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Glycosaminoglycan (GAG) biosynthesis requires numerous
biosynthetic enzymes and activated sulfate and sugar donors.
Although the sequence of biosynthetic events is resolved using
reconstituted systems, little is known about the emergence of
cell-specific GAG chains (heparan sulfate, chondroitin sulfate,
and dermatan sulfate) with distinct sulfation patterns. We have
utilized a library of click-xylosides that have various aglycones
to decipher the mechanism of GAG biosynthesis in a cellular
system. Earlier studies have shown that both the concentration
of the primers and the structure of the aglycone moieties can
affect the composition of the newly synthesized GAG chains.
However, it is largely unknown whether structural features of
aglycone affect the extent of sulfation, sulfation pattern, disac-
charide composition, and chain length of GAG chains. In this
study, we show that aglycones can switch not only the type of
GAG chains, but also their fine structures. Our findings provide
suggestive evidence for the presence of GAGOSOMES that have
different combinations of enzymes and their isoforms regulat-
ing the synthesis of cell-specific combinatorial structures. We
surmise that click-xylosides are differentially recognized by the
GAGOSOMES to generate distinct GAG structures as observed
in this study. These novel click-xylosides offer new avenues to
profile the cell-specific GAG chains, elucidate the mechanism of
GAG biosynthesis, and to decipher the biological actions of
GAG chains in model organisms.

Proteoglycans play a major role in various cellular/physiolog-
ical processes, including blood clotting, growth factor signaling,
embryogenesis, axon growth and guidance, angiogenesis, and
others (1-4). Proteoglycans consists of a core protein and gly-
cosaminoglycan (GAG)? chains. GAG chains account for >50%
of the total molecular weight and are primarily responsible for
physiological activity of the proteoglycans (5, 6). GAG chains
are composed of repeating disaccharide units of a hexosamine

* This work was supported, in whole or in part, by National Institutes of Health
Grant GM075168 (to B. K.). This work was also supported by Human Fron-
tiers Science Program (to B.K.) and the Vietnam Education Fund (to
T.K.N.N.and K. V. N.).

This work is dedicated to Prof. Robert D. Rosenberg.

] The on-line version of this article (available at http://www.jbc.org) contains
supplemental Figs. S1-S6.

' To whom correspondence should be addressed: Dept. of Medicinal Chem-
istry, Skaggs Hall, Rm#307, 30 South 2000 East, University of Utah, Salt Lake
City, UT 84112. Tel.: 801-587-9474; Fax: 801-585-9119; E-mail: KUBY@
pharm.utah.edu.

2 The abbreviations used are: GAG, glycosaminoglycan; HS, heparan sulfate;
CS, chondroitin sulfate; DS, dermatan sulfate; CHO, Chinese hamster ovary;
HPLC, high-pressure liquid chromatography.

25842 JOURNAL OF BIOLOGICAL CHEMISTRY

residue and a hexuronic acid residue. The three major types of
GAG chains found in the proteoglycans are heparan sulfate
(HS), chondroitin sulfate (CS) and dermatan sulfate (DS).
These GAG chains are differentiated by the type of hexosamine
(glucosamine/galactosamine), the percentage of uronic acid
epimers (glucuronic/iduronic acid), the extent of sulfation, and
the nature of glycosidic linkage (a-/B3-). One of the key steps in
the proteoglycan biosynthesis is the xylosylation of certain spe-
cific serine residues of the core protein (7-10), which occurs in
the late endoplasmic reticulum and/or cis-Golgi compartments
(11-13). This key event is an essential prelude for the construc-
tion of the proteoglycan linkage region (14) that is followed by
sequence of events resulting in the assembly of mature GAG
chains by alternative addition of hexosamine and glucuronic
acid residues. The maturation of GAG chains occurs in the
medial and trans-Golgi compartments and involves the follow-
ing events: N-sulfation of glucosamine units by N-deacetylase-
N-sulfotransferases (for HS only), epimerization of glucuronic
acids to iduronic acids by C-5 epimerase, and sulfation of the
repeating disaccharide units by a variety of sulfotransferases
and their isoforms.

The position, extent, and pattern of sulfation attribute enor-
mous diversity to GAG chains, which confer specificity in bind-
ing to a vast array of proteins. These diverse structural features
are very tightly regulated in a spatio-temporal manner during
and beyond the development of an organism, and these features
dictate differential interactions with various growth factors and
receptors, and numerous protein targets leading to an array of
physiological functions (15, 16).

The presence of free GAG chains has been known to disrupt
the interaction of endogenous GAG components of proteogly-
cans with protein ligands thereby altering the physiological
activities. Consequently, they have been used as molecular tools
in the elucidation of the role of GAG chains in the activation of
cellular events (17-19). Free GAG chains can be synthesized in
vitro in cell culture by providing exogenous xylosides contain-
ing various hydrophobic aglycone moieties. Thus, the xylosides
can act as false acceptors for initiation of linkage region and the
subsequent elongation of GAG chains. Xylosides have been
used for over three decades both in vitro (20-28) and in vivo
(25,29-31) to probe the functional significance of GAG chains
in various dynamic systems under different conditions. The
quantity and type of GAG chains synthesized depends on
the system where it was tested and on the structure of the aglycone
moiety of the xylosides (32-34). Most of these studies have
utilized a few O-xylosides that are inherently less stable. Fur-
thermore, synthesis of O-xylosides requires very stringent reac-
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tion conditions, toxic Lewis acids, and at times leads to insepa-
rable a and B mixtures with unpredictable yields. As a result, it
is tedious to generate diverse xylosides in a rapid fashion and
utilize them in biological systems. We envisioned that synthesis
of metabolically stable xylosides will advance our knowledge of
glycosaminoglycan biosynthesis and how they regulate various
pathophysiological processes.

