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Abstract

A two-dimensiona chromatography method for monitoring the formation of oligosaccharides produced by heparinase-
catalyzed depolymerization of heparin is reported. In the first step of the two-dimensional method, the depolymerized
heparin is size-fractionated by high-performance gel permeation chromatography (HPGPC). The size-uniform fractions are
then separated on the basis of charge by strong anion-exchange (SAX) HPLC on a high resolution CarboPac PA1 column.
To demonstrate application of the two-dimensional product-profile analysis method, data are presented for the heparinase
I-catalyzed depolymerization of heparin in the absence and presence of histamine, a ligand that binds site-specifically to
heparin. Results from the two-dimensional analysis indicate that histamine alters the extent of depolymerization and the
product-profiles for the tetrasaccharide and hexasaccharide fractions. The use of CarboPac PA1 columns for the semi-
preparative scale separation of oligosaccharides in size-uniform fractions isolated from depolymerized heparin by low-
pressure (gravity flow) GPC is aso reported. The semi-preparative scale CarboPac PA1 column gives high resolution and
excellent reproducibility after repeated use over an extended period of time, making it possible to reliably combine fractions
from multiple separations. The oligosaccharides are eluted from the CarboPac PA1 column with a NaCl gradient at relatively
low pH (3 or 7) where they are stable. An efficient two-step procedure is described for desalting oligosaccharides separated
by SAX-HPLC. [ 2001 Elsevier Science BV. All rights reserved.
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1. Introduction GIcNS(6S) represents N- and 6-O-sulfated glucos-

amine (Fig. 1A). Minor congtituents, including 3-b-

Heparin is a highly sulfated, linear polysaccharide
largely made up of 1- 4 linked repeating sequences
of the trisulfated disaccharide [(x-L-1dOA(2S))-
(15 4)-(a-p-GIcNS(6S))], where a-L-IdoA(2S) rep-
resents 2-O-sulfated iduronic acid and o«-D-
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787-2435.
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glucuronic acid, N-acetyl-glucosamine and disaccha
ride repeat units with different degrees of O-sulfation
(Fig. 1B), are present in varying amounts, depending
on the origin of the heparin [1-4].

Heparin is widely used as a blood anticoagulant. It
also has antilipaemic, antihaemostatic and antithrom-
botic activities. The anticoagulant activity of heparin
is aresult of its binding to antithrombin 11 (AT-I11),
which accelerates the rate at which AT-I11 inactivates
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Fig. 1. Structures of (A) the major heparin disaccharide repeating unit, (B) the minor heparin disaccharide repeating unit and (C) a
representative heparin-derived oligosaccharide produced by heparinase |-catalyzed depolymerization of heparin. The heparin-derived
oligosaccharide in (C) is comprised of the major repeating disaccaride (A) and contains the A** double bond introduced into the uronic acid

at the nonreducing terminus by the depolymerization reaction.

proteolytic enzymes of the coagulation cascade [5—
7]. With the discovery that the anticoagulant activity
resides in a unique pentasaccharide sequence with
AT-I1l binding properties, and that this sequence is
present in only about one-third of heparin polymer
chains [7-12], there has been increased interest in
the primary structure of heparin and the contribution
of unique oligosaccharide sequences to its biological
activity [13-15].

Identification of oligosaccharide sequences in
heparin with specific biological activities is difficult
due to the polydispersity and micro-heterogeneity of
heparin. One approach to this problem is to en-
zymatically or chemically depolymerize heparin and
then isolate and characterize pure oligosaccharide
fragments. These well-defined oligosaccharides can
then be used to characterize features of the primary
structure of heparin and to study structure—activity
relationships with other biomolecules. An extension
of this approach is to carry out the depolymerization
in the presence of heparin-binding biological mole-
cules. The expectation is that, if the biological
molecule binds to a unique oligosaccharide se-
quence, binding will alter the depolymerization
reaction so that oligosaccharides containing this
sequence will be enriched in the product mixture.
For example, basic fibroblast growth factor (bFGF)
prevents heparinase | (EC 4.2.2.7) from degrading
the related glycosaminoglycan heparan sulfate from

Chinese hamster ovary cells, presumably by binding
at the same sites as cleaved by the enzyme [16].

