+Na] calcd. for

15

C813C6H19O9N215NNa+ 403.1185 Found: 403.1187.

13

C/15N 2-deoxy-2-azido-3,4,6-tri-O-acetyl-α-ᴅ-glucopyranose-1-dihydrogen phosphate (52*)

See Section 2.4.3 for the MacDonald phosphorylation. Brown film.
HRMS-FAB: [M-H] calcd. for C613C6H17O11N215NP- 417.0778 Found: 417.0777.

13

C/15N 2-azido-2-deoxy-α-ᴅ-glucopyranose-1-disodium phosphate (53*)

See Section 2.4.4 for the Zemplén deacetylation. Colorless film.
HRMS-FAB: [M-H] calcd. for 13C6H11O8N215NP- 291.0455 Found: 291.0457.

13

C 2-amino-2-deoxy-α-ᴅ-glucopyranose-1-disodium phosphate (56*)
N NMR (50.7 MHz, D2O): δ (ppm) -347.4 (s, 1N); HRMS-FAB: [M-H] calcd. for

15

13

C6H13O815NP- 265.0556 Found: 265.0560, [M-H] calcd. for

264.0592.
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13

C6H13O8NP- 264.0586 Found:

13

C/15N 2-deoxy-2-[(trifluoroacetyl)amino]-ᴅ-glucopyranose-1-dihydrogen phosphate (57*)

To a solution of 56* (66 mg, 0.213 mmol) in MeOH (2.64 mL) was added Et3N (132 μL) and
CF3COSEt (660 μL). The solution was stirred for 12 h at room temperature. The reaction mixture
was concentrated in vacuo to afford the product as a thin film (quant.).
H NMR (500 MHz, D2O): δ (ppm) 5.46 (d, J = 174 Hz, 1H), 4.12 (dd, J = 8.0, 48.0 Hz, 1H),

1

4.03-3.88 (m, 2H), 3.79-3.61 (m, 2H), 3.17 (dd, J = 7.5, 15.0 Hz, 1H);

13

C NMR (125 MHz,

D2O): δ (ppm) 92.4 (d, J = 45.5 Hz, 1C), 72.3 (t, J = 40.1 Hz, 1C), 70.2-69.5 (m, 2C), 60.2 (d, J =
42.4 Hz, 1C), 54.8-54.1 (m, 1C); HRMS-FAB: [M-H] calcd. for C213C6H12O915NF3P- 361.0379
Found: 361.0371, [M-H] calcd. for C213C6H12O9NF3P- 360.0409 Found: 360.0402.

13

C

P'-[2-deoxy-2-[(2,2,2-trifluoroacetyl)amino]-α-ᴅ-glucopyranosyl]

ester-uridine

5'-

(trihydrogen diphosphate) (UDP-GlcN-TFA, 40*)
See Section 2.4.5 for the GlmU reaction.
H NMR (500 MHz, D2O): δ (ppm) 7.95 (d, J = 8.0 Hz, 1H), 5.96 (m, 2H), 5.59 (dd, J = 2.0,

1

177.0 Hz, 1H), 4.37-4.34 (m, 2H), 4.27 (m, 1H), 4.24-4.21 (m, 2H), 4.08 (ddd, J = 8.0, 11.5,
142.5 Hz, 1H), 3.99-3.60 (m, 2H), 3.85-3.60 (m, 2H), 3.44 (ddd, J = 3.5, 12.5, 124.5 Hz, 1H); 13C
NMR (125 MHz, D2O): δ (ppm) 166.1 (s, 1C), 151.7 (s, 1C), 141.5 (s, 1C), 102.5 (s, 1C), 93.6 (d,
J = 44.8 Hz, 1C), 88.3 (s, 1C), 83.1 (s, 1C), 72.8 (t, J = 40.4 Hz, 1C), 70.1-69.2 (m, 1C), 64.7 (s,
1C), 60.0 (d. J = 42.5, 1C), 53.9 (t, J = 4.4 Hz, 1C); 15N NMR (50.7 MHz, D2O): δ (ppm) 115.3 (s,
1N); HRMS-FAB: [M-H] calcd. for C1113C6H23O1715NN2F3P2- 667.0626 Found: 667.0632, [M-H]
calcd. for C1113C6H23O17N3P2- 666.0662 Found: 666.0664.
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5. Synthesis of a fluorous-tagged disaccharide acceptor for the chemoenzymatic synthesis
of heparin oligosaccharides
The use of fluorous tags and linkers for the synthesis of small pepties, oligonucleotides, and
carbohydrates have gained popularity over the last decade. Due to its high fluorophilicity and
specific affinity toward fluorous solvents and resins, fluorous compounds facilitate separations
and immobilizations. In this chapter, the synthesis of a disaccharide acceptor with a fluorous tag
at the reducing end is described. A disaccharide acceptor with FBoc,132 a fluorous analog of tBoc,
was chemically synthesized in 15 steps. The fluorous disaccharide will then be used for the
enzymatic backbone extension of a heparosan-like decasaccharide with a repeating unit of [GlcAGlcNTFA]n. This decasaccharide substrate can be further modified by C5-epi and OSTs into a
heparin oligosaccharide. The specific aim of this study is to synthesize heparin decasaccharides
(Figure 35) that contain isotope-enriched regions for the

13

C and

15

N NMR studies of heparin

decasaccharides with VEGF, a heparin-binding protein.

Figure 35. Target heparin decasaccharides. Sugar residues in black contain 12C/14N; Sugar residues in red
contain 13C/15N.
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5.1 Introduction
Fluorous chemistry emerged as a new tool for solution-phase high-throughput organic synthesis
in the late 1990’s.133,134 Fluorous separation techniques rely on the high affinity of perfluoroalkyl
chains toward fluorous surfaces and solvents. A mixture of organic and fluorous compounds can
be separated easily by fluorous solid phase extraction (FSPE) or by fluorous liquid-liquid
extraction (FLLE). In FSPE, only the fluorous compound will bind to the fluorous silica gel and
organic compounds are washed out in the first elution.135 The fluorous compound is then released
by a fluorophilic elution, typically MeOH.
Fluorous tag-facilitated chemical synthesis has been developed extensively by Curran136
over the last decade, and applied to proteomics,137,138 peptide synthesis,139,140 and carbohydrate
microarrays.141–143 Unlike a streptavidin-biotin system, the fluorous tags bound to a fluorous
surface can be released easily by a fluorophilic elution. In addition to their reversible binding,
their ease of purification, broad reaction scope, and ability to be automated, fluorous tagging is
highly suitable for high-throughput combinatorial synthesis.144

Figure 36. Types of fluorous linkers.

Many fluorous tags are structurally similar to the common protecting groups used in
organic synthesis, such as tBoc, MOM, PMB, and TIPS (Figure 36). In most cases, the alkyl
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chains in the common protecting groups are replaced with perfluoroalkyl chains. Like protecting
groups, fluorous tags are carefully chosen as they should be chemically orthogonal to most
reaction conditions, and should cleave under a specific condition, such as acidic, basic, reductive,
or oxidative conditions. More than 30 different fluorous tags have been developed and are
employed to protect amines, alcohols, carboxylic acids, and ketones.
In recent years, fluorous techniques have been applied to oligosaccharide synthesis and
have significantly facilitated purifications. In their automated solid-phase oligosaccharide
synthesis, Seeberger et al. used a TIPS-like fluorous linker to “cap” unreacted sugar residues and
to remove unwanted deletion sequences from the glycosylation mixture.145 Huang reported a
similar strategy, where the fluorous “cap” is applied to the product, and synthesized linear and
branched oligosaccharides in a one-pot manner.146 Pohl et al. attached a fluorous linker at the
reducing end of a mannoside to prepare linear and branched mannose oligosaccharides147 and
immobilized them on a fluorocarbon-coated glass slide to study their binding with concanavalin
A (conA).148
Our chemoenzymatic approach for the synthesis of decasaccharides (Figure 35) is
similar to the approach described in Section 3 of this thesis, starting with a disaccharide acceptor
and extending the backbone using enzymes. Since our target decasaccharides are structurally
identical, we envisioned that a parallel enzymatic synthesis using a fluorous tag would assist
purification after each enzymatic cycle. The fluorous linker (Rf) would be tagged at the reducing
end to avoid interference with enzyme recognition. In addition, an α O-methyl group would be
incorporated to resemble the structure of Arixtra (see Section 1.7).