In our earlier communication, we outlined a simple strategy,
utilizing click chemical methodology that addresses the above
limitations of O-xylosides, to generate a library of xylosides in a
robust manner (35). Several studies have shown that the con-
centration of the primers and the aglycone moieties influence
the composition of GAG chains produced (32). In the current
study, we show that the aglycone moieties of click-xylosides
may not only influence the composition and quantity of GAG
chains but also the extent of sulfation, sulfation pattern, disac-
charide composition, and chain length using pgsA-745 Chinese
hamster ovary (CHO) cell line as a model cellular system. Our
findings provide new insights in to the mechanism of GAG
biosynthesis and offer new avenues to decipher the biological
actions of GAG chains in model organisms.

EXPERIMENTAL PROCEDURES

Materials and Methods—The mutant CHO cell line (pgsA-745)
was obtained from American Type Culture Collection (36). All cell
culture reagents were obtained from HyClone. The radiochemical,
[3°S]Na,SO, was purchased from MP Biomedicals, and p-[-6-
3H] glucosamine and flow scintillation mixture, Ultima-FloAP, for
Flow radiometric analysis were obtained from PerkinElmer Life
Sciences. All other chemicals and biochemicals were obtained
from Sigma. The click-xylosides, reported here, were synthe-
sized as described previously (35). The 6 X Pronase solution was
prepared using Streptomyces griseus protease type XIV (1
mg/ml). The DEAE-Sepharose gel was purchased from Amer-
sham Biosciences. The HPLC columns utilized were DEAE-
3SW (7.5 mm X 7.5 ¢cm, 10-pum particle size) for anion-ex-
change chromatography and G3000SW; (7.8 mm X 30 cm,
5-um particle size) for size-exclusion chromatography column,
purchased from Tosoh Bioscience LLC. Commercially avail-
able unsaturated HS and CS standards were used to determine
migration positions and elucidate disaccharide composition of
primed GAG chains. Following standard unsaturated heparan
sulfate disaccharides were purchased from Sigma-Aldrich: 2-acet-
amido-2-deoxy-4-O-(4-deoxy-a-L-threo-hexenepyranosyluronic
acid)-p-glucose (AUA-GIcNACc), 2-deoxy-2-sulfamido-4-O-(4-
deoxy-a-L-threo-hexenepyranosyluronicacid)-p-glucose (AUA-
GIcNS), 2-deoxy-2-sulfamido-4-0-(4-deoxy-2-O-sulfo-a-
L-threo-hexenepyranosyluronic acid)-6-O-sulfo-p-glucose
(AUA-GIcNS6S), 2-deoxy-2-sulfamido-4-O-(4-deoxy-2-O-
sulfo-a-1-threo-hexenepyranosyluronic acid)-p-glucose (AUA2S-
GIcNS), and 2-deoxy-2-sulfamido-4-O-(4-deoxy-2-O-sulfo-
a-L-threo-hexenepyranosyluronic  acid)-6-O-sulfo-p-glucose
(AUA2S-GIcNS6S). CS disaccharide standards were also pur-
chased for calibration. GAG disaccharide standards and
*H-labeled lyase disaccharide products were detected at 232
nm using inline UV detector and flow scintillation analyzer,
respectively.
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Screening of Click-xylosides in Cell Culture—The priming of
the xylosides in xylosyl transferase-deficient CHO cell line
pgsA-745 was performed as described in our earlier communi-
cation (35). Briefly, 1 X 10° cells were plated per well, contain-
ing the appropriate complete growth medium, in a 24-well plate
and incubated at 37 °C in a humidified incubator for 24 h to
reach a confluency of about 50%. The cells were then washed
with sterile PBS and replaced with 450 ul appropriate medium
containing 10% dialyzed FBS. A serial dilution of the primers at
100X the final concentration was prepared and 5 ul of appro-
priate 100X primer was added to various wells to yield a final
concentration of 0.1 1, 10, 100 and 1000 um respectively. 50 uCi
of [**S]Na,SO, or p-[6->H]glucosamine was then added to each
well for radiolabeling of the GAG chains. The 24-well plates
were placed in the incubator for 24 h before the addition of 6X
Pronase solution (100 ul) followed by incubation at 37 °C
overnight.

Purification and Quantification of GAG Chains— After treat-
ing each well with Pronase solution overnight, the entire con-
tents of the wells were transferred to a microcentrifuge tube
and subjected to centrifugation at 16,000 X g for 5 min. The
supernatant were transferred to a fresh tube and half-a-volume
of 0.016% Triton X-100 was added. The diluted supernatant
was loaded on to a DEAE-Sepharose column (0.2 ml) pre-equil-
ibrated with 10 column volumes of wash buffer (20 mm NaOAc
buffer, pH 6.0), containing 0.1 M NaCl and 0.01% Triton X-100)
and the column was washed with 20 column volumes of wash
buffer. The bound GAG was eluted with 6 column volumes of
elution buffer (20 mm NaOAc (pH 6.0) containing 1 m NacCl).
The amount of GAG chains primed by various click-xylosides
was determined by quantifying the *°S- or ®H-radioactivity
incorporated in the purified GAG eluate. 50 ul of the various
eluates was diluted with 5 ml of scintillation mixture and trip-
licate samples were measured using a scintillation counter for
total radioactivity.

Analysis of GAG Chains by Anion-exchange Chro-
matography—The homogeneity and extent of sulfation of the
GAG chains synthesized on the various primers were deter-
mined by measuring migration time on anion-exchange col-
umn using high-pressure liquid chromatography (HPLC) with
inline flow scintillation analyzer. 25 ul of eluate was diluted
10-fold with 10 mm KH,PO, (pH 6.0) containing 0.2% CHAPS,
and loaded on to a HPLC-DEAE column and eluted with a
linear NaCl gradient of 0.2 M to 1 M over 80 min.

