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Various 4-deoxy-4-fluoro-xylosides were prepared using click chemistry for evaluating their potential
utility as inhibitors of glycosaminoglycan biosynthesis. 2,3-Di-O-benzoyl-4-deoxy-4-fluoro-b-D-xylopyr-
anosylazide, obtained from L-arabinopyranose by six steps, was treated with a wide variety of azide-
reactive triple bond-containing hydrophobic agents in the presence of Cu2+ salt/ascorbic acid, a step known
as click chemistry. After click chemistry, benzoylated derivatives were deprotected under Zemplén condi-
tions to obtain 4-deoxy-4-fluoro-xyloside derivatives. A mixture of a:b-isomers of twelve derivatives were
then separated on a reverse phase C18 column using HPLC and the resulting twenty four 4-deoxy-4-fluoro-
xylosides were evaluated for their ability to inhibit glycosaminoglycan biosynthesis in endothelial cells. We
identified two xyloside derivatives that selectively inhibit heparan sulfate and chondroitin sulfate/derman
sulfate biosynthesis without affecting cell viability. These novel derivatives can potentially be used to
define the biological actions of proteoglycans in model organisms and also as therapeutic agents to combat
various human diseases in which glycosaminoglycans participate.

� 2010 Elsevier Ltd. All rights reserved.
Proteoglycans are composed of a core protein and glycosamino-
glycan (GAG) side chains such as heparan sulfate (HS) and chondroi-
tin sulfate (CS). The GAG side chains are attached to core protein at
certain serine residues through a common linkage tetrasaccharide,
GlcAb(1?3)Galb(1?3)Galb(1?4)Xylb(1-O-Ser).1,2 Interactions of
the sulfated GAG side chains with a wide array of proteins, including
proteases, growth factors, morphogens, cytokines, and extracellular
matrix structural proteins regulate numerous biological functions.3–6

Assembly of GAG chain involves the following events: xylosylation
of certain serine amino acids located on the core proteins, formation
of the linkage tetrasaccharide, elongation by alternate addition of
glucuronyl residues and hexosamine residues (GlcNAc for HS and
GalNAc for CS), and maturation of GAG side chains with various sul-
fation/epimerization events along the GAG chains.7,8

Various xylosides carrying hydrophobic aglycone groups have
been shown to induce free GAG chains in several cellular systems
and model organisms for nearly four decades.9–12 We have earlier
shown that a number of 4-deoxy-4-fluoroxylosides perturb GAG
ll rights reserved.

.

biosynthesis as they do not have an acceptor hydroxyl group at
C-4 position for subsequent sugar attachment and elongation.13

Furthermore, these modified xylosides could affect galactosyltrans-
ferase-1, an enzyme involved in assembly of the linkage region, and
Figure 1. 4-Deoxy-4-fluoroxylosides are inhibitors of glycosaminoglycan/proteo-
glycan biosynthesis.
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Scheme 1. Synthesis of 4-deoxy-4-fluoroxylopyranosyl azide derivative 7.

Table 1
Synthesis of various 1-(4-deoxy-4-fluoro-D-xylopyranosyl)-1,2,3-triazoles
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CuSO4,
Sodium L-ascorbateR

R

10

OF
HO

OH
N

NN

12

CH3OH/CH2Cl2=1/1
R

NaOCH3

Entry R 11 12

Reaction time Yield (%) Ratio (a:b) Reaction time (h) Yield (%) Ratio (a:b)

1 FO 16 h 93 (11a) 7:10 3 70 (12a) 3:5

2 ClO 18 h 87 (11b) 3:5 3 75 (12b) 7:10

3 BrO 18 h 91 (11c) 3:5 3 68 (12c) 3:5

4 IO 17 h 95(11d) 7:10 3 71 (12d) 3:5

5 NO2O 2 days 80 (11e) 4:5 3 81 (12e) 7:10

6 O 2 days 54 (11f) 2:1 3 58 (12f) 5:2

7 O 4 days 82 (11g) 4:5 8 60 (12g) 3:5

8 O
Br

4 days 68 (11h) 5:2 3 56 (12h) 5:2

9 S 1 day 89 (11i) 1:2 3 63 (12i) 3:5
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Table 1 (continued)

Entry R 11 12

Reaction time Yield (%) Ratio (a:b) Reaction time (h) Yield (%) Ratio (a:b)

10 O 3 days 45 (11j) 10:3 3 80 (12j) 5:2

11
O

2 days 87 (11k) 1:2 3 40 (12k) 7:10

12 7 days 75 (111) 1:2 3 70 (121) 2:5

Ratio [azide 7:alkyne 10 = 1:1.5].

