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Abstract: Heparan sulfate (HS) and chondroitin sulfate (CS)
glycosaminoglycans (GAG) are proteoglycan-associated poly-
saccharides with essential functions in animals. They have been
studied extensively by genetic manipulation of biosynthetic
enzymes, but chemical tools for probing GAG function are
limited. HS and CS possess a conserved xylose residue that
links the polysaccharide chain to a protein backbone. Here we
report that, in zebrafish embryos, the peptide-proximal xylose
residue can be metabolically replaced with a chain-terminating
4-azido-4-deoxyxylose (4-XylAz) residue by administration of
UDP-4-azido-4-deoxyxylose (UDP-4-XylAz). UDP-4-XylAz
disrupted both HS and CS biosynthesis and caused devel-
opmental abnormalities reminiscent of GAG biosynthesis and
laminin mutants. The azide substituent of protein-bound 4-
XylAz allowed for rapid visualization of the organismal sites
of chain termination in vivo through bioorthogonal reaction
with fluorescent cyclooctyne probes. UDP-4-XylAz therefore
complements genetic tools for studies of GAG function in
zebrafish embryogenesis.

Glycosaminoglycans (GAGs), linear polysaccharides com-
posed of repeating disaccharides, are important components

of animal cell surfaces and the extracellular matrix. The most
widely studied GAGs are heparan sulfate (HS) and chon-
droitin sulfate (CS), which have distinct disaccharide repeats
but share a common core tetrasaccharide that links them to an
underlying protein scaffold (Figure 1 A). Variable sulfation
along a GAG chain can generate an enormous array of
structures, allowing them to interact with diverse biomole-
cules. For example, GAG binding to signaling molecules,
including members of the Hedgehog, TGFb and FGF
families, and to extracellular matrix molecules and basement
membrane components such as laminin, is essential for proper
animal development.[1,2] Accordingly, mutations in the GAG
biosynthetic machinery can lead to dramatic phenotypes.[3]

For example, mice lacking Ext1 or Ext2, the enzymes
responsible for polymerizing HS, die in early development

Figure 1. Xylose initiates diverse glycosaminoglycan structures and can
therefore be targeted for metabolic replacement with a visualizable
chain-truncating analog. A) Heparan sulfate and chondroitin sulfate
structures. R1 = H or SO3

2� ; R2 = Ac or SO3
�� . GlcA, glucuronic acid;

IdoA, iduronic acid; GlcNAc, N-acetylglucosamine; GalNAc, N-acetyl-
galactosamine; Gal, Galactose; Xyl, Xylose; asterisk, position at which
epimerization can occur. B) With an azide in place of the hydroxy
group that is elaborated during GAG enogation, 4-XylAz both inhibits
GAG biosynthesis and enables visualization using a cyclooctyne probe
conjugated to a fluorophore. Green star, fluorophore.
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from defective gastrulation.[4–6] GAG biosynthesis mutations
in zebrafish embryos have been shown to cause craniofacial
developmental defects.[7]

Studies of GAG biology typically involve genetic manip-
ulation of biosynthetic enzymes (e.g., by gene disruption,
antisense knockdown or RNAi) followed by phenotypic
analysis. However, the enzymes may have functions beyond
their roles in catalysis. For example, several proteins involved
in HS biosynthesis are known to exist in multi-enzyme
complexes in the Golgi compartment.[8–10] As a consequence,
diminished expression of one enzyme can indirectly affect the
activity, stability and subcellular localization of others.[8–10] In
other areas of biology, such complexities have motivated the
development of complementary chemical tools that target
proteins of interest in a fundamentally different manner.[11]