Extent of GAG Sulfation in the Presence of Chlorate—Conflu-
ent 745-CHO cell cultures containing [*H]GIcNH, were
treated with xyloside 5 (100 wMm) in the presence sodium chlo-
rate at various concentrations. GAG chains were recovered
from the conditioned media by DEAE-Sepharose chromatog-
raphy, followed by isolation of [*H]labeled GAG as described in
the previous section. To monitor the effect of chlorate concen-
tration on GAG sulfation, samples of [PH]GAG from control
and chlorate-treated cells were analyzed on an anion-exchange
HPLC column as described in the previous section.

Co-priming of Two Different Xylosides in Cell Culture—The
co-priming of the xylosides was performed as described above
in the “screening of click-xylosides section” by adding two dif-
ferent xylosides to xylosyl transferase-deficient CHO cells in
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the same well of a 24-well plate. Briefly, a solution containing
two xylosides, 22 and 24, at 100X the final concentration was
prepared, and 5 ul of the premixed xylosides was added to yield
a final concentration of 100 um for each xyloside. 50 uCi of
[**S]Na,SO, or p-[6-*H]glucosamine was then added to each
well for radiolabeling the GAG chains synthesized. The 24-well
plates were placed in the incubator for 24 h before the addition
of 6X Pronase solution (100 ul) followed by incubation at 37 °C
overnight. The GAG chains were then purified from the solu-
tion as described in the earlier section.

Analysis of GAG Chains by Size-exclusion Chro-
matography—The chain length of the GAG chains synthesized
on various primers was determined by measuring their migra-
tion time on size exclusion column using HPLC with inline flow
scintillation analyzer. The GAG chains were loaded on to two
G3000SW ;. columns (Tosoh, 7.8 mm X 30 cm), which were
connected in tandem, and eluted over 60 min with phosphate
buffer (100 mm KH,PO,, 100 mm NaCl, pH 6). The migration
time of the GAG chains was determined by measuring the aver-
age of peak-width at half maximum, and the average molecular
weight was calculated based on the migration time of polysty-
rene sulfonate standards.

Analysis of GAG Disaccharide Composition—To determine
the disaccharide composition of GAG, the total GAG chains
were fractionated using size exclusion chromatography as
described above and the fractions containing the GAG chains
were pooled and dialyzed using a benzoylated dialysis mem-
brane with molecular mass 2000 Da in 10 mM ammonium
bicarbonate. To concentrate and remove volatile ammonium
bicarbonate, dialyzed GAG samples were placed in a speed-vac
concentration system under reduced pressure. The HS in the
total GAG was digested with heparitinases I, II, and III over-
night at 37 °C and analyzed using strong anion-exchange HPLC
using a Phenosphere SAX column (Phenomenex, 250 X 4.6
mm) with inline radiodetection. Solvent A was double-distilled
water (pH 3.5). Solvent B was 2 M NaCl (pH 3.5). The disaccha-
rides were eluted at a flow rate of 1 ml/min with the following
profile: 100% solvent A for 5 min; linear gradient of 0 to 40%
solvent B for 35 min; 100% solvent B for 10 min and finally 100%
solvent A for 25 min to equilibrate the column. In a similar
fashion, to determine the disaccharide composition of xyloside-
primed CS and DS chains, the GAG chains were digested with
chondroitinase ABC (ACCI) overnight at 37 °C, and the result-
ing disaccharides were analyzed as described above.

RESULTS

Priming Activity of Click-xylosides—We have previously
reported the synthesis of the click-xylosides and have shown
that these molecules prime GAG chains in a cell line that lacks
production of endogenous GAG chains due to deficiency of a
key enzyme, xylosyl transferase, involved in the biosynthesis of
proteoglycans (35). This synthetic methodology allowed us to
construct a library of novel xylosides with a wide variety of
aglycone moieties in a rapid manner. In this study, we have
synthesized additional compounds and expanded the xyloside
library to probe the effect of aglycones on the priming ability
(Table 1). At the outset, we have examined whether the concen-
tration of xylosides would affect the priming ability and deter-
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TABLE 1

Structures of click-xylosides

A library of metabolically stable xylosides containing a variety of hydrophobic
groups was synthesized using click-chemistry (see Ref. 35 for details). This library
was employed in the current study to elucidate the mechanism of glycosaminogly-
can biosynthesis.
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mined the optimal primer concentration of each xyloside for
the maximal production of GAG chains.

The priming ability of the xylosides was determined as
described under “Experimental Procedures” utilizing the
mutant CHO cell line (pgsA-745) at the following five concen-
trations: 0.1 um, 1 uMm, 10 uM, 100 um, and 1 mm. The results
indicate that the priming is concentration-dependent, and sig-
nificant priming for most xylosides was observed at a concen-
tration of 100 uMm or higher (Fig. 1). From the screening exper-
iments with the above concentrations, we were able to
determine the optimal concentration range for each xyloside
for its maximal priming activity. For a selected group of xylo-
sides, experiments were performed at intermediate concentra-
tions, which showed that click-xylosides can act as acceptors
effectively at concentrations as low as 30 um (data not shown).
At 1 mm concentration, the triazolyl xyloside 1, which has no
hydrophobic aglycone attached to the triazole group, was able
to participate in GAG synthesis, whereas the addition of a
hydrophilic -CH,OH group, as shown in xyloside 2, leads to
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FIGURE 1. Priming activity of various xylosides. The novel xylosides were examined for their priming ability using xylosyl transferase-deficient CHO cells
(pgsA-745). 100,000 cells were seeded per well of 24-well plates and treated with various xylosides at 0.1, 1, 10, and 100 um and 1 mm concentrations for 24 h
in the presence of 50 uCi of [3°S]02~ or p-[6->*H]glucosamine. The GAG chains were then purified and quantified as described under “Experimental Procedures.”
Xylosides with different aglycones primed different amounts of GAG chains at different concentrations suggesting the decisive role played by aglycones. The

data indicate the average of three independent experiments.

dramatic decrease in the priming activity (Fig. 1). However, the
priming activity of hydrophobic xylosides 12, 13, 14, 15, 16,
and 17 was higher at 100 uM concentration than at 1 mm con-
centration (Fig. 1).