The progress of heparinase-catalyzed depolymeri-
zation of heparin can be monitored by measuring the
absorbance of the A*® double bond formed by the
depolymerization reaction (Fig. 1C). However, be-
cause heparin—biomolecule complexes are likely to
dissociate rapidly [17], it is possible that heparin
sequences that bind biomolecules will also be de-
graded at longer depolymerization times. Thus, it is
desirable to monitor the progress of the depolymeri-
zation at the product oligosaccharide level to opti-
mize conditions for formation of biomolecule-bind-
ing oligosaccharide sequences.

In this paper, we report a two-dimensional chro-
matography method for monitoring the product-pro-
file distribution during heparinase |-catalyzed de-
polymerization of heparin. With this method, the
formation of individual oligosaccharides can be
monitored as the depolymerization reaction is carried
out in the absence or presence of heparin-binding
ligands to determine if the product-profile distribu-
tion is altered by the presence of the heparin-binding
ligand, and if so, the method can be used to optimize
conditions for the formation of specific oligosac-
charides. Application of the method is demonstrated
by results presented for depolymerization of heparin
in the presence of histamine. The diprotonated form
of histamine binds site-specifically to heparin, with
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the imidazolium ring located in a cleft formed by the
[(a-L-1dOA(2S))-(1 - 4)-(a-D-GIcNS(6S))-(1 - 4)-(c-
L-1doA(29))] trisaccharide sequence. The carboxylate
group of the IdoA(2S) at the reducing end of the
trisaccharide sequence and the sulfamide group of
the GICNS(6S) residue are essential for site-specific
binding [18,19].

We also report improvements in the semi-prepara-
tive scale procedures used for isolating sufficient
quantities of heparin-derived oligosaccharides for
characterization and further study.

2. Material and methods
2.1. Materials

Flavobacterium heparinase | (EC 4.2.2.7), bovine
lung heparin and porcine intestinal mucosal heparin
were obtained from Sigma (St Louis, MO, USA).
Low-pressure (gravity flow) gel permeation chroma-
tography (GPC) was done on a 200X3 c¢cm column
packed with 45-90 wm Bio-Gel P6 (Bio-Rad Labs.,
Richmond, CA, USA). Strong anion-exchange
(SAX) separations were performed on CarboPac PA1
columns (2509 mm and 2504 mm) obtained from
Dionex (Sunnyvale, CA, USA). The Sephadex G10
55-166 pm resin used in the desalting column
(50010 mm) and the Superdex Peptide HR GPC
column (30 cm X10 mm) were obtained from
Pharmacia Biotech (Piscataway, NJ, USA). SAX-
HPLC with the CarboPac columns and gel permea-
tion chromatography with the Superdex Peptide
column were performed on a Dionex 500 ion chro-
matography system, equipped with a GP40 gradient
pump and an AD20 UV-Vis detector. A column
pressure of less than 200 p.s.i. was used with the
Superdex Peptide column to avoid damage to the
column (1 p.si.=6894.76 Pa). Water was purified
with a Millipore (Bedford, MA, USA) water purifica-
tion system. All other reagents were of the highest
quality available.