5.2 Retrosynthesis
Our goal is to chemically synthesize a heparosan-like disaccharide acceptor (58) with a fluorous
tag and an α-OMe group at its reducing end for the enzymatic backbone synthesis of the
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decasaccharides. The retrosynthetic analysis of fluorous disaccharide 58 is shown in Figure 37.
Disaccharide 58 would be synthesized by tagging a fluorous linker to the free amino group in
fully deprotected disacchaide 59. Global deprotection and azide reduction of 60 would afford
disaccharide 59. The carboxylic acid of disaccharide 60 would result from an oxidation reaction
of disaccharide 61, which is obtained by the glycosylation reaction between thioglygoside donor
62 and acceptor 63. The donor and acceptor can be synthesized from ᴅ-glucose (64) and ᴅglucosamine hydrochloride (1), respectively, both commercially available monosaccharides.

Figure 37. Retrosynthetic analysis of fluorous-tagged disaccharide 58.

5.3 Synthesis of disaccharide 59
The chemical synthesis of thioglycoside donor 69 is shown in Figure 38. First, commercially
available ᴅ-glucose (64) was per-O-acetylated, then treated with 4-methylbenzenethiol149 to
afford thioglycoside 66. The O-acetyl groups were removed under the Zemplén conditions to
afford thioglygcoside 67. Then the 6-hydroxyl goup was protected with a tert-butyldiphenylsilane
(TBDPS) group. Selective protection was easily accomplished due to the reactivity of the
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sterically least hindered primary alcohol toward the bulky TBDPSCl. The remaining hydroxyl
groups were protected as O-benzoyl (Bz) groups, affording thioglycoside donor 69. All of the
steps gave high to moderate yields, resulting in 37% overall yield over 5 steps.

Figure 38. Synthesis of thioglycoside donor 69.

The selection of protecting groups for the glycosyl acceptor took more consideration as
the 4-hydroxyl group must be selectively deprotected prior to glycosylation. Several acceptors
with different protecting groups were synthesized for glycosylation with thioglycoside donor 69.
The synthesis towards a methoxy methyl(MOM)-protected acceptor is shown in Figure
39. First, commercially available ᴅ-glucosamine hydrochloride (1) was converted to 2-azido
glucosamine (70) by diazotransfer.79 The azide group acts as a masking group for an amine and
is a non-participating group, preventing the formation of the undesired β-O-methyl anomer in the
subsequent step. The anomeric center of 70 was O-methylated by treatment with Amberlite (H+)
in MeOH under reflux. Then the 4- and 6-hydroxyl groups were simultaneously protected as a
4,6-benzylidene acetal to afford 72. The remaining free 3-hydroxyl group was O-benzoylated,
and the α/β mixture of the product showed two close but separable spots on TLC. Upon
purification of the product by silica gel chromatography, the desired α anomer was separated
from the β anomer. As expected with a non-participatory 2-azido glucosamine, the α anomer was
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obtained in a slightly greater amount than the β product (α:32%, β:22%). The regioselective
reductive opening of the benzylidene ring was accomplished by treatment of 73 with PhBCl2150 to
afford 74. The 6-hydroxyl group was protected with a MOM group, affording the fully protected
monosaccharide 75. In the following step, hydrogenation was employed to deprotect the O-benzyl
group and to reduce the azido to an amino group (77). However, prolonged reaction time in the
presence of catalytic HCl resulted in Bz cleavage, affording side product 76. The Bn group could
not be cleaved easily, perhaps due to its sterically hindered surroundings and lack of pressure.
The undesired side reaction led us to modify the protecting groups.

Figure 39. Synthesis of MOM-protected glycosyl acceptor 77.

Figure 40 shows the synthesis of a trityl(Tr)-protected acceptor and its glycosylation
with thioglycoside donor 69. The aforementioned 73 was saponified to cleave the O-benzoyl
group, then benzylated to afford 78. The benzylidene ring was completely removed under acidic
conditions, affording 79. The 6-hydroxyl group was selectively protected by treatment with
TrCl151 to afford the Tr-protected glycosly acceptor 80. This acceptor was glycosylated with the
thioglycoside donor using TMSOTf as the activator.56 The TLC of the reaction gave multiple
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spots, none of which was the product. This result may have been due to the low reactivity of the
unprotected hydroxyl group in the presence of the bulky Tr group. The Tr group was also easily
cleaved under the acidic glycosylation conditions.

Figure 40. Synthesis and glycoslyation of the Tr-protected acceptor 80.

In the next synthesis of the glycosyl acceptor, benzyl(Bn)-protected acceptor was
synthesized, as shown in Figure 41. The Bn group is smaller than the Tr goup, is stable under
acidic and basic conditions, and is cleaved only by hydrogen reduction, which would also reduce
the azido group to an amino group. Fully protected 78 was treated with BF3·OEt2 to selectively
open the benzylidene ring with a 72% yield. When this acceptor was glycosylated with the
thioglycoside donor, the reaction proceed in 52% yield, affording desired disaccharide 83 with a
β-glycosidic linkage.

Figure 41. Synthesis and glycosylation of the Bn-protected acceptor 82.
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With the fully protected disaccharide in hand, the protecting groups were removed under
the appropriate conditions (Figure 42). First, the TBDPS group was removed by treatment with
HF·Py152 to afford disaccharide 84. The unprotected 6-hydroxyl group was oxidized to a
carboxylic acid using TEMPO-BAIB153,154 to afford 85. The Bz groups were removed by strong
base treatment, followed by hydrogenation for 3 days using Pd/C as the catalyst. All deprotection
steps proceeded smoothly to give disaccharide 59 in a high yield.

Figure 42. Deprotection and synthesis of 59.

5.4 Synthesis of the fluorous-tagged disaccharide
The choice of fluorous linker to be attached on the disaccharide should be chemically orthogonal
to the basic conditions that will be used in the subsequent de-N-trifluoroacetylation reaction. A
popular fluorous linker in peptide synthesis is FBoc, the fluorous analog of tert-butyloxycarbonyl
(tBoc) that was developed by Curran.132 FBoc-ON (87) is commercially available and a stable
protecting group of amines. The FBoc tag could be cleaved under acidic conditions, which would
be chemically orthogonal to the subsequent chemical and enzymatic reactions. As shown in
Figure 43, the FBoc tagged disaccharide (88) was prepared easily under basic conditions in a
moderate yield. Purification was successfully carried out by FSPE, releasing 88 in the MeOH
elution.
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Figure 43. Synthesis of the FBoc-tagged disaccharide 88.

5.5 Conclusions
In summary, a fluorous-tagged heparosan-like disaccharide acceptor was chemically synthesized
in a total of 15 steps. The glycosyl acceptor took a few attempts until the optimal protecting
groups could be selected. With the exception of the α/β separation step, most reactions gave high
to moderate yields. This fluorous disaccharide will be used for the subsequent enzymatic
backbone extension of heparosan-like oligosaccharides. Preliminary studies show that the
fluorous-tagged acceptor is recognized by glycosyltransferases, demonstrating that the fluorous
linker does not interfere with enzyme recognition. Ultimately, heparin modification enzymes will
be used to regioselectively add sulfo groups to the extended backbone. The fluorous linker will
facilitate purification steps by using FSPE.

5.6 Experimental Section
5.6.1 General methods and equipment
NMR spectra were recorded on a Varian 500 spectrometer (500 MHz for 1H NMR, 125 MHz for
13

C NMR). Mass data were acquired by low- or high-resolution ESI-MS (Thermo LTQ XL

Orbitrap, Bremen, Germany). NMR spectral data of known compounds that have previously been
reported were in good agreement with the literature data and are not fully characterized. Thin
layer chromatography (TLC) was carried out using plates of silica gel 60 with fluorescent
indicator and revealed with UV light (254 nm) when possible and Von’s reagent. Reagents were
purchased from Sigma-Aldrich (St. Louis, MO). Flash chromatography was performed using
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silica gel 230-400 mesh. Yields are given after purification, unless otherwise noted. When
reactions were performed under anhydrous conditions, the mixtures were maintained under argon.
Compounds were named following IUPAC rules as applied by Beilstein-Institute AutoNom
(version 2.1) software for systematic names in organic chemistry.