Effect of Substituents on Priming—The role of various substit-
uent groups attached to the phenyl aglycone moiety of the xylo-
side modulating GAG biosynthesis was assessed. Substituents
such as -OCH; group in 6 and the -NO, group in 11 have a
marginal effect on the priming activity at 100 um concentra-
tion. We also found that these substitutions do not have any
influence at higher concentrations (Fig. 1). The analysis of the
halogen substitutions, fluoro-, chloro-, bromo-, and iodo-sub-
stituents in 7, 8, 9, and 10, respectively, show no tangible effect
in the amount of GAG chains produced when examined at 100
mM concentration (Fig. 1). Interestingly, the amount of GAG
chains primed decreases with increasing atomic weight of the
halogen substitutions at 1 mm concentration (Fig. 24).

Effect of Substituent Positions on Priming Activity—Three
xylosides, 24, 26, and 27, were synthesized to investigate the
effect of the position of -OCH, substituent on GAG biosynthe-
sis. At 100 uMm, xyloside 26 (ortho) primed nearly two times the
GAG chains compared with the unsubstituted xyloside 24,
whereas xyloside 27 (para) primed 50% to that of unsubstituted
xyloside 24. Interestingly, the para-substituted xyloside primed
three times more GAG chains than the ortho-substituted xylo-
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side at 1 mm concentration. Thus, the position of substituent
has a dramatic influence on the priming ability of the given
xyloside even though the activity trend is different at different
concentrations (Fig. 2B).

Extent of Sulfation and Migration Time—We utilized DEAE
anion-exchange chromatography to compare the extent of sul-
fation of primed GAG chains. However, there are no commer-
cially available GAG standards with various extent of sulfation
to correlate the migration time and extent of sulfation. There-
fore, we generated GAG chains with different extent of sulfa-
tion by incubating xyloside 5 with cells in the presence of chlo-
rate, an inhibitor of 3’-phosphoadenosine 5'-phosphosulfate
synthetase that affects GAG sulfation, at various concentra-
tions (37, 38). pgsA-745-CHO cells were treated with 100 um
xyloside 5 and metabolically radiolabeled with [*H]GIcNH, in
the presence of various sodium chlorate concentrations, 1 mwm,
5 mMm, and 25 mM. GAG chains were recovered from the condi-
tioned media by DEAE-Sepharose chromatography, followed
by isolation of [PH]GAG chains as described under “Experi-
mental Procedures.” To monitor the effect of chlorate concen-
tration on GAG sulfation, samples of [PH]GAG from control
and chlorate-treated cells were analyzed by an anion-exchange
HPLC column chromatography and subsequently analyzed for
radioactivity with the aid of inline flow scintillation analyzer.
The GAG chains were quantitatively retained by the column,
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FIGURE 2. Effect of substituents and their positions on priming activity.
Cells were treated with various xylosides for 24 h in the presence of 50 u.Ci of
[**S]103~ or p-[6-*H]glucosamine as described under “Experimental Proce-
dures.” Primed GAG chains were then purified from the supernatant using
anion-exchange column chromatography and quantified using liquid scintil-
lation. A, effect of various halogen substituents on the priming activity was
examined. Fluoro-, chloro-, bromo-, and iodo-substituted xylosides (7, 8, 9,
and 10, respectively) were compared against the unsubstituted xyloside 5 at
1 mm concentration. B, effect of methoxy-substituent and its position on the
phenylring was examined for priming activity. Unsubstituted xyloside 24 was
compared with ortho-substituted xyloside 26 and para-substituted xyloside
27 at 100 um (unshaded) and 1T mm (shaded) concentrations. The data indicate
the average of three independent experiments.

but they required different concentrations of NaCl for their
elution (Fig. 3). These findings served as a basis to attribute the
differences in the elution profile/migration time of various
GAG chains on the HPLC anion-exchange column to the
extent of sulfation of GAG chains primed by various xylosides
as described. The chain length of the GAG chains can also affect
the migration time albeit to a lesser extent than sulfation.
Comparison of Elution Profiles of GAG Chains—W e focused
our investigation on HPLC analysis of the GAG chains primed
by the exogenous xylosides at the optimal concentration (100
uM). Using anion-exchange HPLC, we compared the elution
profile of xyloside primed GAG chains, which is an indicator of
extent of sulfation. GAG chains that have less sulfation elute at
lower ionic strength, whereas heavily sulfated GAG chains elute
at higher ionic strength. First, we compared the HPLC profiles
of GAG chains primed by xylosides of the simplest form, xylo-
se-linked to triazole only (1), cyclohexyl (3), or phenyl (5) as
shown in Fig. 5. The GAG chains synthesized from the above
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FIGURE 3. Correlation between extent of sulfation and migration time on
HPLC anion-exchange chromatography. Cells containing p-[6->H]glucosa-
mine were treated with 100 um xyloside 5 in the presence of chlorate at
various concentrations. GAG chains were then isolated and quantified as
described under “Experimental Procedures.” The chlorate treatment did not
affect the amount of GAG chains produced. 1,000,000 cpm were applied to
HPLC DEAE anion-exchange chromatography and eluted with a linear NaCl
gradient as described under “Experimental Procedures.” GAG species from
chlorate-treated cells were eluted earlier than those from control cells. The
elution profiles of GAG chains from control cells (gray tracer), cells treated
with 5 mm chlorate (dark tracer), and cells treated with 25 mm chlorate (broken
tracer) are shown. The elution profiles are representative of at least two inde-
pendent experiments.

compounds showed a very similar profile although the quanti-
ties of the GAG chains were different for each xyloside. They
showed a predominantly homogenous peak along with a non-
separable highly heterogeneous minor portion eluting at lower
salt concentration. Xylosides that differ in their aglycone aro-
matic structure, 5 (phenyl), 12 (biphenyl), 14 (naphthyl), and
17 (phenanthryl), were analyzed for the extent of sulfation by
using the DEAE column. GAG chains primed by xyloside 5
eluted from 20 to 52 min with a peak maximum at 45 min,
whereas GAG chains primed by 12, 14, and 17 were eluted with
an even distribution from 20 to 60 min and with a peak maxi-
mum of ~42—44 min (Fig. 4). The differences in the elution
profiles of the primed GAG chains indicate differences in the
extent of sulfation among these GAG chains. The phenan-
threne containing xyloside 17 primed fewer GAG chains. It
may possibly be due to the inability of the enzymes to recognize
a highly hydrophobic xyloside even though it may cross cell and
Golgi membranes more effectively, or alternatively this may
reflect the inability of the xyloside 17 to reach the enzyme active
site.