2.2. Enzymatic depolymerization of heparin
Bovine lung and porcine intestinal mucosal

heparin were depolymerized using the enzyme
heparinase |. Both small and large-scale depolymeri-

zations were carried out, the former for detailed
depolymerization product-profile analysis studies and
the latter for preparative purposes. In the small-scale
depolymerizations, 100 or 200 mg of heparin were
dissolved together with 50 U of heparinase | (Sigma
units; 1 U is defined as the quantity of enzyme that
will form 0.1 pmol of unsaturated uronic acid
product per h at pH 7.5 and 25°C) in 2 or 4 ml of pH
7.5 solution that contained 25 mM sodium acetate
and 10 mM calcium acetate [20]. Depolymerization
reactions were carried out at 25 or 37°C in a water
bath. The progress of the reaction was monitored by
product-profile analysis as described below. Similar
reaction conditions were used in the large-scale
depolymerizations, except that 1 g of heparin was
dissolved together with 250 U of heparinase | in 50
ml of depolymerization solution. The progress of the
large-scale depolymerization was monitored by dilut-
ing 20-pl aiquots of the reaction solution with 1.0
ml of 0.03 M HCI and measuring the absorbance at
232 nm. When the absorbance reached a constant
value, the reaction mixture was lyophilized.

2.3. Low-pressure GPC

Portions (0.2 g) of the Iyophilized product from
large-scale depolymerizations were size fractionated
by low-pressure GPC on the Bio-Gel P6 column
usng a 0.5 M NH,HCO, eluent at a flow-rate of
8-12 ml/h. Fractions (2.0 ml) were collected and
the absorbance of each fraction was measured at 232
nm. Fractions containing oligosaccharides of the
same size were pooled and desalted by lyophiliza-
tion.

2.4. High-performance GPC

Aliquots (100 wl) of small-scale reaction mixtures
were size fractionated by high-performance GPC
with a Superdex Peptide HR column (one column or
two columns in series) with a 0.2 M NaCl eluent at a
flow-rate of 0.4-0.8 ml/min. The separation was
monitored by measuring the absorbance at 232 nm.
Peaks corresponding to oligosaccharides of different
sizes were collected for further product anaysis by
SAX-HPLC. Although the Superdex column was
designed for GPC separations of peptides, it gave
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Fig. 2. Size fractionation of heparinase I-depolymerized heparin
with the high-performance Superdex GPC column using 0.2 M
NaCl as the mobile phase. The eluent was monitored by UV
absorbance at 232 nm; (A) one column, 0.8 ml/min; (B) two
columns in series, 0.8 ml/min, and (C) two columns in series, 0.4
ml/min.

excellent size fractionation of heparin-derived oligo-
saccharides.

2.5. Srong anion-exchange chromatography

In the procedure used for product-profile analysis,
100-p! samples from the size-uniform fractions
collected from the Superdex Peptide column were
injected directly on to an analytical-scale CarboPac
PA1 column without desalting. The oligosaccharides
were eluted with a linear gradient of 70 mM pH 3 (or
7) phosphate buffer (solvent A) and 70 mM pH 3 (or
7) phosphate buffer plus 2 M NaCl (solvent B) at a

flow-rate of 1.2 ml/min. After each run, the column
was washed with solvent B for 5 min to elute any
oligosaccharides still on the column, followed by
solvent A for 5 min to recondition the column. The
gradient was optimized for each size-uniform oligo-
saccharide fraction.

In the procedure used for isolating pure oligo-
saccharides, the lyophilized size-uniform oligosac-
charide fractions obtained by low-pressure GPC were
separated according to charge with a semi-prepara-
tive scale CarboPac PA1 column. A sample size of
6—8 mg of oligosaccharide was generally used. The
chromatographic conditions were similar to those
described above, except that a flow-rate of 3.3 ml/
min was used.

The capacity of the CarboPac PA1 columns was
not determined, however excellent separations were
achieved for hexasaccharide-fraction sample sizes of
0.5 and 6-8 mg with the analytical and semipre-
parative-scale columns, respectively.