Chemical tools for modulating the biosynthesis of GAGs
in cells and organisms are presently quite limited. The
majority of work has focused on aryl xylosides as “primers”
of GAG biosynthesis.[12, 13] As the first sugar of the conserved
core tetrasaccharide (Figure 1A), xylose is attached through
a b-linkage to serine residues by the action of one or more
protein xylosyltransferases (XylTs).[14] The xylose residue is
then elaborated with three more conserved residues before
commitment to a specific GAG chain. b-Xylosides with
hydrophobic aglycones can mimic xylosylated proteins and
compete for the elaborating enzymes. These compounds do
not technically inhibit GAG biosynthesis; rather, they pro-
vide an alternative substrate for GAG elaboration and lead to
the production of proteoglycans without GAGs. Further, the
GAG-modified b-xylosides are secreted into the extracellular
environment where they can acquire new activities, con-
founding interpretation of the observed biological effects.[15]

Recently, this approach was modified to generate true
inhibitors of GAG biosynthesis by replacing the C-4 hydroxy
group of b-xylosides, the position from which the GAG chain
is polymerized, with a fluorine atom.[16, 17] These fluorinated
xylose analogs effectively inhibit GAG biosynthesis in
cultured cells.

Chain-terminating metabolic inhibitors comprise a second
though less well-developed class of GAG biosynthesis
disruptors.[18–21] These compounds are simple deoxy or
fluorinated sugars that lack the key hydroxy group needed
for polysaccharide elongation. Their metabolic conversion to
nucleotide-sugar glycosyl donors and subsequent enzymatic
incorporation into growing GAG chains leads to truncation
and, therefore, incomplete GAG biosynthesis. A complica-
tion inherent to this approach is that most GAG monosac-
charide constituents are widely distributed among other
glycan types. The corresponding deoxy and fluoro analogs
therefore perturb numerous glycan structures in addition to
GAGs.[19, 22] The exception is xylose, which is almost exclu-
sively found in GAGs.[23, 24] But chain-terminating xylose-
based GAG inhibitors have not been explored, perhaps due to
the absence of a salvage pathway that would convert simple
xylose analogs to the UDP-activated form used by protein
xylosyltransferases.[25] This problem would be obviated by the
direct use of UDP-xylose analogs as chain-terminating
metabolic inhibitors, but the anionic nature of nucleotide
sugars renders them cell membrane impermeant.

While nucleotide sugars cannot be effectively adminis-
tered to cultured cells, the situation is quite different for
zebrafish embryos. Our lab as well as Wu and co-workers have
recently shown that nucleotide sugars can be delivered to all
the cells of a zebrafish embryo by microinjection into the yolk
sack at the 1–4 cell stage.[26–28] This observation suggested
a route to inhibiting GAG biosynthesis with UDP-xylose
analogs. In addition to providing a convenient route for
delivery of nucleotide sugars, zebrafish have become a power-
ful, well-established animal model for vertebrate develop-
ment, a biological setting in which GAGs are known to have
numerous functions.[3]

Here we report that UDP-4-azido-4-deoxyxylose (UDP-
4-XylAz) acts as chain-terminating metabolic inhibitor of
GAG biosynthesis in developing zebrafish. After injection
into zebrafish embryos, the compound is recognized as
a substrate by one or more protein XylTs, resulting in the
addition of 4-XylAz to sites where GAGs would normally be
elaborated. Replacement of the C-4 hydroxy group with an
azide both inhibits GAG elaboration and enables visual-
ization of sites within the embryo where inhibition has
occurred by reaction with cyclooctyne-functionalized imaging
probes (Figure 1B).[26,27, 29] This dual-function inhibitor adds
to the much-needed chemical toolkit for studying GAGs
in vivo.