Effect of Spacer on Sulfation Patterns of GAG Chains—The
xylosides were attached to the phenyl moiety with many differ-
ent spacers to confer conformational flexibility and were then
examined for their influence on priming activity. The first set of
compounds that we compared differs by spacer length. The
phenyl ring was linked directly to the triazole in 24 or through
the spacers such as -CH,- in 25, -CH,-O- in 5, -CH,-O-CH,- in
18, or -CH,-S- in 22. The elution profiles of the GAG chains
primed by these xylosides are shown in Fig. 5A. It was interest-
ing to find that the direct linking of a phenyl group in xyloside
24 led to the synthesis of GAG chains that were highly homog-
enous and eluted as a very narrow single peak at 48 min. Intro-
ducing one carbon unit (-CH,-) between the phenyl and tria-
zole groups in 25 led to loss of the homogeneity of GAG chains
synthesized, and these eluted between 18 and 45 min. Introduc-
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FIGURE 4. Effect of various hydrophobic moieties on the DEAE elution profile of GAG chains. GAG chains primed by various xylosides (1, 3, 5, 12, 14, and
17) eluted from small anion-exchange column with 1 m NaCl, were diluted 5-fold and analyzed by anion-exchange HPLC column as described under “Exper-
imental Procedures.” The variations in the elution profiles and migration times indicate differences in both sulfation pattern and extent of sulfation of the
primed GAG chains. The elution profiles are representative of at least two independent experiments.
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FIGURE 5.Spacers between the triazole and aromaticring in the aglycone moiety alter the sulfation pattern and extent of sulfation. Purified GAG chains
were diluted 5-fold and analyzed by anion-exchange HPLC column as described under “Experimental Procedures.” A gradient of 0.2 to 1.0 M NaCl for 80 min was
used for elution of the GAG chains. The differential elution profile and migration time indicates variations in sulfation pattern and extent of sulfation of GAG
chains primed by phenyl group containing xylosides 5, 18, 22, 24, and 25 (A) and naphthyl group containing xylosides 14, 23, and 30 having various spacers
were examined (B). The elution profiles are representative of at least two independent experiments.

tion of various other spacers such as -CH,-O- in 5, -CH,-O- anaphthyl group directly attached to triazole produced GAG
CH,- in 18, and -CH,-S- in 22 resulted in the production of chains with broad elution profile. When the naphthyl group
GAG chains with different elution profiles and failed to re- was separated from the triazole group by a -CH,-S- spacer
establish the narrow peak that was observed for the xyloside (23) narrow GAG chains production was restored. However,
24 (Fig. 5A). In contrast to xyloside 24, xyloside 30 that has xyloside 14 that has the -CH,-O- spacer produced heteroge-
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FIGURE 7. Co-priming experiment with xylosides that prime distinct GAG chains. A, xylosides 22 and 24 were primed at 100 um concentration in pgsA-745
cells for 24 h individually, and GAG chains were purified. Individually primed GAG chains were then analyzed on HPLC DEAE anion-exchange chromatography
under similar conditions in separate runs. The solid tracer indicates GAG chains primed by xyloside 22, and the broken tracer indicates the narrow elution profiles
of the GAG chains primed by xyloside 24. B, individually primed GAG chains from xylosides 22 and 24 were mixed together and analyzed under similar
conditions as described in A. C, 100 um each of xylosides 22 and 24 were primed together for 24 h in cell culture experiments. The resulting GAG chains were
purified and analyzed by DEAE anion-exchange chromatography as described earlier. The elution profile suggests further loss of resolution of two distinct GAG

chains when xylosides 22 and 24 are co-primed. The elution profiles are representative of at least two independent experiments.

neous GAG chains with a broad elution profile (Fig. 5B). This
study has revealed that conformational flexibility likely
influences the biosynthesis of GAG chains with differential
sulfation pattern.

The GAG chains primed by compounds 5, 6 (-OCH,), 7
(fluoro), 8 (chloro), 9 (bromo), 10 (iodo), and 11 (-NO,) were
analyzed by HPLC to determine the effect of various substitu-
ents on the extent of GAG sulfation. The halogen substituents
significantly altered the extent of sulfation causing an increase
in the heterogeneity of the GAG chains with little difference
among the halogen containing xylosides (Fig. 64; data not
shown for xylosides 8 —10). It was interesting to note that halo-
gen substitution resulted in the production of GAG chains that
elute earlier from the DEAE column than those from the xylo-
side 5. The xylosides containing -OCH; group in 6 and -NO,
group in 11 primed GAG chains that had different elution pro-
files and reaffirmed that the type of substituent influences the
GAG biosynthetic pathways (Fig. 6A). All of the above substitu-
ents were located at the para position of the phenyl ring. We
then examined whether the position of substituent influences
the sulfation patterns of the GAG chains. We examined the
sulfation patterns of the GAG chains produced by xylosides
that were substituted at various positions on the phenyl ring
with the -OCH, group. The xylosides with a single substituent
at the ortho position in 26 and at the para position in 27
resulted in different elution profiles for the primed GAG chains
(Fig. 6B). The para-substituted xyloside 27 primed homoge-
nous GAG chains that eluted at 50 min, albeit in lower quantity.
On the other hand, the GAG chains primed by the ortho-sub-
stituted xyloside 26 eluted between 20 and 50 min indicating
these chains have various sulfation patterns (Fig. 6B). The
highly electron withdrawing substituent in the place of -OCF,
29 also resulted in broad GAG chains. In addition, we investi-

gated the effect of the same substituent on different aglycone
moieties by comparing the bromo substitution of phenyl moi-
ety in 9, biphenyl moiety in 13, and naphthyl moiety in 15. We
had observed that a bromo substitution on the phenyl ring led
to a decrease in the extent of sulfation of GAG chains, whereas
bromo substitution on biphenyl and naphthyl groups in the
aglycone moieties led to a significant increase in the extent of
sulfation (Fig. 6C).