2.6. Desalting procedure

The oligosaccharides obtained by collection of
fractions from the semi-preparative CarboPac PA1
column were desalted on a 50010 mm Sephadex
G-10 (superfine) column using Millipore water as
eluent and a flow-rate of 9 ml/h or by a two-step
procedure described below. Fractions (1.5 ml) were
collected from the Sephadex G10 column and moni-
tored both by conductivity and UV absorbance at 232
nm. The desalted oligosaccharides were lyophilized
and their purity checked by *H NMR.

3. Results

Bovine lung and porcine intestinal mucosal
heparin were depolymerized with heparinase |,
which catalyzes cleavage of glucosamine-(1- 4)-
uronic acid glycosidic bonds by an eliminative
mechanism that results in a A*® unsaturated uronic
acid (AUA) at the non-reducing end (Fig. 1C) [21].
Thus, the oligosaccharides formed by the heparinase
|-catalyzed depolymerization of heparin differ in size
by disaccharide units [22].
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3.1. Monitoring the progress of heparinase-
catalyzed depolymerization of heparin

The method reported here for product-profile
analysis at the oligosaccharide level is a two-step
chromatographic procedure. In the first step, the
formation of size-uniform oligosaccharide fractions
is monitored by GPC with a high resolution/high
loading capacity Superdex Peptide column. To illus-
trate the performance of this column, chromatograms
obtained for heparinase |-depolymerized porcine
intestina mucosal heparin are presented in Fig. 2.
Chromatogram A was obtained using one column
and a flow-rate of 0.8 ml/min, chromatogram B
using two columns in series and a flow-rate of 0.8
ml/min, and chromatogram C two columns in series

and a flow-rate of 0.4 ml/min. The chromatograms
show that, with two columns in series and a flow-rate
of either 0.4 or 0.8 ml/min, di- to decasaccharides
can be resolved. The maximum loading capacity was
~10 mg of oligosaccharide. The column was found
to be stable and to give excellent reproducibility after
more than 150 injections. In the second step of the
product-profile analysis, size-homogenous fractions
collected from the separation on the Superdex GPC
column are separated by SAX-HPLC on an ana
lytical-scale CarboPac PA1 column.

Application of the product-profile analysis method
isillustrated by the results in Fig. 3 for the heparin-
ase |-catalyzed depolymerization of bovine lung
heparin. Superdex GPC chromatograms for aliquots
taken from a depolymerization reaction solution at 3,
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Fig. 3. Product profile analysis as a function of time for the heparinase |-catalyzed depolymerization of 100 mg of bovine lung heparin in 2
ml of depolymerization buffer. (A) Chromatograms for the size fractionation of depolymerized heparin on the Superdex GPC column;
flow-rate 0.6 ml/min. Peaks labelled a, b and c are for the di-, tetra- and hexasaccharide fractions. (B) and (C) Chromatograms for the
SAX-HPLC separation of the tetrasaccharide and hexasaccharide fractions, respectively, on an analytical scale CarboPac PA1 column. For B
and C, the oligosaccharides were eluted with a linear gradient of 70 mM pH 7 phosphate buffer (Solvent A) and 70 mM pH 7 phosphate
buffer plus 2.0 M NaCl (Solvent B). For the tetrasaccharide separations: 2%/min gradient for 10 min and then 0.5%/min for the remainder
of the separation; for the hexasaccharide separations: 3%/min gradient for 10 min and then 0.5%/min for the remainder of the separation.
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12, 18 and 37 h are presented in Fig. 3A. Fractions
corresponding to tetras and hexasaccharides were
collected and further separated by SAX-HPLC using
an analytical scale CarboPac PA1 column (Fig. 3B
and C, respectively). The time courses for formation
of the various oligosaccharides obtained from SAX
chromatograms are plotted in Fig. 4 for tetrasac-
charides giving peaks labeled 1-4 and hexasac-
charides giving peaks labeled 5-9 in Fig. 3B and C.
The results indicate conditions for optimizing the
formation of certain oligosaccharides. For example,
the hexasaccharide giving peak 8 in the hexasac-
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Fig. 4. Time-course plots for the labelled peaks in the tetra- and
hexasaccharide SAX-HPLC chromatograms in Fig. 3. The top
panel is for tetrasaccharides, the bottom panel is for hexasac-
charides. Relative percentage is defined as the percentage each
pesk is of the total peak area in the tetrasaccharide or hexasac-
charide chromatogram.