At the outset of this work we prepared the panel of azido
UDP-xylose analogs shown in Figure 2, wherein each hydroxy
group of xylose was individually replaced with an azide group.
To prepare UDP-4-XylAz, we began by selectively benzoy-
lating the 1-, 2- and 3-hydroxy groups of l-arabinose, the C-4

epimer of xylose, using a known procedure.[30] The free
hydroxy group of 1,2,3-tri-O-benzoyl-l-arabinose (4) was
then converted to an azide, giving 5 as shown in Scheme 1.
The benzoyl groups were exchanged with acetyl groups to
facilitate production of the desired a anomer during phos-
phorylation of the C-1 hydroxy group in a later step. Selective
deprotection of the anomeric position with hydrazine acetate
produced 6, which was reacted with diallyl-N,N-diisopropyl-
phosphoramidite to give the globally protected xylose-1-
phosphate analog 7.[31] After deprotection of the phosphate
group and immediate reaction with UMP-N-methylimidazo-
lide, UDP-4-XylAz was obtained.[31] Similar syntheses for
UDP-2-XylAz (2) and UDP-3-XylAz (3) are detailed in the
Supporting Information (Scheme S1 and S2).

Figure 2. UDP-XylAz analogs. UDP-4-XylAz (1), UDP-2-XylAz (2), and
UDP-3-XylAz (3).
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Each azido UDP-xylose derivative, 1–3, was tested for its
ability to deliver azidoxylose into zebrafish proteoglycans. In
these experiments, 50–100 pmol of 1, 2 or 3 was injected into
zebrafish embryos at the 1–4 cell stage. After developing to
24 h post fertilization (hpf), embryos were incubated with
difluorocyclooctyne-AlexaFluor 488 (DIFO-488, 200 mm),
mounted in agarose, and imaged by confocal microsco-
py.[26, 27,29, 32] While no labeling was detectable for embryos
injected with 2 or 3 (Figure S3), azide-dependent labeling was
observed for embryos injected with UDP-4-XylAz (1)
(Figure 3). Flow cytometry, which provides more sensitive
detection than fluorescence microscopy, confirmed that
azide-dependent labeling was only observed after treatment
with 1 (Figure S4).

To establish that UDP-4-XylAz delivers 4-XylAz to sites
of GAG glycosylation, we performed biochemical assays with
human xylosyltransferases 1 and 2 (XylT1 and XylT2), which
are known to initiate GAG glycosylation.[33] An acceptor
peptide was incubated with UDP-4-XylAz and either XylT1
or XylT2 and the glycopeptide product was analyzed by mass
spectrometry (Figure S5). While XylT1 transferred 4-XylAz
to the acceptor peptide, XylT2 was inactive on the substrate.

As human XylT1 is highly homologous to its zebrafish
counterpart, sharing 75% identity, this result supports the
claim that XylT1 is able to transfer UDP-4-XylAz onto
proteoglycans in zebrafish.

Having confirmed that XylT1 can transfer UDP-4-XylAz
to an acceptor peptide in vitro, we disrupted translation of
XylT1 in zebrafish using a splice-blocking morpholino
oligonucleotide (MO) and analyzed the effect on 4-XylAz
labeling.[33] We used a previously-reported XylT1 MO and
verified its effect on the XylT1 transcript by reverse tran-
scription polymerase chain reaction (RT-PCR) (Figure S6 and
S7).[33] Then, embryos were injected with 50 pmol of UDP-4-
XylAz alone or 50 pmol of UDP-4-XylAz and 6 ng of XylT1
MO, and were allowed to develop to 24 hpf. Enveloping layer

Scheme 1. UDP-4-XylAz synthesis. Reagents/conditions: a) 1. Tf2O,
pyridine, DCM, �20 8C; 2. LiN3, DMF, RT, 85% (2 steps); b) 1.
NaOMe, MeOH, RT; 2. Ac2O, pyridine, 0 8C to RT, 80 % (2 steps);
c) hydrazine acetate, DMF, RT, 54%; d) 1. diallyl N,N-diisopropylphos-
phoramidite, 1H-tetrazole, DCM, RT; 2. mCPBA, DCM, �40 8C, 31% (2
steps); e) 1. [Pd(PPh3)4] , sodium p-toluenesulfinate, THF, MeOH, RT;
2. UMP-N-methylimidazolide, MeCN, 0 8C; 3. NEt3, MeOH, water, RT,
22% (3 steps). DCM, dichloromethane; DMF, dimethylformamide;
mCPBA, meta-chloroperbenzoic acid.