Co-priming Experiment—Investigation of the extent of sulfa-
tion and the sulfation pattern of the GAG chains that were
synthesized by various xylosides showed distinct elution profile
on anion-exchange column. These differences among GAG
chains primed by xylosides are attributed to the presence of
different aglycones on these xylosides. Hence, it is imperative
that we understand the molecular mechanisms that can gener-
ate such differential priming of GAG chains. Xylosides 22 and
24 primed GAG chains with different profiles in anion-ex-
change chromatography. Xyloside 22 stimulates GAG chains
that elute as a narrow peak with high sulfate density, whereas
xyloside 24 produces GAG chains that elute as a broad peak
with less sulfate density. To determine whether distinct GAG
chains can be primed by cells at the same time, xylosides 22 and
24, were co-primed by addition to the same well, and their
anion-exchange profiles were compared with individually
primed GAG chains. The resulting GAG chains were isolated
and analyzed by anion-exchange chromatography (Fig. 7). The
individually primed GAG chains have distinctive elution pro-
files due to differences in their extent of sulfation (Fig. 7A).
Also, an analysis was performed using GAG chains that were
primed individually but mixed together before the anion-ex-
change chromatography. The mixing of individually primed
GAG chains results in less resolution of the peaks that have
otherwise very distinct profile (Fig. 7B). On the other hand,

FIGURE 6. Effect of substituents and their positions on GAG fine structures. Purified GAG chains were diluted 5-fold and analyzed by HPLC DEAE anion-
exchange chromatography as described under “Experimental Procedures.” The differential elution profiles and migration times indicate variations in sulfation
pattern and extent of sulfation. A, effect of various substituents at the para position of the phenyl ring was examined. The elution suggests that different
substituents on xylosides, 5, 6, 7, and 11 affect the elution profile of the GAG chains suggesting changes in the fine structures. B, influence of position of
the substituent on the fine structures was examined. Unsubstituted xyloside 24 primed GAG chains that elute as a narrow peak, whereas ortho methoxy-
substituted xyloside 26 produced GAG chains that elute as a broad peak. On the other hand, para-substituted xyloside 27 and dimethoxy-substituted xyloside
28 produce GAG chains that elute as narrow peaks. C, bromo-substitution on phenyl, biphenyl, and naphthyl moieties was found to affect the extent of
sulfation and sulfation pattern. Unsubstituted xylosides 5, 12, and 14 were compared with their corresponding bromo-substituted xylosides 9, 13, and 15 for
the change in the extent of sulfation and sulfation pattern. The elution profiles are representative of at least two independent experiments.
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TABLE 2
The molecular mass of GAG chains primed by various xylosides

The molecular mass of the GAG chains synthesized on various primers was deter-
mined by measuring their migration time on size-exclusion column as described
under “Experimental Procedures.” The average migration time was determined
using peak-width at half-maximum. The average molecular mass (MM) was calcu-
lated using the migration time in comparison to that of polystyrene sulfonate stand-
ards performed under similar conditions.

Xyloside Average MM K,,
Da
3 21,600 0.33
5 10,500 0.50
6 10,500 0.50
7 7,800 0.57
8 8,700 0.54
11 31,000 0.25
18 15,000 0.42
19 33,900 0.23
20 33,900 0.23
22 5,800 0.65
23 31,000 0.25
24 25,800 0.29
25 11,100 0.49
27 37,100 0.21
29 23,600 0.31

GAG chains that were co-primed in the presence of 22 and 24
show a very broad peak due to overlap of the individual peaks.
The slope of the front of peak increases gradually similar to that
observed for GAG chains from 22 while the tail of the peak
drops off rather sharply comparable to that of GAG chains
primed by 24 (Fig. 7C). This suggests that the GAG chains with
different extent of sulfation were primed by two xylosides that
were co-primed even though the peaks of the different GAG
chains cannot be completely resolved using anion-exchange
chromatography.

Chain Length Analysis of GAG Chains—To examine the
effect of various aglycones on GAG chain length, primed GAG
chains were analyzed by size-exclusion chromatography as
described under “Experimental Procedures.” GAG chains had
an average molecular weight in the range of 6,000 to 34,000
(Table 2). A significant number of xylosides in this study
primed GAG chains that have molecular weight greater than
10,000, whereas some generated GAG chains with lower
molecular weight. Only a few studies report chain length anal-
ysis for xyloside-primed GAG chains (39, 40). In our study,
most of the click-xylosides prime significantly long GAG
chains. Xylosides that predominantly prime HS chains, 5 and
22, have shorter chain lengths in the range of 6,000 to 12,000.
Also, heterogeneous GAG chains with different extent of sulfa-
tion observed from the DEAE elution profile have shorter chain
lengths. Significantly, GAG chains that have narrow elution
profile with high extent of sulfation, primed by 19, 20, 23, and
24, have higher molecular weights (Table 2).