Figure 2. Inhibitory effect of 4-deoxy-4-fluoroxylosides on GAG biosynthesis in
BLMVEC. Cells were incubated with 300 lM of 4-deoxy-4-fluoroxylosides for 24 h
in the presence of [3H]-glucosamine. Control cells were grown in the absence of
compounds under identical conditions for comparison. GAG chains were then
purified and radioactivity was measured using a liquid scintillation counter as
described in ‘References and Notes’.
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thereby inhibit proteoglycan (PG) biosynthesis (Fig. 1). In our efforts
to develop new approaches to selectively block PG biosynthesis, we
synthesized additional library of 4-deoxy-4-fluoroxylosides using
click chemistry and examined them for their ability to modulate
GAG biosynthesis in endothelial cells. We identified a number of
4-deoxy-4-fluoroxylosides that efficiently inhibit PG biosynthesis
in a selective manner. We predict that these GAG biosynthetic inhib-
itors are valuable chemical biology agents to define the biological ac-
tions of GAG chains in model organisms. We describe here the
syntheses of various 1-(4-deoxy-4-fluoro-b-D-xylopyranosyl)-
1,2,3-triazole derivatives and their biological evaluation as GAG bio-
synthetic inhibitors in endothelial cells.

The synthesis of GAG biosynthetic inhibitors was begun with L-
arabinopyranose 1. We employed protection of C-3 and C-4 hydroxy
groups as isopropylidene acetal of L-arabinopyranose 1 in the first
step to obtain 3,4-O-isopropylidene-L-arabinopyranose 2. Com-
pound 2 was then subjected to 1,2-di-O-benzylation, removal of
the 3,4-O-isopropylidene acetal and 3-O-benzylation to give com-
pound 5 as shown in Scheme 1.14,15 Deoxyfluorocarbohydrate ana-
logs, which contain a fluorine atom instead of a hydroxyl group,
are extensively used as mechanistic probes or inhibitors of various
enzymes involved in glycosylation. Therefore, we predicted that
replacement of the C-4 hydroxyl group with a fluorine atom in
xylose might block the transfer of the galactose residue from
Gal-UDP catalyzed by galactosyltransferase-1. The treatment of
compound 5 carrying unprotected hydroxyl group at C-4 with dieth-
ylaminosulfur trifluoride should lead to nucleophilic displacement
of the hydroxyl group by fluoride with concomitant inversion of con-
figuration.16 Thus, the decisive step in our synthetic strategy is the
inversion of the axial hydroxyl group at C-4 of the partially benzoy-
lated L-arabinose derivative 5 with diethylaminosulfur trifluoride
(DAST) to obtain the 4-deoxy-4-fluoro-xylopyranoside derivative
6.17 Compound 6 was then appended with various hydrophobic
groups (aglycone) at the anomeric carbon. We and other groups
have shown previously that the nature of the hydrophobic aglycone
dramatically influences the priming ability of xylosides, as different
hydrophobic aglycones are differentially recognized by the biosyn-
thetic enzymes involved in the assembly of GAG chains.18,19 We
identified a number of hydrophobic groups that were important
for optimal priming of GAG chains by click-xylosides in our previous
studies.19,20 On the basis of those findings, we have selectively cho-
sen a set of promising hydrophobic groups to be appended at the
anomeric carbon of 4-deoxy-4-fluoroxylopyranosyl azide. We uti-
lized the robust click chemical methodology in the present study,
as we successfully employed such an approach in our earlier studies,
to prepare various 4-deoxy-4-fluoroxylosides as potential biosyn-
thetic inhibitors. We synthesized the xylopyranosyl azide derivative
7 by treating compound 6 with tetramethylsilyl azide and SnCl4 un-
der dry solvent conditions as shown in Scheme 1 (see Supplemen-
tary data for more detail).