Figure 3. UDP-4-XylAz enables in vivo imaging of the site of inhibition
in zebrafish embryos. Scale bars: 10 � , 200 mm; 20 � , 50 mm.

Figure 4. Effect of UDP-4-XylAz on A) HS expression, B) CS expression,
C) HS total sulfation, D) CS total sulfation, E) HS disaccharide compo-
sition, and F) CS disaccharide composition. Gray bars, untreated;
black bars, UDP-4-XylAz. Error bars denote the standard deviation
from three replicate experiments. *p<0.05, **p<0.01, ***p<0.001.
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cells were labeled with NHS-647 and the embryos were
dissociated into single cells, incubated with DIFO-biotin
followed by avidin-AlexaFluor-488, and analyzed by flow
cytometry. Knockdown of XylT1 activity by MO treatment
reduced UDP-4-XylAz-dependent fluorescence labeling by
30% (Figure S8). This partial decrease in labeling was
expected because embryos have maternally provided XylT
activity that cannot be affected by the XylT1 MO.[33]

We next sought to ensure that the decrease in labeling
upon treatment with the MO was not due to a non-specific,
global perturbation of glycan biosynthesis. Fucose is a mono-
saccharide not found in zebrafish GAGs; its incorporation
into cell-surface glycans should therefore be unaffected by the
XylT1 MO. To determine the effects of the XylT1 MO on cell-
surface fucosylation, a proxy for non-GAG glycosylation, we
dissociated MO-treated embryos into single cells, incubated
them with a biotinylated Aleuria aurantia lectin that recog-
nizes fucose, incubated with avidin-AlexaFluor-488, and
measured for fluorescence by flow cytometry (Figure S9).[27]

Comparison of embryos
injected with the XylT1
MO and untreated
embryos confirmed that
the MO had no effect on
fucosylation, and, by infer-
ence, global glycosylation.

After confirming that
replacement of the C-4 hy-
droxy group of xylose with
an azide prevents elabora-
tion by b4-galatosyltrans-
ferase (b4GalT7)[34] in vi-
tro (Figure S10), we inves-
tigated the effects of UDP-
4-XylAz treatment on the
total amount of HS and CS
per embryo, which we
quantified using a previ-
ously described method.[7]

GAGs were isolated from
UDP-4-XylAz-treated or
untreated embryos, enzy-
matically degraded into
disaccharides, and ana-
lyzed by reverse phase ion
pairing HPLC. Treatment
with UDP-4-XylAz caused
a reduction in HS and
CS levels by 47 % and
77%, respectively (Fig-
ure 4 A,B). The unequal
effect of the inhibitor on
HS and CS levels is consis-
tent with observations
in zebrafish mutants with
genetic knockdowns of
the GAG biosynthesis
enzymes responsible for
constructing the core tetra-

saccharide.[7] We further analyzed the extent of sulfation of
HS and CS in the presence and absence of the metabolic
inhibitor. In line with the reduction in GAG levels, HS and CS
sulfation were decreased by 53 % and 83 %, respectively
(Figure 4C,D). In parallel, we analyzed the disaccharide
compositions of HS and CS in the presence and absence of
UDP-4-XylAz. In agreement with its effects on total sulfa-
tion, the inhibitor did not appreciably alter the HS or CS
disaccharide composition (Figure 4E,F).