Disaccharide Composition of GAG Chains—The influence of
various aglycones on the disaccharide compositions of GAG
chains was not rigorously examined in earlier studies. To deter-
mine the GAG disaccharide composition, we chose various
xylosides that prime HS (5 and 22), DS (19 and 20), and CS (7
and 14). To determine disaccharide composition, the purified
GAG chains were digested with heparitinases [, II, and III, or
chondroitinase ABC lyase, and analyzed using a strong anion-
exchange HPLC column as described under “Experimental
Procedures.” Radiolabeled disaccharides were identified by

25850 JOURNAL OF BIOLOGICAL CHEMISTRY

comparison of their elution positions relative to those of disac-
charide standards. Disaccharide analysis revealed the following
HS disaccharides in HS chains obtained from xylosides: AUA-
GIcNAc, AUA-GIcNS, AUA-GIcNS(6S), AUA(2S)-GIeNS,
AUA(2S)-GIcNAc(6S), and AUA(2S)-GIcNS(6S), see supple-
mental Figs. S3A and S3B. Disaccharide analysis of xyloside-
primed DS and CS showed two disaccharides, AUA-GalNAc
and AUA-GalNAc(6S). Xyloside-primed CS chains contained
~50% unsulfated disaccharides, whereas xyloside-primed DS
chains contained >75% 6-O-sulfated disaccharide (see supple-
mental Figs. S44, S4B, S5A, and S5B). These results suggest that
aglycones may aid in the selective transport of xylosides to dif-
ferent Golgi compartments that have different combinations of
biosynthetic enzymes and isoforms resulting in the generation
of GAG chains with distinct sulfation patterns.

DISCUSSION

Most of the previous investigations used O-xylosides and a
few S-xylosides, which are susceptible to degradation, to deter-
mine their ability to prime GAG chains with the exception of
two studies that have examined stable C-xylosides (29, 41). We
have synthesized metabolically stable click-xylosides, using
simple click chemistry. We have also determined that these
click-xylosides can continuously prime GAG chains for at least
5 days suggesting their stability (see supplemental Fig. S6).

The priming activity of the xylosides in this study shows that
most of the primers generate significant quantity of GAG
chains, although a few are not effective primers. One possible
explanation is that the diffusion rates of the primers depend on
the aglycone and lead to differential biosynthesis of the GAG
chains. The biosynthesis of GAG chains is a very complex proc-
ess as the priming activity depends on many enzymatic reac-
tions in the synthesis of the linkage region as well as polymeri-
zation. Therefore, we carefully examined the priming activity of
various xylosides at different concentrations. It is interesting to
note that the xyloside 15, containing bromonaphthyl aglycone
moiety, primed more effectively at 10 um than it did at 100 um.
If diffusion is the only factor that governs priming activity, the
priming activity would be higher at 100 um. In a similar man-
ner, the xylosides 26 and 29 primed very effectively at 100 um
but primed few GAG chains at 1 mm. We also found that naph-
thyl xyloside 30 primed better at 100 uM than it did at the 1 mm
concentration. This inhibition of priming at higher concen-
trations of xylosides might possibly be due to substrate level
inhibition of enzymes involved assembly of linkage region
that would lead to reduction in the amount of GAG chains
primed. These data clearly suggest that differential priming
activity among various xylosides does not solely depend on
the diffusion but also on various factors that are influenced
by the aglycones.

Several in vitro studies earlier examined the various charac-
teristics of the GAG chains primed by xylosides such as extent
of sulfation and the sulfation pattern using anion-exchange
chromatography (39, 42), the chain lengths (39), HS/CS com-
position (32), and disaccharide composition (32). All of these
studies have utilized a single xyloside and compared the xylo-
side-primed GAG chains to that of endogenous GAG chains. It
is known that xylosides tend to make 5-20 times more GAG
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chains than endogenous core proteins and, therefore, are
expected to see the differences between the endogenous and
xyloside-primed GAG chains (43, 44). On the other hand, in
this study we have exhaustively analyzed the GAG chains stim-
ulated by the click-xylosides for their priming activity, sulfation
pattern, extent of sulfation, chain lengths, and disaccharide
profile and compared the above characteristics as a function of
the aglycone moieties.
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FIGURE 8. Chondroitinase B treatment of GAG chains primed by xyloside
20. Xyloside 20 was primed at 100 um concentration in pgsA-745 cells for
24 h. The GAG chains were then purified as described under “Experimental
Procedures.” The purified GAG chains were digested with chondroitinase B,
analyzed by HPLC DEAE anion-exchange chromatography, and compared
with the undigested GAG chains. The elution profiles of the undigested (bro-
ken tracer) and digested (solid tracer) GAG chains are shown.
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FIGURE 9. Regulation of GAG biosynthesis by GAGOSOME model. Each GAGOSOME can have different
combination of enzymes that generate cell-specific combinatorial GAG structures with differential sulfation
pattern required for binding to diverse proteins. While some xylosides (blue and red) are selectively primed by
a specific GAGOSOME to generate distinct fine structures, other xylosides (black) are promiscuously primed by

more than one GAGOSOME resulting in heterogeneous GAG chains.
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Influence of Aglycone on Fine Structures—QOur experimental
data have shown that most xylosides with aromatic aglycone
moieties are good primers of GAG chains. The quantity of total
GAG chains, HS/CS/DS composition, extent of sulfation, and
sulfation pattern were distinct for each xyloside in our study.
The priming ability of the synthetic xylosides depends not only
on the aglycone (Fig. 4), type of aromatic ring (Fig. 4), and sub-
stitutions (Figs. 6), but also on the distance between the xylose
and aglycone (Fig. 5) in addition to the hydrophilic nature of the
spacer (Fig. 5). It is intriguing that the wide variety of xylosides
primed GAG chains with enormous diversity in their
HS/CS/DS composition and the chain length. It is also notable
that xyloside-primed HS chains have subtle differences in their
disaccharide composition. We plan to examine the fine struc-
ture of these HS chains using state-of-the-art techniques,
nuclear magnetic resonance and mass spectrometry, to further
decipher the difference between the HS chains stimulated by
the corresponding xyloside.