5.6.2 Procedures and structural characterization of intermediates and products
p-methylphenyl-2,3,4,6-tetra-O-acetyl-1-thio-β-ᴅ-glucopyranoside (66)
2.0 g (0.011 mol) of ᴅ-glucose was stirred for 4 h in a solution of Py (25.8 mL) and Ac 2O (15.1
mL). The reaction mixture was concentrated in vacuo and co-evaporated with toluene (20 mL) 3
times, affording the per-O-acetylated product (65) a white powder. The product was then
dissolved in CH2Cl2 (11.1 mL). 4-Methylbenzenethiol (2.07 g, 16.6 mnmol) and BF3·Et2O (2.72
mL, 27.2 mmol) were added to the reaction mixture and stirred for 3 days at room temperature.
The reaction was diluted with CH2Cl2 (100 mL) and the organic phase was washed with sat.
NaHCO3 (aq), then with H2O, then with brine. The combined organic layer was dried over
Na2SO4 and concentrated in vacuo to afford the crude product. The crude product was purified by
silica gel flash chromatography (hexanes/EtOAc = 7/3) to afford the product (2.46 g) as the β
anomer in 50% yield.
H NMR (500 MHz, CDCl3): δ (ppm) 7.37 (d, J = 8.0 Hz, 2H), 7.11 (d, J = 8.0 Hz, 2H), 5.19 (t,

1

J = 9.5 Hz, 1H), 5.01 (t, J = 9.5 Hz, 1H), 4.92 (t, J = 9.5 Hz, 1H), 4.62 (d, J = 10.0 Hz, 1H), 4.194.17 (m, 2H), 3.69 (ddd, J = 2.5, 5.0, 10.0 Hz, 1H), 2.33 (s, 3H), 2.07-1.97 (s, 12H).
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p-methylphenyl-1-thio-β-ᴅ-glucopyranoside (67)
See Section 2.4.4 for the Zemplén deacetylation.
H NMR (500 MHz, MeOD): δ (ppm) 7.29 (d, J = 8.0 Hz, 2H), 7.06 (d, J = 8.0 Hz, 2H), 4.51 (d,
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J = 10.0 Hz, 1H), 3.70 (dd, J = 6.0, 12.5 Hz, 1H), 3.52 (dd, J = 6.0, 12.5 Hz, 1H), 3.31 (t, J = 9.0
Hz, 1H), 3.26-3.23 (m, 1H), 3.21 (t, J = 9.0 Hz, 1H), 3.13 (t, , J = 9.0 Hz, 1H), 2.14 (s, 3H).

p-methylphenyl-6-O-tert-butyldiphenylsilyl-1-thio-β-ᴅ-glucopyranoside (68)
To a solution of thioglycoside 67 (775 mg, 2.71 mmol) in DMF (10mL), TBDPSCl (0.69 mL,
2.71 mmol) and imidazole (367 mg, 5.42 mmol) were added. The reaction mixture was refluxed
at 60 °C for 2 days. Upon reaction completion by TLC, the mixture was concentrated in vacuo to
remove DMF. The crude mixture was diluted and extracted with CH2Cl2 (10 mL), washed with 1
N HCl (aq), then washed with sat. NaHCO3 (aq). The combined organic layer was dried over
Na2SO4 and concentrated in vacuo to afford the crude product. The crude product was purified by
silica gel flash chromatography (hexanes/EtOAc = 1/1 to 1/3) to afford the product (2.15 g, 75%).
H NMR (500 MHz, CDCl3): δ (ppm) 7.93-6.95 (m, 14H), 4.48 (d, J = 11.0 Hz, 1H), 3.96 (dd, J
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= 3.0, 11.0 Hz, 1H), 3.85 (dd, J = 5.5, 11.0 Hz, 1H), 3.53-3.50 (m, 2H), 3.43-3.39 (m, 1H), 3.333.29 (m, 1H), 2.23 (s, 3H), 1.01 (s, 9H).

p-methylphenyl-2,3,4-tri-O-benzoyl-6-O-tert-butyldiphenylsilyl-1-thio-β-ᴅ-glucopyranoside
(69)
To a solution of thioglycoside 68 (2.15 g, 4.09 mmol) in Py (20mL) at 0 °C, BzCl (1.90 mL, 16.4
mmol) was added. The reaction mixture was warmed to room temperature and stirred overnight.
Upon reaction completion by TLC, the mixture was concentrated in vacuo to remove Py. The
crude mixture was diluted and extracted with EtOAc (20 mL), washed with H2O, then washed
with sat. NaHCO3 (aq). The combined organic layer was dried over Na2SO4 and concentrated in
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vacuo to afford the crude product. The crude product was purified by silica gel flash
chromatography (hexanes/EtOAc = 1/1) to afford the product (3.86 g, quant.).
H NMR (500 MHz, CDCl3): δ (ppm) 8.16-7.00 (m, 29H), 5.82 (t, J = 9.5 Hz, 1H), 5.61 (t, J =
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9.5 Hz, 1H), 5.45 (t, J = 9.5 Hz, 1H), 4.97 (d, J = 10.0 Hz, 1H), 3.90-3.86 (m, 3H), 2.32 (s, 3H),
1.04 (s, 9H).

1-O-methyl-2-azido-2-deoxy-ᴅ-glucopyraoside (71)
A solution of 70 (200 mg, 0.976 mmol) and Amberlite resin (H+) (2.5 g) in MeOH (9.76 mL) was
stirred under reflux for 3 days. When the reaction was complete, Amberlite (H+) was filtered off
and the filtrate was concentrated in vacuo to afford the crude product (71).
α/β = 1/0.75; 1H NMR (500 MHz, MeOD): δ (ppm) 4.73 (d, J = 3.5 Hz, 1H), 4.20 (d, J = 8.0 Hz,
1H), 3.84-3.76 (m, 3H), 3.66 (dd, J = 2.5, 5.0 Hz, 1H), 3.64 (dd, J = 3.0, 5.5 Hz, 1H), 3.49 (dd, J
= 2.5, 5.5 Hz, 1H), 3.37 (s, 3H), 3.31 (s, 3H), 3.33-3.19 (m, 4H), 3.11-3.07 (m, 2H); ESIMS:
[M+Na] calcd. for C7H12N3NaO5+ 241.07 Found: 241.28.

1-O-methyl-2-azido-2-deoxy-4,6-O-benzylidene-ᴅ-glucopyraoside (72)
To a solution of 71 in DMF (1 mL), p-TsOH (8.1 mg, 0.04 mmol) and PhCH(OMe)2 (638 μL,
4.25 mmol) were added. The reaction mixture was stirred at room temperature overnight. The
reaction was quenched by the addition of Et3N, diluted with H2O, and extracted with CH2Cl2. The
combined organic layers were dried over Na2SO4 and concentrated in vacuo. The crude mixture
was purified by silica gel flash column chromatography (hexanes/EtOAc = 2/1) to afford the pure
product (quant.).
H NMR (500 MHz, CDCl3): δ (ppm) 7.49-7.36 (m, 10 H), 5.47 (s, 1H), 5.44 (s, 1H), 4.68 (d, J =
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3.5 Hz, 1H), 4.27 (dd, J = 5.0, 10.5 Hz, 1H), 4.22 (dd, J = 4.5, 10.0 Hz, 1H), 4.17 (d, J = 8.0 Hz,
1H), 4.04 (dd, J = 2.5, 9.5 Hz, 1H), 3.77-3.71 (m, 1H), 3.69-3.64 (m, 3H), 3.58 (d, J = 2.5 Hz,
1H), 3.53 (s, 3H), 3.44-3.38 (m, 1H), 3.36 (s, 3H), 3.31 (dd, J = 8.0, 9.0 Hz, 1H), 3.22 (dd, J =
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3.5, 10.0 Hz, 1H); 13C NMR (125 MHz, CDCl3): δ (ppm) 137.0, 129.3, 128.4, 126.4, 126.3, 103.3,
102.0, 101.8, 99.4, 81.7, 80.6, 71.8, 68.8, 68.7, 68.3, 66.3, 66.0, 63.1, 62.3, 57.4, 55.4; ESIMS:
[M+H] calcd. for C14H18N3O5+ 308.12 Found: 308.15.