Finally, we examined the morphological effects of GAG
disruption by UDP-4-XylAz injection. Zebrafish embryos
treated with the metabolic inhibitor displayed an observable
phenotype that is subtle at early stages (18 hpf, data not
shown) and becomes more prominent as the embryo develops
(Figure 5). UDP-4-XylAz-treated fish had a shortened axis,
disorganized brain, small eyes, notochord defects, and abnor-
mally shaped myotomes by 24 hpf, as well as prominent tail
blistering by 48 hpf (Figure 5A–D). These phenotypes are
reminiscent of those observed for zebrafish with GAG or

Figure 5. UDP-4-XylAz injection causes embryological defects. Compared to 24 hpf controls (A), injected
embryos (B) have a shortened axis, disorganized brain with enlarged hindbrain ventricle, small eyes, and
abnormally shaped myotomes (see inset). By 48 hpf, notochord defects and tail blistering are prominent in
treated versus control embryos (C and D). At 6 dpf, treated embryos have neurocranium defects, including
a narrow ethmoid plate (arrow) and less cohesive midline cartilagenous cells (arrowhead), and the absence of
a differentiated notochord (asterisk) (E and F), phenotypes strikingly similar to that of lamininb1ab1166 mutant
embryos (G and H). Another craniofacial defect in treated embryos is the narrowing of the lower jaw (I and J);
visceral skeletal elements (K and L), including the pharyngeal arches (not shown) are largely normal. Alcian-
stained cartilage elements are blue; Alizarin-stained bone elements are red. Although the alizarin staining in
the lamb1ab1166 mutant panel had faded significantly prior to imaging, additional preparations confirm the
notochord defect described for laminin mutants.[37]
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proteoglycan defects induced by genetic methods,[7, 35] and of
zebrafish laminin (lam) mutants, particularly lama1/bashful,
lamb1a/grumpy, and lamc1/sleepy (sly).[36–39] By 6 dpf, cranio-
facial abnormalities were apparent in live UDP-4-XylAz-
treated fish. At this stage, the craniofacial skeleton is
comprised of a simple pattern of cartilage and bone elements;
thus, we utilized stains for cartilage and bone (alcian and
alizarin, respectfully) to better understand the impact of
UDP-4-XylAz on these structures. In inhibitor-treated
embryos, alcian staining of cartilaginous elements revealed
defects in the neurocranium, including a narrow ethmoid
plate and less cohesive midline cartilage cells, while alizarin
staining of developing bone tissues revealed a lack of
notochord differentiation (Figure 5E,F). A similar ethmoid
plate phenotype is observed in embryos with deficiencies in
Hedgehog signaling, defects in cytokine signaling, or excess
retinoic acid signaling,[40–42] yet the alcian stains are most
strikingly similar to those of lamb1ab1166 mutants (Figure 5,
compare E and F with G and H), especially in light of other
phenotypic similarities between inhibitor-treated and laminin
mutant embryos. Another craniofacial element defect in
UDP-4-XylAz-injected embryos includes a narrowing of the
lower jaw elements (Figure 5I,J); otherwise visceral skeletal
elements, including the pharyngeal arches (not shown) are
largely normal (Figure 5K,L). During early development,
Laminin and proteoglycan interactions are critical for base-
ment membrane integrity and interactions with growth
factors; the phenotypic similarities of UDP-4-XylAz-injected
and lamb1ab1166 mutant embryos suggest that the inhibitor
may interfere with these interactions.[43]

In conclusion, UDP-4-XylAz is an effective chain-termi-
nating metabolic inhibitor of GAG biosynthesis in zebrafish.
The compound has a unique attribute in that its organismal
sites of inhibition can be visualized in vivo through bio-
orthogonal reaction with fluorescent cyclooctynes. Compar-
ison of GAGs from UDP-4-XylAz and untreated embryos
revealed differences in GAG abundance that likely cause the
specific embryological defects observed. This metabolic
inhibitor should aid in elucidating novel roles of GAG
chains during vertebrate development.

Experimental Section
General procedure for visualizing GAG inhibition in vivo: At the 1–4
cell stage, zebrafish embryos were injected with 50 pmol of UDP-4-
XylAz. After developing to 24 hpf, zebrafish were incubated in
a 200 mm solution of DIFO-488 for 1 h at 28.58C, washed, and imaged
by confocal microscopy.
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