Existence of GAGOSOMES—GAG biosynthesis is a multistep
process, and the sequence of biosynthetic events is somewhat
resolved using reconstituted systems such as recombinant
enzymes and microsomal fractions (45-48). However, the fac-
tors that regulate the emergence of cell-specific GAG chains
with distinct sulfation patterns remain largely unknown. It has
been proposed that glycosaminoglycans are synthesized in the
Golgi by two different widely debated mechanisms (6, 49, 50).
In one mechanism, most enzymes are anchored to the Golgi
membrane at different locations and randomly modify the nas-
cent chains resulting in diverse
structures. In the second proposed
mechanism, enzymes are predicted
to be physically interacting within a
macromolecular complex called
GAGOSOME and concurrently
coordinate elongation, epimeriza-
tion, and sulfation (6). The second
mechanism requires channeling of
substrates so that the chains are
assembled with specific sulfation
patterns. Evidence for the first
model comes from the fact that
GAG chains isolated from a specific
cell type or a specific tissue are
always found to be polydisperse in
nature. This is a more relaxed model
that can account for emergence of
diverse structures from a given cell.
There are various evidences avail-
able that also suggest the existence
of GAGOSOMES as proposed in
the second model. For example,
extl and ext2 are found to be more
active when they are co-expressed
than either is expressed alone (51—
54). Recent studies have also shown
that the relative concentrations of
extl, ext2,and NDST1 influence the
sulfation pattern of HS (55). In addi-

GOLGI
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tion, HS C-5 epimerase and 2-OST are shown to be co-localized
in the medial Golgi (56). However, there is no direct evidence
for interaction among all of these enzymes.

In this study, we observed a wide variation in the sulfation
patterns of GAG chains primed by various xylosides. These
variations in the sulfation patterns should be attributed to the
presence of discrete enzyme complexes in different Golgi sub-
compartments that may differentially regulate the biosynthesis
of GAG chains. Several proteoglycans have been found to har-
bor a conserved motif. A chimeric core protein containing this
conserved motif was able to regulate the level of the epimeriza-
tion of D-glucuronosyl residues to L-iduronosyl residues (57).
Thus, this conserved motif is suggested to direct the chimeric
protein to a specific sub-cellular compartment, enriched with
specific enzymes that can lead to the differential modification
of the GAG chains. In a similar fashion, we anticipate that the
characteristics of aglycone moieties may dictate the localization
of different primers to specific sub-compartments, binding dif-
ferentially to the biosynthetic enzymes, to generate GAG chains
with distinct sulfation patterns or specific type of GAG chain
(HS, CS, or DS). In our study, some click-xylosides, 5 and 22,
stimulated predominantly HS (>90%) as determined by their
susceptibility to digestion with heparitinases I, I, and I1I. This is
the first report to shows that HS can be synthesized exclusively
on an exogenous GAG acceptor. In contrast, xylosides 7, 8, 14,
and 25 synthesized up to 80% CS, whereas xylosides 19, 20, 23,
and 24, exclusively synthesized DS chains that elute as sharp
narrow peaks in anion-exchange column. We have analyzed
these GAG chains that elute as narrow peaks by digestion of
GAG chains with chondroitinase B enzyme that selectively
cleaves GalNAcB(1-4)IdoA linkage and determined these nar-
row peaks are predominantly DS (Fig. 8). Interestingly, the DS
chains that elute as narrow peaks have fewer unsulfated disac-
charides. In contrast, CS chains that elute as broad peaks have a
significant amount of unsulfated disaccharides (see supple-
mental Figs. S4 and S5). We surmise that these xylosides may be
preferentially partitioned into a specific sub-compartment that
results in the synthesis of DS. Thus, selective compartmental-
ization of certain xylosides would likely result in the synthesis of
homogenous and distinct populations of the GAG chains.
However, other xylosides may be targeted to more than one
sub-cellular compartment resulting in the production of hetero-
geneous GAG chains with different composition of HS/CS/DS,
chain length, and disaccharide composition. A number of mod-
ifications have been identified in the linkage region of the pro-
teoglycans that may determine the type of GAG chain synthe-
sized (58 — 63). These modifications may be selectively made on
certain xylosides, which have different aglycones, leading to the
dramatic change in the synthesis of specific GAG chains. How-
ever, the influence of these modifications in the selective trans-
port of linkage oligosaccharides to specific compartments that
may result in unique sulfation pattern is not known. We plan to
examine in detail the type of modifications found in the linkage
regions of GAG chains primed by these xylosides and their
effect on the class switching in addition to specific sulfation
patterns.

Our findings provide further suggestive evidence for pres-
ence of GAGOSOMES that regulate the generation of cell-spe-
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cific combinatorial structures that are often erroneously
referred to as heterogeneous structures. We surmise that these
xylosides with different aglycones can either selectively parti-
tion into a specific GAGOSOME or be recognized differentially
by various GAGOSOMES to generate distinct GAG structures
as observed in this study (Fig. 9). Furthermore, the extent of
diversity of GAG structures synthesized in a given cell is likely
influenced by the number and composition of GAGOSOMES.
These enzyme complexes themselves may also be spatio-tem-
porally regulated both at the transcriptional and translational
level and are thus expected to dynamically synthesize various
unique GAG chains throughout the lifetime of the cell.

In conclusion, we have demonstrated for the first time that
the aglycone moieties of the xylosides influence sulfation pat-
tern, extent of sulfation, chain length, disaccharide composi-
tion, and type of GAG chains. These findings compel us to
propose a GAGOSOME model for the GAG biosynthesis.
Therefore, we predict that these xylosides would become an
important glycobiological tool to diligently probe how the sta-
tus of the cell would affect the biosynthetic machinery, GAGO-
SOMES, and also to probe cell-specific dynamic changes both
in fine structures and amounts of GAG chains produced during
and beyond the developmental stages of an organism.
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