1-O-methyl-2-azido-2-deoxy-3-O-benzoyl-4,6-O-benzylidene-ᴅ-glucopyraoside (73)
To a solution of 72 (188 mg, 0.612 mmol) in Py (5 mL), BzCl (0.924 mL, 0.795 mmol) and
DMAP (10 mg, 0.082 mmol) were added at 0 °C. The reaction was stirred at room temperature
overnight. The reaction was concentrated in vacuo and diluted with EtOAc (10 mL) and H2O (10
mL). The aqueous layer was extracted with EtOAc, and the combined organic layer was dried
over Na2SO4, filtered, and concentrated. The crude mixture was purified by silica gel flash
chromatography (hexanes/EtOAc = 6/1) to give the α anomer in 32 % yield.
α-anomer:
H NMR (500 MHz, CDCl3): δ (ppm) 8.15-7.32 (m, 10 H), 5.89 (t, J = 10.0 Hz, 1H), 5.55 (s, 1H),
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4.95 (d, J = 3.5 Hz, 1H), 4.36 (dd, J = 5.0, 10.0 Hz, 1H), 3.85-3.82 (m, 2H), 3.81 (s, 3H), 3.44
(dd, J = 3.0, 10.5 Hz, 1H);
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C NMR (125 MHz, CDCl3): δ (ppm) 172.0, 165.4, 136.8, 133.8,

133.2, 130.2, 129.9, 129.5, 129.3, 129.1, 128.3, 128.2, 126.1, 101.6, 99.9, 79.5, 69.6, 68.8, 62.7,
61.9, 55.5; ESIMS: [M+Na] calcd. for C21H21N3NaO6+ 434.13 Found: 434.1.
β-anomer:
H NMR (500 MHz, CDCl3): δ (ppm) 8.16-7.31 (m, 10 H), 5.53 (s, 1H), 5.47 (t, J = 10.0 Hz, 1H),
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4.51 (d, J = 8.0 Hz, 1H), 4.42 (dd, J = 5.0, 10.5 Hz, 1H), 3.88-3.80 (m, 2H), 3.69-3.67 (m, 1H),
3.65 (s, 3H), 3.59 (dt, J = 5.0, 9.5 Hz, 1H); 13C NMR (125 MHz, CDCl3): δ (ppm) 172.0, 165.4,
136.7, 133.8, 133.4, 130.2, 129.9, 129.4, 129.1, 128.5, 128.4, 128.2, 126.1, 103.7, 101.48, 78.8,
71.7, 68.5, 66.4, 64.9, 57.7.
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1-O-methyl-2-azido-2-deoxy-3-O-benzoyl-4-O-benzyl-α-ᴅ-glucopyraoside (74)
Compound 73 (110 mg, 0.27 mmol) and flame activated molecular sieves (4 Å) were suspended
in CH2Cl2 (2.7 mL). After stirring for 1 h at room temperature, the solution was cooled to -78 °C.
PhBCl2 (53 μL, 0.40 mmol) and Et3SiH (60 μL, 0.37 mmol) were added, and the reaction mixture
was stirred at room temperature for 3 h. The reaction was quenched by neutralization using Et 3N
at 0 °C and diluted with MeOH and extracted with CH2Cl2. The combined organic layer was
washed with sat. NaHCO3 (aq) and dried over Na2SO4. The crude mixture was concentrated in
vacuo and purified by silica gel flash column chromatography (hexanes/EtOAc = 1/1) to afford
the product (75 mg, 83%).
H NMR (500 MHz, CDCl3): δ (ppm) 8.08-7.16 (m, 10 H), 5.84 (dt, J = 2.0, 8.0 Hz, 1H), 4.90 (d,
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J = 3.5 Hz, 1H), 4.61 (dd, J = 11.0, 16.5 Hz, 2H), 3.88-3.81 (m, 4H), 3.46 (s, 3H), 3.30 (dd, J =
3.5, 10.5 Hz, 1H); 13C NMR (125 MHz, CDCl3): δ (ppm) 165.5, 137.2, 133.3, 129.8, 129.5, 128.5,
128.4, 128.1, 127.9, 99.2, 75.6, 74.8, 72.8, 70.9, 61.6, 61.3, 55.3; ESIMS: [M+Na] calcd. for
C21H23N3NaO6+ 436.15 Found: 436.17.

1-O-methyl-2-azido-2-deoxy-3-O-benzoyl-4-O-benzyl-6-O-methoxymethyl-α-ᴅglucopyraoside (75)
Compound 74 (75 mg, 0.18 mmol) was dissolved in CH2Cl2 (1.0 mL) and the solution was cooled
to 0 °C. DIPEA (95 μL, 0.55 mmol), MOMCl (17 μL, 0.22 mmol), and a catalytic amount of
DMAP were added to the solution. The reaction mixture was stirred at room temperature for 2
days. The reaction was quenched by addition of sat. NaHCO3 (aq.) and the solution was extracted
with CH2Cl2 (10 mL). The combined organic layer was dried over Na2SO4 and concentrated in
vacuo. The crude mixture was purified by silica gel flash chromatography (hexanes/EtOAc = 3/1)
to afford the product (72 mg, 87%).
H NMR (500 MHz, CDCl3): δ (ppm) 8.07-7.14 (m, 10 H), 5.83 (dt, J = 2.0, 8.0 Hz, 1H), 4.92 (d,
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J = 3.5 Hz, 1H), 4.71 (d, J = 6.5 Hz, 1H), 4.66 (d, J = 6.5 Hz, 1H), 4.60 (d, J = 3.5 Hz, 1H), 3.94
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(dt, J = 2.0, 5.0 Hz, 1H), 3.89-3.86 (m, 2H), 3.79 (dd, J = 1.5, 11.0 Hz, 1H), 3.48 (s, 3H), 3.40, (s,
3H), 3.35 (dd, J = 3.5, 10.5 Hz, 1H); 13C NMR (125 MHz, CDCl3): δ (ppm) 165.4, 137.3, 133.3,
129.8, 129.5, 128.4, 128.3, 127.9, 127.8, 99.2, 96.9, 76.1, 74.7, 72.9, 70.0, 65.9, 61.5, 55.6, 55.3;
ESIMS: [M+NH4] calcd. for C23H31N4O7+ 475.22 Found: 475.22.

1-O-methyl-2-azido-2-deoxy-4-O-benzyl-6-O-methoxymethyl-α-ᴅ-glucopyraoside (76)
A solution of 75 (28 mg, 0.062 mmol) and 10 wt% Pd/C (3 mg) in EtOAc (1.0 mL) was stirred in
a flask attached with a H2 balloon. A catalytic amount of HCl was added to the solution, and the
reaction mixture was stirred at room temperature for 3 days. The reaction mixture was filtered
through Celite and washed with MeOH (10 mL). The filtrate was concentrated in vacuo. The
crude mixture was purified by silica gel flash chromatography (CH2Cl2/MeOH = 8/1) to afford 76.
H NMR (500 MHz, MeOD): δ (ppm) 7.31-7.21 (m, 5H), 4.89 (d, J = 10.0 Hz, 1H), 4.58 (d, J =
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13.0 Hz, 1H), 4.56 (d, J = 6.5 Hz, 1H), 4.52 (d, J = 6.5 Hz, 1H), 3.66-3.62 (m, 3H), 3.32 (s, 3H),
3.27 (s, 3H); ESIMS: [M+NH4] calcd. for C16H26NO6+ 328.18 Found: 328.18.

1-O-methyl-2-azido-2-deoxy-3-O-benzyl-4,6-O-benzylidene-α-ᴅ-glucopyraoside (78)
Compound 73 ( 781 mg, 1.90 mmol) was dissolved in MeOH (13.6 mL) and cooled to 0 °C.
Sodium methoxide in MeOH (0.5 M, 3.8 mL) was added to this solution and stirred overnight at
room temperature. The reaction was neutralized with Amberlite (H+) and filtered. The filtrate was
concentrated in vacuo to afford a colorless oil. This crude product was then dissolved in DMF
(9.5 mL). To this solution, NaH (122 mg, 3.04 mmol) was added and stirred at room temperature.
After 30 min, benzyl bromide (0.3 mL, 2.5 mmol) was added to the reaction mixture and stirred
at room temperature overnight. Upon reaction completion, the mixture was cooled to 0 °C and
neutralized with AcOH followed by concentration in vacuo. The resulting residue was diluted
with EtOAc (10 mL) and washed with H2O followed by brine. The organic phase was dried over
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Na2SO4 and concentrated in vacuo. The crude mixture was purified by silica gel flash column
chormatography (hexanes/EtOAc = 4/1) to afford 78 (493 mg, 65%).
H NMR (500 MHz, CDCl3): δ (ppm) 7.56-7.33 (m, 10 H), 5.62 (s, 1H), 5.00 (d, J = 11.0 Hz, 1H),
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4.85 (d, J = 11.0 Hz, 1H), 4.11 (d, J = 3.5 Hz, 1H), 4.35 (dd, J = 6.5, 10.5 Hz, 1H), 4.11 (t, J =
9.5 Hz, 1H), 3.94-3.89 (m, 1H), 3.80 (t, J = 9.5 Hz, 1H), 3.68 (dd, J = 3.5, 10.0 Hz, 1H), 3.46 (s,
3H); 13C NMR (125 MHz, CDCl3): δ (ppm) 137.8, 137.2, 129.1, 128.5, 128.3, 128.3, 127.9, 126.0,
101.4, 99.4, 82.8, 76.4, 75.1, 68.9, 63.1, 62.6, 55.4; ESIMS: [M+Na] calcd. for C21H23N3NaO5+
420.15 Found: 420.06.