charide chromatograms is produced early in the
depolymerization reaction but then is consumed later
in the time course, while the hexasaccharides giving
peaks 6 and 9 reach a maximum relative concen-
tration after ~20 h. The tetrasaccharides giving peaks
3 and 4 in Fig. 3B and the hexasaccharide giving
peak 9 in Fig. 3C were isolated from large-scale
depolymerizations and their structures were deter-
mined by "H NMR spectroscopy methods [23] to be:

AUA(2S)-GIcNS(6S)-GIcA—GIcNS(6S),

AUA(2S)-GIcNS(6S)—IdoA (2S)-GIcNS(6S), and

AUA(2S)—-GIcNS(6S)—IdoA (2S)-GIcNS(6S)—

|doA(2S)—GIcNS(6S), respectively, where GIcA
represents glucuronic acid.

Depolymerization of porcine intestinal mucosal
heparin in the presence of histamine was aso
monitored to demonstrate application of the product-
profile analysis method when the depolymerization
solution contains a heparin-binding biomolecule. The
Superdex GPC chromatograms in Fig. 5 are for
aliquots taken from depolymerization solutions that
contained no histamine (chromatogram A) and his-
tamine at histamine/heparin ratios of 2:1 and 10:1
(chromatograms B and C, respectively), where the
heparin concentration is in terms of disaccharide
repeating units. The aliquots were al taken after 43 h
of reaction.

The results in Fig. 5 indicate that histamine affects
the heparinase-catalyzed depolymerization  of
heparin, with an increased yield of each size fraction
in the disaccharide to tetradecasaccharide range at a
histamine/heparin ratio of 2:1. This increased yield
was observed in chromatograms taken from the
beginning of the reaction until the heparinase lost its
activity (data not shown). However, when the his-
tamine/ heparin ratio is increased to 10:1, the depoly-
merization reaction is stopped. SAX-HPLC chro-
matograms of the tetra- and hexasaccharide fractions
for the reactions without histamine and with a
histamine/heparin ratio of 2:1 are shown in Fig. 6. A
comparison of the chromatograms indicates that
histamine modifies the cleavage pattern, with a
decrease in the formation of some oligosaccharides
and an increase in the formation of others. For
example, formation of the tetrasaccharides that elute
at ~69 and 70 min in Fig. 6B is greatly enhanced in
the presence of histamine, as is the formation of
hexasaccharides that elute at ~75, 84 and 102 min.
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Fig. 5. Size fractionation of depolymerized porcine intestinal mucosa heparin (200 mg of heparin in 4 ml of depolymerization buffer with
50 U heparinase 1) with the high-performance Superdex GPC column, (A) without histamine, (B) with histamine at a histamine/heparin
disaccharide ratio of 2:1 and (C) with histamine at a histamine/ heparin disaccharide ratio of 10:1. The chromatograms are for samples taken
after depolymerization for 44 h. One Superdex GPC column was used with a flow-rate of 0.6 ml/min and a mobile phase of 0.2 M NaCl.