The xylopyranosyl azide derivative 7 was then treated with a
wide variety of triple bond-containing hydrophobic agents 10 in
the presence of Cu2+ salt/ascorbic acid. The products of click reac-
tion, 1,2,3-triazole derivatives 11, were obtained in moderate to high
yields as a mixture of a:b-isomers (Table 1). After click chemistry,
benzoylated derivatives 11 were deprotected under Zemplén condi-
tions to obtain the 4-deoxy-4-fluoroxyloside derivatives 12 (Table 1)
(see Supplementary data for more detail). The a:b-isomers of com-
pound 12 could not be separated by conventional silica gel chroma-
tography. A mixture of the a:b-isomers of 12 ***were completely
separated by reverse phase chromatography of HPLC system (see
Supplementary data). The structures of obtained products, 12aa–
12la and 12ab–12lb were confirmed by 1H, 13C, 19F NMR, and MS
spectra.

Bovine lung microvascular endothelial cells (BLMVEC) were
examined for viability in the presence of 4-deoxy-4-fluoroxylosides
(12aa/b–12la/b) at various concentrations using CellTiter-Blue�

reagent.21 Cell viability assay identified seven 4-deoxy-4-fluoroxy-
losides, 12aa, 12ab, 12ea, 12eb, 12ka, 12kb, and 12la, which were
not toxic to the cells at 300 lM or lower concentrations. Based
on these results and our earlier findings that most 4-deoxy-4-fluo-
roxylsoides inhibit cellular GAG biosynthesis efficiently at 300 lM



Figure 3. 4-Deoxy-4-fluoroxylosides affect GAG biosynthesis in BLMVEC. 3H-labeled-GAG chains were isolated from control and 4-deoxy-4-fluoroxylosides treated cells as
described in the experimental section and were loaded onto a DEAE HPLC column. Elution profiles of GAG chains were analyzed using in-line radiomatic detector coupled to
HPLC. The bound GAG chains were eluted with a linear gradient of 1 M NaCl. The chromatographic profiles of GAG chains isolated from control cells that were treated with
DMSO (gray trace) or cells that were treated (black trace) with 4-deoxy-4-fluoroxylosides (12aa, 12ea, 12ka, 12la, 12ab, 12eb, and 12kb) are shown here. HS: heparan sulfate,
CS: chondroitin sulfate.

7272 Y. Tsuzuki et al. / Bioorg. Med. Chem. Lett. 20 (2010) 7269–7273
or higher concentrations, we decided to screen these promising
seven xyloside derivatives at 300 lM for their ability to inhibit PG
biosynthesis in BLMVEC cells. Cells were treated with 300 lM of
4-fluoroxylosides, 12aa, 12ab, 12ea, 12eb, 12ka, 12kb, and 12la,
in the presence of 3H-glucosamine for 24 h. GAG chains were then
purified and quantified by measuring radioactivity using a liquid
scintillation counter as described in the experimental section. The
results indicated that all of these 4-deoxy-4-fluoroxylosides, except
12kb, inhibit PG biosynthesis to various degrees in BLMVEC
(Fig. 2).22 Furthermore, we utilized anion-exchange HPLC to analyze
the inhibitory activity of these seven xylosides on cellular GAG bio-
synthesis. HS and CS appeared in the anion-exchange chromatogram
as two independent peaks between 20 and 50 min (Fig. 3). It is
known that HS elutes earlier than CS in the linear salt gradient
because HS carries overall less negative charge density.20 Cells that
are treated with DMSO alone have no effects on their GAG biosynthe-
sis and thus used as control. Among the 4-deoxy-4-fluoroxylosides
screened, 12ea and 12eb were the best inhibitors of PG biosynthesis
and these inhibitors were able to reduce GAG production by �80%
(Figs. 2 and 3) without affecting cell viability.23

In conclusion, we have synthesized various 1-(4-deoxy-4-flu-
oro-b-D-xylopyranosyl)-1,2,3-triazole derivatives 12, screened for
their ability to inhibit PG biosynthesis and identified two deriva-
tives, 12ea and 12eb, as best inhibitors of GAG biosynthesis. Future
studies will be directed toward investigating the utility of these
biosynthetic inhibitors in defining the structural basis for the
biological actions of glycosaminoglycan glycome and advancing
our knowledge of structural and functional heparanomics. These
derivatives can also be used as therapeutic agents in various
diseases including cancer where glycosaminoglycans are known
to participate at various stages of diseases progression through
regulating GAG-extracellular matrix and cell–cell interactions.
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