1-O-methyl-2-azido-2-deoxy-3-O-benzyl-α-ᴅ-glucopyraoside (79)
A stirred solution of 78 (493 mg, 1.24 mmol), glacial AcOH (11.3 mL), and H2O (11.3 mL) was
stirred at 90 °C. After 1 h, the reaction was concentrated and purified on a silica gel flash column
chromatography (hexanes/EtOAc = 3/2 to EtOAc 100%) to afford the pure product (354 mg,
92%).
H NMR (500 MHz, CDCl3): δ (ppm) 7.40-7.30 (m, 5 H), 4.92 (d, J = 11.0 Hz, 1H), 4.78-4.75 (m,
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2H), 3.81-3.77 (m, 3H), 3.68-3.56 (m, 2H), 3.40 (s, 3H), 3.32 (dd, J = 3.5, 10.0 Hz, 1H),3.16 (br,
1H), 2.53 (br, 1H); 13C NMR (125 MHz, CDCl3): δ (ppm) 137.9, 128.7, 128.1, 110.0, 98.8, 80.1,
71.2, 70.6, 63.2, 61.8, 55.3; ESIMS: [M+NH4] calcd. for C14H23N4O5+ 327.17 Found: 327.

1-O-methyl-2-azido-2-deoxy-3-O-benzyl-6-O-triphenylmethyl-α-ᴅ-glucopyraoside (80)
Compound 79 (354 mg, 1.15 mmol) was dissolved in Py (1.40 mL). A catalytic amount of
DMAP (30 mg) and TrCl (385 mg, 1.38 mmol) were added to the same solution and stirred
overnight at 40 °C. The reaction mixture was diluted with CH2Cl2 (10 mL) and quenched with sat.
NaHCO3 (aq). The entire mixture was concentrated in vacuo and co-evaporated with toluene (10
mL × 3). The precipitate that formed was filtered, and the filtrate was concentrated in vacuo. The
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crude mixture was purified by silica gel flash column chromatography (hexanes/EtOAc = 3/1) to
afford the pure product (622 mg, 98%).
H NMR (500 MHz, CDCl3): δ (ppm) 7.57-7.30 (m, 20H), 4.96 (d, J = 11.0 Hz, 1H), 4.90 (d, J =
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11.0 Hz, 1H), 4.87 (d, J = 3.5 Hz, 1H), 3.89 (dd, J = 8.5, 10.5 Hz, 1H), 3.82-3.79 (m, 1H), 3.763.71 (m, 1H), 3.52-3.49 (m, 1H), 3.50 (s 3H), 3.47-3.43 (m 2H); 13C NMR (125 MHz, CDCl3): δ
(ppm) 143.8, 138.1, 128.7, 128.6, 128.3, 128.1, 128.0, 127.9, 127.3, 127.2, 98.6, 82.0, 80.1, 75.4,
72.6, 70.3, 63.9, 52.2; ESIMS: [M+Na] calcd. for C33H33N3NaO5+ 574.23 Found: 574.

1-O-methyl-2-azido-2-deoxy-3-O-benzyl-6-O-benzyl-α-ᴅ-glucopyraoside (82)
A solution of compound 78 (217 mg, 0.546 mmol) in CH2Cl2 (6.8 mL) was cooled to 0 °C.
Et3SiH (174 μL, 1.09 mmol) and BF3·Et2O (202 μL, 1.64 mmol) were added to the solution and
stirred at 0 °C for 2 h. The reaction was quenched by addidtion of sat. NaHCO3 (aq) (10 mL) and
extracted with CH2Cl2. The organic phase was dried over Na2SO4, filtered, and concentrated in
vacuo. The crude residue was purified by silica gel flash column chromatography
(hexanes/EtOAc = 10/1 to 4/1) to afford the pure product (156 mg, 72%).
H NMR (500 MHz, CDCl3): δ (ppm) 7.43-7.30 (m, 10H), 4.93 (d, J = 11.5 Hz, 1H), 4.81 (d, J =
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11.5 Hz, 1H), 4.80 (d, J = 3.5 Hz, 1H), 4.62 (d, J = 12.0 Hz, 1H), 4.56 (d, J = 12.0 Hz, 1H), 3.81
(dd, J = 8.5, 10.5 Hz, 1H), 3.75-3.68 (m, 4H), 3.43 (s 3H), 3.38 (dd, J = 3.5, 10.0 Hz, 1H), 2.52
(br, 1H); 13C NMR (125 MHz, CDCl3): δ (ppm) 138.1, 137.7, 128.6, 128.4, 128.1, 128.0, 127.8,
127.7, 98.8, 80.0, 75.1, 73.7, 72.1, 70.0, 69.7, 63.0, 55.3; ESIMS: [M+Na] calcd. for
C21H25N3NaO5+ 422.17 Found: 422.24.

(2,3,4-tri-O-benzoyl-6-O-tert-butyldiphenylsilyl-β-ᴅ-glucopyranosyl)-(1→4)-1-O-methyl-2azido-2-deoxy-3-O-benzyl-6-O-benzyl-α-ᴅ-glucopyraoside (83)
Glycosyl donor 69 (90 mg, 0.127 mmol) and glycosyl acceptor 82 (40 mg, 0.106 mmol) were coevaporated in toluene (5 mL) three times and dried under high vacuum for 3 h. To this mixture,
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CH2Cl2 (6.34 mL) and pre-activated MS 4Å (130 mg) were added and stirred at room temperature
for 30 min. The reaction was then cooled to 0 °C, and NIS (34 mg, 0.15 mmol) and TMSOTf
(11.5 μL, 0.063 mmol) were added. The temperature of the reaction was gradually increased to
room temperature over 2 h. The reaction was quenched by addition of sat. NaHCO3 (aq) and
extracted with CH2Cl2. The organic layer was washed with H2O and dried over Na2SO4. The
organic layer was filtered and concentrated in vacuo. The crude mixture was purified by silica gel
flash column chormatography (hexanes/EtOAc = 10/1 to 4/1) to afford the pure product (61 mg,
52%).
H NMR (500 MHz, CDCl3): δ (ppm) 7.90-7.13(m, 40H), 5.60-5.52 (m, 2H), 5.46 (t, J = 8.5 Hz,
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1H), 5.09 (d, J = 12.0 Hz, 1H), 4.84 (dd, J = 3.0 11.5 Hz, 2H), 4.77-4.74 (m, 2H), 4.42 (d, J =
12.0 Hz, 1H), 4.17-4.11 (m, 2H), 3.86 (t, J = 10.0 Hz, 1H), 3.81-3.70 (m, 3H), 3.57-3.47 (m, 3H),
3.34 (dd, J = 4.0, 10.5 Hz, 1H), 3.31 (s 3H), 0.99 (s, 9H); 13C NMR (125 MHz, CDCl3): δ (ppm)
165.8, 165.0, 164.8, 138.4, 137.5, 135.6, 135.5, 133.1, 132.9, 132.8, 129.8, 129.7, 129.7, 129.7,
129.6, 129.3, 129.2, 129.0, 128.9, 128.7, 128.6, 128.4, 128.4, 128.3, 128.1, 127.8, 127.6, 110.0,
98.8, 98.8, 76.3, 75.1, 74.8, 73.9, 73.5, 72.5, 70.0, 67.3, 63.1, 62.8, 55.4, 55.3, 26.6; ESIMS:
[M+Na] calcd. for C64H65N3NaO13Si+ 1134.42 Found: 1134.45.