3.2 Isolation of pure heparin-derived
oligosaccharides

Oligosaccharide mixtures produced by depoly-
merization of heparin for preparative purposes are
generally size-fractionated by low-pressure (gravity
flow) GPC. The size-uniform fractions are then
separated according to charge by SAX-HPLC [24].
Peak fractions are collected and the same fractions
from multiple runs are combined to obtain sufficient
quantities of pure oligosaccharides for further study.
The purified oligosaccharides are then desalted by
GPC. However, because the oligosaccharide con-
centration is low, a significant fraction of the oligo-
saccharide can be lost during the desalting step. To
minimize this loss, we developed the following two-
step procedure. In the first step, the oligosaccharide
solution is diluted with Millipore water to reduce the
NaCl concentration to below 0.4 M, and then the
entire solution is pumped through a CarboPac PA1
column as the mobile phase. The oligosaccharide
stays on the column while the NaCl is eluted. The

oligosaccharide is then eluted from the column
quickly with a steep NaCl gradient and collected.
The oligosaccharide, which now is concentrated in a
smaller volume at a smaller NaCl to oligosaccharide
ratio, is then desalted by low-pressure GPC on a
500X 10 mm Sephadex G-10 column using Millipore
water as eluent. Fractions (1.5 ml) were collected
from the Sephadex G-10 column and monitored both
by conductivity and UV absorbance at 232 nm. The
time efficiency of this process can be further in-
creased by doing the concentration/partial desalting
process on the CarboPac PA1 column simultaneously
for severa oligosaccharide fractions that are suffi-
ciently separated in the chromatogram. An additional
benefit of this procedure is that the second pass
through the CarboPac PA1 column also serves as a
second purification step.

4. Discussion

The two-step procedure described here for moni-
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Fig. 6. SAX-HPLC chromatograms obtained with an analytical scale CarboPac PA1 column for tetra- and hexasaccharide size-uniform
fractions obtained from the high-performance Superdex GPC separation of heparinase |-catalyzed depolymerization of porcine intestinal
mucosal heparin without and with histamine present. The samples were taken after 236 h of depolymerization. A and B are for
tetrasaccharide fractions from depolymerization solutions (A) without histamine and (B) with histamine present at a histamine/heparin
disaccharide ratio of 2:1; C and D are for the corresponding hexasaccharide fractions. The oligosaccharides were eluted with a linear
gradient of 70 mM pH 7 phosphate buffer (Solvent A) and 70 mM pH 7 phosphate buffer plus 2.0 M NaCl (Solvent B) at a flow-rate of 1.2
ml/min. For the tetrasaccharide separations: 2%/min gradient for 10 min and then 0.2%/min for the remainder of the separation; for the
hexasaccharide separations. 2%/min gradient for 10 min and then 0.25%/min for the remainder of the separation.

toring heparinase |-catalyzed depolymerization of
heparin by product-profile analysis at the oligosac-
charide level is based on the high resolution that can
be achieved for both size fractionation with the
Superdex GPC column and SAX-HPLC separation
of the size-uniform oligosaccharide fractions with the
CarboPac PA1 column. Methods used previously to
monitor depolymerization include viscosity measure-
ments to monitor oligosaccharide size and direct
analysis of the depolymerization reaction mixture,
i.e. without a size-fractionation step, as a function of
time by SAX-HPLC [25,26]. Product profile kinetics
were reported in the latter studies, however there
were some inconsistencies in the interpretation of the

exo- and endolytic activity of heparin lyases and
their substrate specificity [27,28]. Because of this
ambiguity, an alternative method involving mass
spectrometry and capillary electrophoresis was pro-
posed for mechanistic studies [29]. In this method,
purified oligosaccharides of known structure are used
as substrates to overcome complexities in the analy-
sis due to variations in the primary structure of
heparin. Such studies are limited primarily by the
lack of pure, homogeneous oligosaccharides larger
than tetrasaccharides.

The two-step procedure reported here for moni-
toring heparinase |-catalyzed depolymerization of
heparin is relatively fast and it provides detailed time
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course information for multiple oligosaccharides. As
demonstrated by results for the depolymerization of
heparin in the presence of histamine, it should be of
use in studies to determine if the formation of
specific oligosaccharide sequences is enriched in the
presence of heparin-binding biomolecules and for
optimizing conditions for formation of such oligo-
saccharides. The method should also be of use in
studies of the mechanism and substrate specificity of
the heparin lyases and other glycosaminoglycan
lyases.