(2,3,4-tri-O-benzoyl-β-ᴅ-glucopyranosyl)-(1→4)-1-O-methyl-2-azido-2-deoxy-3-O-benzyl-6O-benzyl-α-ᴅ-glucopyraoside (84)
A solution of 83 (23 mg, 0.021 mmol) in THF (0.2 mL) was cooled to 0 °C. HF·Py (13.5 μL) was
added to this solution at 0 °C and stirred at room temperature overnight. The reaction was diluted
with H2O and extracted with CH2Cl2. The organic layer was dried over Na2SO4, filtered, and
concentrated in vacuo. The crude product was purified on silica gel flash column chromatography
(hexanes/EtOAc = 5/1 to 1/1) to afford the pure product (19 mg, quant.).
H NMR (500 MHz, CDCl3): δ (ppm) 7.93-7.26 (m, 25H), 5.65 (t, J = 10.0 Hz, 1H), 5.44 (dd, J =
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8.5, 10.0 Hz, 1H), 5.31 (t, J = 9.5 Hz, 1H), 5.08, (d, J = 11.0 Hz, 1H), 4.81 (dd, J = 8.0 11.0 Hz,
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2H), 4.75 (d, J = 3.5 Hz, 1H), 4.71 (d, J = 8.0 Hz, 1H), 4.41 (d, J = 12.0 Hz, 1H), 4.02 (t, J = 9.0
Hz, 1H), 3.88 (t, J = 10.0 Hz, 1H), 3.51 (dd, J = 9.5, 12.0 Hz, 1H), 3.44-3.40 (m, 5H), 3.32 (s,
3H), 3.26-3.23 (m, 1H); 13C NMR (125 MHz, CDCl3): δ (ppm) 165.7, 165.4, 164.8, 138.3, 137.6,
133.5, 133.4, 133.2, 129.8, 129.7, 129.7, 128.9, 128.9, 128.8, 128.6, 128.5, 128.5, 128.4, 128.3,
127.9, 127.5, 100.1, 98.6, 78.1, 75.3, 74.4, 73.8, 73.0, 72.1, 70.0, 69.7, 67.1, 63.2, 61.5, 60.4,
55.4; ESIMS: [M+Na] calcd. for C48H47N3NaO13+ 896.30 Found: 896.31.

(2,3,4-tri-O-benzoyl-β-ᴅ-glucopyranosyluronate)-(1→4)-1-O-methyl-2-azido-2-deoxy-3-Obenzyl-6-O-benzyl-α-ᴅ-glucopyraoside (85)
To a solution of compound 84 (65 mg, 0.075 mmol) in a solution of CH2Cl2/H2O = 2/1 (750 μL),
TEMPO (2.3 mg, 0.015 mmol) and BAIB (60 mg, 0.19 mmol) were added. The reaction mixture
was stirred at room temperature overnight. The reaction was quenched by addition of 0.1 M
Na2S2O3 (3 mL) and extracted with EtOAc (10 mL × 3). The organic phase was combined, dried
over Na2SO4, filtered, and concentrated in vacuo. The crude product was purified by silica gel
flash column chromatography (CH2Cl2/MeOH = 20/1 to 10/1) to afford the pure product (68 mg,
quant.).
H NMR (500 MHz, CDCl3): δ (ppm) 7.95-7.28 (m, 25H), 5.64-5.63 (m, 2H), 5.47 (t, J = 8.0 Hz,
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1H), 5.16 (d, J = 11.5 Hz, 1H), 4.80-4.68 (m, 2H), 4.68 (d, J = 3.0 Hz, 1H), 4.34 (d, J = 12.0 Hz,
1H), 4.14 (t, J = 9.5 Hz, 1H), 4.00 (d, J = 5.5 Hz, 1H), 3.88 (t, J = 9.5 Hz, 1H), 3.70 (d, J = 9.0
Hz, 1H), 3.50 (t, J = 10.0 Hz, 1H), 3.44-3.42 (m, 2H), 3.35 (dd, J = 3.0, 10.0 Hz, 1H), 3.27 (s,
3H); 13C NMR (125 MHz, CDCl3): δ (ppm) 177.0, 165.6, 165.1, 164.7, 137.8, 137.7, 133.5, 133.4,
133.4, 129.9, 129.8, 129.1, 129.0, 128.9, 128.8, 128.7, 128.6, 128.5, 128.5, 128.4, 127.9, 100.0,
98.8, 92.5, 78.0, 76.8, 75.9, 73.8, 72.6, 71.8, 70.2, 70.0, 67.2, 62.9, 55.4; ESIMS: [M+Na] calcd.
for C48H45N3NaO14+ 910.28 Found: 910.29.
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(β-ᴅ-glucopyranosyluronate)-(1→4)-1-O-methyl-2-azido-2-deoxy-3-O-benzyl-6-O-benzyl-αᴅ-glucopyraoside (86)
Compound 85 (65 mg, 0.073 mmol) was dissolved in THF (3.84 mL) and cooled to -5 °C. H2O2
(30%, 1.3 mL) and 1 N LiOH (2.15 mL) were added and stirred overnight at room temperature.
The solution was cooled to 0 °C and MeOH (9.04 mL) and 3 N KOH (2.15 mL) were added and
stirred overnight at room temperature. The reaction was quenched by addition of Amberlite (H +).
The Amberlite was filtered and the filtrate was concentrated in vacuo. The crude product was
purified by silica gel flash column chromatography (CH2Cl2/MeOH = 50/1 to 10/1) to afford the
pure product (44 mg, quant.).
H NMR (500 MHz, CDCl3): δ (ppm) 7.46-7.23 (m, 10H), 5.12 (d, J = 11.0 Hz, 1H), 4.75 (d, J =
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3.5 Hz, 1H), 4.65 (d, J = 11.0 Hz, 1H), 4.61 (d, J = 11.5 Hz, 1H), 4.49 (d, J = 11.5 Hz, 1H), 4.49
(d, J = 7.5 Hz, 1H), 4.06-4.03 (m, 2H), 3.86 (dd, J = 9.0, 10.0 Hz, 1H), 3.81-3.78 (m, 1H), 3.74
(dd, J = 1.5, 11.5 Hz, 1H), 3.56 (d, J = 4.5 Hz, 1H), 3.37 (s, 3H), 3.34-3.26 (m, 4H); 13C NMR
(125 MHz, CDCl3): δ (ppm) 175.9, 138.0, 128.5, 128.1, 128.0, 127.8, 127.6, 127.4, 127.2, 102.9,
98.7, 92.5, 78.0, 76.6, 76.0, 74.7, 73.8, 72.9, 71.9, 70.4, 67.9, 62.7, 54.2; ESIMS: [M+Na] calcd.
for C27H33N3NaO11+ 598.20 Found: 598.22.

(β-ᴅ-glucopyranosyluronate)-(1→4)-1-O-methyl-2-amino-2-deoxy-α-ᴅ-glucopyraoside (59)
To a solution of compound 86 (44 mg, 0.076 mmol) in MeOH (8.8 mL), 10 wt% Pd/C (88 mg)
was added. A balloon filled with H2 gas was inserted to the reaction flask. The reaction was
stirred at room temperature for 3 days. Pd/C was removed by filtration through Celite and rinsed
with MeOH. The filtrate was concentrated in vacuo to afford the product (27 mg, 96%).
H NMR (500 MHz, MeOD): δ (ppm) 4.86 (s, 1H), 4.40 (d, J = 7.5 Hz, 1H), 3.85-3.67 (m, 5H),
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3.54 (t, J = 9.5 Hz, 1H), 3.42-3.39 (m, 2H), 3.28 (s, 2H), 3.23-3.19(m, 2H); 13C NMR (125 MHz,
MeOD): δ (ppm) 173.06, 102.3, 95.7, 78.3, 75.0, 74.5, 72.7, 71.2, 70.4, 68.3, 59.4, 55.2, 53.7;
ESIMS: [M+Na] calcd. for C13H23NNaO11+ 392.12 Found: 392.22.
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(β-ᴅ-glucopyranosyluronate)-(1→4)-1-O-methyl-2-FBoc-2-deoxy-α-ᴅ-glucopyraoside (88)
To a solution of compound 59 (36 mg, 0.098 mmol) in H2O/THF = 1/1, Et3N (14 μL, 0.098
mmol) and FBoc-ON (47 mg, 0.11 mmol) were added. The reaction mixture was stirred overnight
at room temperature. The reaction was concentrated in vacuo and rinsed with CH2Cl2 (5 mL × 2)
to remove the orange side-product. The crude product was purified on a FSPE cartridge (5 g) to
afford the pure product (45 mg, 71%) in the 100 % MeOH elution.
H NMR (500 MHz, MeOD): δ (ppm) 4.65 (d, J = 3.5 Hz, 1H), 4.58 (d, J = 8.0 Hz, 1H), 3.90-

1

3.87 (m, 3H), 3.73 (dd, J = 8.0, 10.5 Hz, 1H), 3.63-3.57 (m, 3H), 3.48 (t, J = 9.0 Hz, 1H), 3.41 (t,
J = 9.0 Hz, 1H), 3.35 (s, 3H), 3.28-3.20 (m, 2H), 2.36-2.24 (m, 2H), 2.12-1.95 (m, 2H), 1.49 (s,
3H), 1.46 (s, 3H); 13C NMR (125 MHz, MeOD): δ (ppm) 173.8, 156.3, 149.8, 138.1, 132.8, 109.3,
107.8, 103.1, 98.5, 85.8, 80.0, 79.0, 75.9, 73.1, 71.2, 70.5, 69.8, 54.9, 25.1, 23.9; ESIMS:
[M+Na] calcd. for C22H32F7NNaO13 + 674.17 Found: 674.15.
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6. Ozonolysis of the double bond of the unsaturated uronate residue in low molecular
weight heparin and K5 heparosan
Ozone is known to add across and cleave carbon-carbon double bonds. Ozonolysis is widely used
for the preparation of pharmaceuticals, for bleaching substances and for killing microorganisms
in air and water sources. Some polysaccharides and oligosaccharides, such as those prepared
using chemical or enzymatic β-elimination, contain a site of unsaturation. In this chapter, we
examined ozonolysis of LMWHs, enoxaparin and logiparin, and heparosan oligo- and
polysaccharides for the removal of the nonreducing terminal unsaturated uronate residue. This
reaction also has potential applications in the chemoenzymatic synthesis of bioengineered heparin
from E. coli-derived K5 heparosan.

6.1 Introduction
Heparin is a glycosaminoglycan composed of O-sulfo and N-acetyl or N-sulfo (1→4)-linked
glucosamine and uronic acid residues. While heparin exhibits undesirable side effects such as
hemorrhagic complications and HIT, it is still in widespread clinical use.31,155,156 LMWHs have
been introduced as heparin substitutes with reduced side effects, more predictable
pharmacological action, sustained antithrombotic activity, and better bioavailability. 156–158
LMWH is prepared from heparin by one of the following methods: treatment with nitrous acid,
cleavage with enzyme heparinase, oxidative cleavage with hydrogen peroxide, or benzylation
followed by alkaline depolymerization.38,159–162 The resulting LMWHs often have modified
saccharide residues, such as a C4-C5 double bond in the uronate residue at the nonreducing end
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(cleavage with heparin lyase I or benzylation followed by alkaline depolymerization) or
anhydromannose at the reducing end (nitrous acid depolymerization).38,161–163
E. coli-derived K5 heparosan is a capsular polysaccharide, comprised of a
[→4)GlcA(1→4)GlcNAc(1→].164 K5 heparosan is a bacterial capsular polysaccharide that acts
as a molecular camouflage muting immune response because of its structural similarity to
heparosan, the biosynthetic precursor of heparin and heparan sulfate.165 Portions of the heparosan
polysaccharide can be shed from E. coli K5 through the action of K5 heparosan lyase, an enzyme
originating from bacterial phage that cleaves the heparosan chain through a β-elimination
mechanism.166 In response to the heparin contamination crisis of 2008,99 our group has begun to
chemoenzymatically synthesize a bioengineered heparin by following the heparin biosynthetic
pathway using recombinant biosynthetic enzymes.167 Starting from E. coli K5 heparosan, two
chemical steps and four enzymatic steps led our group to prepare a bioengineered heparin. 69
However, the resulting heparin contained a double bond in the C4 and C5 position of the ΔUA
moiety in the nonreducing end associated with the action of K5 lyase on the heparosan starting
material. In this chapter, ozonolysis is examined as a method to remove ΔUA residues from
heparosan and LMWHs. Ozone offers an added advantage of decolorizing or bleaching the
sample and removing endotoxins. Mercuric acetate treatment is currently used to remove the
ΔUA nonreducing residue from polysaccharides after treatment with polysaccharide lyases.168
Unfortunately, mercuric salts are highly toxic and are generally not used in the preparation of
pharmaceutical products.
Ozonolysis is the cleavage of an alkene or alkyne with ozone to form organic compounds
in which the multiple carbon-carbon has been replaced by a double bond to oxygen. Ozonolysis is
widely used for the preparation of pharmaceuticals, and many other commercially useful organic
compounds, where it is used to sever carbon-carbon double bonds.169 Hyaluronic acid
oligosaccharides prepared using polysaccharide lyase were treated with ozone to confirm the
presence of a double bond in the C4 and C5 position of the uronic acid moiety. 170 However, this
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paper failed to characterize the resulting oligosaccharide product, making it unclear whether
ozone had damaged other saccharide units in addition to the ΔUA residue. Moreover, it was also
unclear whether ozonolysis would be effective in the case of a sulfated polysaccharide or result in
the loss of N-sulfo or O-sulfo groups from the treated polysaccharide or oligosaccharide. Thus,
we examined ozonolysis for the removal of unsaturated modified sugar residues. As a model
compound, an unsaturated heparosan hexasaccharide was treated with ozone. Once we confirmed
that the unsaturated uronate residue was successfully cleaved to form a heparosan
pentasaccharide, we performed ozonolysis on enoxaparin, logiparin, and microbial heparosan.

6.2 Results and discussion
The proposed mechanism of ozonolysis of heparosan and heparin is shown in Figure 44. Ozone
cleaves the carbon-carbon double bond of the unsaturated uronate residue present at the
nonreducing end. The glycosidic bond is cleaved upon acidic work-up, releasing the
polysaccharide as an alcohol.

Figure 44. Removal of the unsaturated uronic acid residue of heparin and heparosan by
ozonolysis. In heparosan R = [ → 4)--ᴅ-GlcA(1 → 4)--ᴅ-GlcNAc(1 → ]n4)--ᴅ-GlcA(1 → 4)--ᴅ-GlcNAc. In
heparin R = → [ → 4)--ʟ-IdoA+2S(or -ᴅ-GlcA)(1 → 4)--ᴅ-GlcNS+6Sand/or+3S(or GlcAc+6S)(1 → ]n 4)--ʟIdoA+2S(or -ᴅ-GlcA)(1→4)--ᴅ-GlcNS+6Sand/or+3S(or GlcAc+6S).
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A heparosan-derived hexasaccharide was used as a model compound to carry out
ozonolysis. Ozone was bubbled through an aqueous solution of the hexasaccharide for 5 min and
worked up with acid. The resulting product was analyzed by 1D 1H NMR spectroscopy. Figure
45A shows the NMR spectrum of the original hexasaccharide containing the unsaturated uronic
acid residue at the nonreducing end. The numbers correspond to the position of the protons of the
uronate moiety. Figure 45B shows the NMR spectrum of the pentasaccharide product obtained
after ozonolysis. The signals that were indicated in Figure 45A are not observed in the product,
suggesting that the uronate moiety was successfully removed by ozonolysis. The structure of the
heparosan pentasaccharide was further confirmed by low resolution ESI-MS, which showed
[M+H]+ as m/z 980.32 (m/z calc. 980.32).

Figure 45. 1H NMR spectra (600 MHz) of heparosan-derived oligosaccharides. A. Spectrum of
heparosan hexasaccharide prepared by controlled heparin lyase III-catalyzed depolymerization of heparosan. B.
Spectrum of heparosan pentasaccharide prepared by ozonolysis of heparosan hexasaccharide. Peaks labeled 1, 3 and 4
in A correspond to signals assigned to protons attached to carbons 1, 3 and 4 of the nonreducing terminal ΔUA residue.
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Ozone was then bubbled through an aqueous solution of K5 heparosan polysaccharide for
5 min and worked up with acid. The resulting product was analyzed by 1D 1H NMR spectroscopy.
Figure 46A shows the NMR spectrum of the original K5 heparosan containing the unsaturated
uronic acid residue at the nonreducing end. The proton signal at ~5.8 ppm is indicative of the
presence of an unsaturated uronic acid residue, corresponding to the C4 proton. Figure 46B
shows the NMR spectrum of the product obtained after ozonolysis. The characteristic signal of
the double bond at ~5.8 ppm is no longer observed after ozone treatment, which suggests that the
uronate moiety was successfully removed from K5 heparosan polysaccharide.

Figure 46. 1H NMR spectra (600 MHz) of heparosan polysaccharides. A. Spectrum of pure K5
heparosan polysaccharide. B. Spectrum of pure K5 heparosan polysaccharide following ozonolysis. Insert shows peak
at 5.785 ppm present in spectrum A but absent after ozonolysis in spectrum B assigned to the proton at C4 in the ΔUA
residue at the nonreducing terminals of the chain.