Results obtained in this study demonstrate that the
CarboPac PA1 column offers excellent performance
for the SAX-HPLC separation of size-uniform oligo-
saccharide mixtures. Standard quaternary-amine-
based strong anion-exchange columns have been
most widely used for this purpose [21,22]. However,
these columns tend to deteriorate under the high salt
concentration conditions used to elute heparin-de-
rived oligosaccharides and thus require constant
correction of the slope of the NaCl gradient [30,31].
As a consequence, elution times for the different
oligosaccharides in a mixture are not very reproduc-
ible, which makes it difficult to combine fractions
from repeated separations. This is a particular prob-
lem for the isolation of pure samples of the larger
oligosaccharides, since fractions from many sepa
rations usually need to be combined to accumulate
adequate amounts for further study [22,32]. Unlike
traditional macroporous polymeric ion-exchange ma-
terials, the CarboPac PA1 column contains a poly-
meric nonporous pellicular resin [33] that overcomes
the poor mass transfer and peak band broadening
problems resulting from slow diffusion of analytes
into and out of the pores of resins used in quaternary
amine-based SAX columns. In addition, the resin is
stable over a wide pH range (pH 0-14).

The CarboPac PA1 column has been used previ-
oudy to separate unsaturated disaccharides derived
from chondroitin sulfate, dermatan sulfate and hy-
aluronan with high resolution [34,35]. However, the
reported procedure requires reduction of the disac-
charides to their aditol form to stabilize them at the
akaline pH values of the eluents used. In the
procedure described here, the separation of heparin-
derived oligosaccharides is done at lower pH, where
the oligosaccharides are stable and no further modi-
fication is required. Also, the CarboPac PA1 column

can be reconditioned after each run in ~5 min,
compared to the 25 min we found necessary for
standard quarternary amine-based SAX columns.

The chromatograms in Figs. 3 and 6 indicate that
excellent resolution is achieved with the CarboPac
PA1 column. The resolution remained essentially the
same after approximately 300 injections over a 1-
year period. With the high resolution and excellent
reproducibility of separations on the CarboPac PA1
column, oligosaccharides present in minor abun-
dance can be isolated.

Acknowledgements

This research was supported by National Institutes
of Health Grant HL56588.

References

[1] B. Casu, in: D.A. Lane, U. Lindahl (Eds.), Heparin: Chemi-
ca and Biological Properties, Clinical Applications, CRC
Press, Boca Raton, FL, 1989, p. 25.

[2] U. Lindahl, M. H6dk, Annu. Rev. Biochem. 47 (1978) 385.

[3] JW. Fenton, J.I. Witting, C. Pouliott, J. Fareed, Ann. NY
Acad. Sci. 556 (1989) 158.

[4 RJ. Linhardt, T. Toida, in: Z.J Witczak, K.A. Nieforth
(Eds), Carbohydrates in Drug Design, Marcel Dekker, New
York, 1997, p. 277.

[5] R.D. Rosenberg, Fed. Proc., Fed. Am. Soc. Exp. Biol. 36
(1977) 10.

[6] U.R. Desai, M. Petitou, I. Bjork, S.T. Olson, J. Biol. Chem.
273 (1998) 7478.

[7] 1. Bjork, S.T. Olson, JD. Shore, in: D.A. Lane, U. Lindahl
(Eds.), Heparin: Chemical and Biologica Properties, Clinical
Applications, CRC Press, Boca Raton, FL, 1989, p. 229.

[8] L.H. Lam, JE. Silbert, R.D. Rosenberg, Biochem. Biophys.
Res. Commun. 69 (1976) 570.

[9] M. Hook, I. Bjork, J. Hopwood, U. Lindahl, FEBS Lett. 66
(1976) 90.