Ozone was bubbled through an aqueous solution of enoxaparin and logiparin for 5 min
and worked up with acid. The resulting product was analyzed by 1D 1H NMR spectroscopy.
Figure 47A shows the NMR spectrum of the original enoxaparin containing the unsaturated
uronic acid residue at the nonreducing end. The proton signals of H-1, H-2, and H-4 are indicated.
Figure 47B shows the NMR spectrum of the product obtained after ozonolysis. The characteristic
signals are no longer observed after ozone treatment, which suggests that the uronate moiety was
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successfully removed from enoxaparin. Figure 47C shows the NMR spectrum of the original
logiparin containing the unsaturated uronic acid residue at the nonreducing end, which is
confirmed by the three characteristic signals that were also seen in Figure 47A. In Figure 47D,
these three peaks are not observed, which suggests that the uronate moiety was successfully
removed from logiparin. In addition, the NMR spectra of ozonolyzed enoxaparin and logiparin
are almost identical to that of sodium heparin (Celsus). The signals indicating the presence of
GlcNS6S and IdoA2S, which are part of the pentasaccharide pattern required for heparin’s antiXa acivity, are observed in each product. These data demonstrate that ozonolysis is an important
tool for removing the unsaturated uronic acid residue from the nonreducing terminus of LMWHs
without modification of the core structure.

Figure 47. 1H NMR spectra (600 MHz) of heparin and low molecular weight heparins and
ozonolyzed low molecular weight heparins. A. Spectrum of enoxaparin; B. Spectrum of enoxaparin after
ozonolysis; C. Spectrum of logiparin; D. Spectrum of logiparin after ozonolysis; E. Spectrum of heparin. Peaks
indicated in spectrum A are associated with the ΔUA2S residue also found in spectrum C. Peaks labeled in E
correspond to the anomeric protons of the major repeating units in heparin and are observed in all spectra.
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The anticoagulation activity of enoxaparin and logiparin treated with or without ozone
were examined (Table 6). The anti-factor Xa activity of ozonolyzed logiparin was comparable to
that of untreated logiparin. In the case of enoxaparin, the ozonlyzed product showed higher antifactor Xa acitivity than the untreated enoxaparin. These data suggest that there was no loss of
sulfate groups and that the anticoagulant activity is retained after ozone treatment.

Table 6. Analysis of the anti-Xa amidolytic activity of low molecular weight heparin
samples.

a

Sample

Anti-factor Xa amidolytic activitya (U/mg)

Enoxaparin

171 ± 3

Ozonolyzed enoxaparin

206 ± 4

Logiparin

114 ± 3

Ozonolyzed logiparin
Std. dev. based on n = 3

111 ± 5

6.3 Experimental
6.3.1 Chemicals
All chemicals were obtained from Sigma-Aldrich (St. Louis, MO) except where otherwise stated.
Oxygen was obtained from Airgas. Enoxaparin and logiparin were purchased from Sanofi
Aventis (Paris, France) and Pfizer (New York, NY), respectively. Sodium heparin used for
standard preparation was obtained from Celsus Laboratories (Cincinnati, OH).

6.3.2 Bacterial strains and culture conditions
The E. coli K5 from American Type Culture Collection (ATCC #23506) was grown in a 7 L
fermentor. The fermentation consists of a batch growth stage and a fed batch growth stage. The
composition of the medium for the batch growth in the fermentation was: 20 g/L glucose, 10 or
300 mg/L thiamine, 13.5 g KH2PO4; 4.0 g (NH4)2HPO4, 1.4 g MgSO4·7H2O, 1.7 g citric acid, and
101

10.0 mL trace metal solution. Trace metal solution consisted of (per L of 5 M HCl) 10.0 g
FeSO4·7H2O, 2.0 g CaCl2, 2.2 g ZnSO4·7H2O, 0.5 g MnSO4·4H2O, 1.0 g CuSO4·5H2O, 0.1 g
(NH4)6Mo7O24·4H2O, and 0.02 g Na2B4O7·10H2O. The feeding solution used in the fed batch
stage consisted of (per L): 250-1000 g glucose, 20 g MgSO4·7H2O and 0.15 or 0.25 g thiamine.171
The pH was kept at a value of ~ 7.0 throughout the fermentation.
The batch growth stage began with the inoculation of seed culture (300 mL of 5.6 g/L
DCW) obtained from a shake flask in late exponential growth. The temperature was maintained at
~ 37 °C, and the pH was maintained at approximately 7 (by adding 29% ammonia solution). Air
was sparged into the fermentor to supply oxygen, and the stirrer speed was set to 520 rpm.
The second stage of the fermentation began after glucose in the batch growth medium
had been depleted and the dissolved oxygen showed a sharp increase. The feeding solution was
then fed exponentially as described before.109 Fermentation supernatant was harvested by
centrifugation (12,000g for 30 min) after no further increase in cell density was observed at 32 h.

6.3.3 Preparation of extracellular polysaccharide of E. coli K5
Fermentation supernatant (100 mL) was diluted two-fold using buffer A (50 mM NaCl and 20
mM NaAcO, pH 4) and the pH was readjusted to 4. This diluted fermentation broth was then
purified using DEAE-Sepharose fast-flow resin packed weak anion-exchange column. Heparosan
(20 mg) was added to each 1 mL of DEAE resin (GE Healthcare Bio-Sciences Corp., NJ), which
was equilibrated at pH 4 using 3 column volumes of buffer A. Diluted fermentation broth (200
mL containing 1 g of heparosan) was then loaded onto a 150 mL column under gravity flow
conditions. The bound heparosan was eluted using 2 column volumes of buffer B (1 M NaCl and
20 mM NaAcO, pH 4). Absolute Ethanol (Fisher Scientific, PA) was added to the eluted sample
in a 4:1 ratio by volume followed by incubation at 4 °C for 24 h in an explosion proof refrigerator.
Heparosan was recovered in a pellet form using Sorvall Evolution RC superspeed centrifuge at
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2400g for 1 h. The recovered pellet was resolubilized using DI water and dialyzed against DI
water using 3500 MWCO Spectra/por® Dialysis membranes (Spectrum Laboratories Inc.) for 3
days. The retentate was concentrated using Buchi rotavapor R-200 and then lyophilized.

6.3.4 Generation of unsaturated uronic acid residues in heparosan
Heparosan hexasaccharide was prepared by a partial digestion of heparosan polysaccharide with
heparin lyase III. Heparin lyase III (0.3 mU/mL) was added to a 1 mg/mL solution of heparosan,
and digestion was allowed to proceed for 70 min at 35 °C and 150 rpm, or until UV absorbance at
232 nm indicated 50% digestion. Boiling for 20 min inactivated the enzyme. The sample was
then centrifuged at 5,000g to remove any precipitate. Heparosan hexasaccharide was obtained by
separation using a Bio-Gel P-10 (Bio-Rad, Hercules, CA, USA) column using 0.2 M NaCl (aq) as
eluent. Fractions were detected by UV absorbance at 232 nm followed by desalting on a Bio-Gel
P-2 (Bio-Rad, Hercules, CA, USA) column. The structure was confirmed by 1D 1H NMR (600
MHz) and low-resolution ESI-MS.

6.3.5 Ozonolysis of heparosan, enoxaparin and logiparin
Samples were prepared for ozonolysis in water at 0.2 mg/mL, 1 mg/mL in the case of heparosan.
Ozone, generated from a Welsbach model T-816 (El Sobrante, CA) apparatus set at 0.4 L/min (O2
at 21 °C) airflow and 70 V, was bubbled through the solution for up to 5 min. The reaction was
worked up by adjusting the sample to pH 3 with 1 M HCl (aq) and heating for 30 min at 37 °C.
The sample was adjusted to pH 7 with 10% NaOH (aq). The sample was desalted by 3000
MWCO spin column (Millipore) and lyophilized.
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6.3.6 NMR analysis
Ozonolyzed products were analyzed by 1D 1HNMR. All NMR experiments were performed at
298 K on Bruker Avance II 600 MHz spectrometer with Topspin 2.0 software. Samples (0.5 mg
to 1.0 mg) were each dissolved in 0.4 mL D2O (99.96%, Sigma-Aldrich Chemical Co.) and
lyophilized three times to remove the exchangeable protons. The samples were redissolved in 0.4
mL D2O and transferred to NMR microtubes (OD 5 mm, Norrell). Experiments were performed
with 32 scans and an acquisition time of 2.6 s.

6.3.7 Anticoagulation activity of enoxaparin and logiparin
Anti-factor Xa activity was measured using Test Team® Heparin S kit (Sekisui Medical, Tokyo,
Japan). Reaction mixture 1 (0.2 mL), which contained 50 mM Tris HCl (pH 8.4), 20 µL of human
plasma, 20 mU of ATIII and 50 ng of enoxaparin, ozonolyzed enoxaparin, logiparin, or
ozonolyzed logiparin were incubated at 37 °C for 2 min. After incubation, reaction mixture 2 (0.3
mL), which contained 0.71 nkat of factor Xa and 150 μg of S-2222, was added and incubated for
30 s. The reaction was stopped with 300 μL of 8.33 M acetic acid and the absorbance was
measured at 405 nm.
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