[10] U. Lindahl, G. Backstrom, L. Thunberg, |I.G. Leder, Proc.
Natl. Acad. Sci. USA 77 (1980) 6551.

[11] U. Lindahl, L. Thunberg, G. Backstrom, J. Riesenfeld, K.
Nordling, I. Bjork, J. Biol. Chem. 259 (1984) 12368.

[12] U. Lindahl, G. Backstrom, L. Thunberg, J. Biol. Chem. 258
(1983) 9826.

[13] D. Spillman, U. Lindahl, Curr. Opin. Struct. Biol. 4 (1994)
677.

[14] JI. Turnbull, J.J. Hopwood, J.T. Gallagher, Proc. Natl. Acad.
Sci. USA 96 (1999) 2698.

[15] M. Maccarana, B. Casu, U. Lindahl, J. Biol. Chem. 238
(1993) 23898.



74 W-L. Chuang et al. / J. Chromatogr. A 932 (2001) 6574

[16] S. Tumova, K.J. Bame, J. Biol. Chem. 272 (1997) 9078.

[17] D. Moscatelli, J. Biol. Chem. 267 (1992) 25803.

[18] D.L. Rabenstein, P. Bratt, T.D. Schirling, JM. Robert, W.
Guo, J. Am. Chem. Soc. 114 (1992) 3278.

[19] W.-L. Chuang, M.D. Christ, J. Peng, D.L. Rabenstein,
Biochemistry 39 (2000) 3542.

[20] P Gettins, A. Horne, Carbohydr. Res. 223 (1992) 81.

[21] RJ. Linhard, in: H. Weinheim, A. Ogura, T.S. Hasegawa
(Eds), Carbohydrates — Synthetic Methods and Applica-
tions in Medicinal Chemistry, Kodansha/VCH, Tokyo, 1992,
p. 385.

[22] A. Pervin, C. Gallo, K.A. Jandik, X.J. Han, R.J. Linhardt,
Glycobiology 5 (1995) 83.

[23] W.-L. Chuang, M.D. Christ, D.L. Rabenstein, Ana. Chem.
73 (2001) 2310.

[24] RJ. Linhardt, D. Loganathan, in: C.G. Gebelein (Ed.),
Biomimetic Polymers, Plenum Press, New York, 1990, p.
135.

[25] K. Rice, R.J. Linhardt, Carbohydr. Res. 190 (1989) 219.

[26] K.A. Jandik, K. Gu, R.J. Linhardt, Glycobiology 4 (1994)
289.

[27] S.Yamada, Y.Yamane, H. Tsuda, K. Yoshida, K. Sugahara, J.
Biol. Chem. 273 (1998) 1863.

[28] U.R. Desai, H.M. Wang, R.J. Linhardt, Arch. Biochem.
Biophys. 306 (1993) 461.

[29] S. Ernst, A.J. Rhomberg, K. Biemann, R. Sasisekharan, Proc.
Natl. Acad. Sci. USA 95 (1998) 4182.

[30] K.G. Rice, Y.S. Kim, A.C. Grant, Z.M. Merchant, R.J.
Linhardt, Anal. Biochem. 150 (1985) 325.

[31] A. Larnkjaer, S.H. Hansen, PB. @stergaard, Carbohydr. Res.
266 (1995) 37.

[32] S. Yamada, T. Murakami, H. Tsuda, K. Yoshida, K. Sugu-
hara, J. Biol. Chem. 270 (1995) 8696.

[33] Analysis of Carbohydrates by High Performance Anion
Exchange Chromatography with Pulsed Amperometric De-
tection (HPAE-PAD). Technical Note 20, Dionex, Sunny-
vale, CA.

[34] S. Shibata, R.J. Midura, V.C. Hascall, J. Biol. Chem. 267
(1992) 6548.

[35] RJ. Midura, A. Salustri, A. Caabro, M. Yanagishita, V.C.
Hascall, Glycobiology 4 (1994) 333.



