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Abstract

Specific sequences in heparin are responsible for its modulation of the biological activity of proteins. As part of a program to
characterize heparin—peptide and heparin—protein binding, we are studying the interaction of chemically discrete heparin-derived
oligosaccharides with peptides and proteins. We report here the isolation and characterization, by one- and two-dimensional 'H
NMR spectroscopies, of ten hexasaccharides, one pentasaccharide, and one octasaccharide serine that were isolated from
depolymerized porcine intestinal mucosal heparin. Hexasaccharides were chosen for study because they fall within the size range,
typically tetra- to decasaccharide in length, of heparin sequences that modulate the activity of proteins. The depolymerization
reaction was catalyzed by heparinase I (EC 4.2.2.7) in the presence of histamine, which binds site specifically to heparin.
Histamine increases both the rate and extent of heparinase I-catalyzed depolymerization of heparin. It is proposed that
oligosaccharides produced by heparinase I-catalyzed depolymerization can inhibit the enzyme by binding to the imidazolium
group of histidine-203, which together with cysteine-135 forms the catalytic domain of heparinase I. The increased rate and extent
of depolymerization are attributed to competitive binding of the oligosaccharides by histamine. © 2002 Elsevier Science Ltd. All
rights reserved.
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1. Introduction ever, identification of oligosaccharide sequences in hep-

arin with specific biological activities has been difficult

Heparin is a highly sulfated, linear polysaccharide
with a wide range of biological activities, including
inhibition of blood coagulation,! release of lipoprotein
lipase and hepatic lipase,>? inhibition of complement
activation,** regulation of cell proliferation,®’ inhibi-
tion of angiogenesis and tumor growth,®° and antiviral
activity.'®!" These activities result from the interaction
of heparin with proteins,'? the most well characterized
being its interaction with antithrombin.’!*!* With the
discovery that the anticoagulant activity of heparin
resides in a unique pentasaccharide sequence with an-
tithrombin binding properties,’>~'° there has been in-
tense interest in characterizing the primary structure of
heparin and the contribution of unique oligosaccharide
sequences to its various biological activities.?*~>® How-
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due to its structural heterogeneity.

The basic polymeric structure of heparin consists of
alternating (1 —4)-linked glucosamine and uronic acid
residues. The major repeating unit is the trisulfated
disaccharide GIcNS(6S)-1doA(2S), where GIcNS(6S)
represents N- and 6-O-sulfated glucosamine and
IdoA(2S) represents 2-O-sulfated iduronic acid. This
repeating disaccharide accounts for at least 85% of
heparins from bovine lung and 75% of those from
porcine intestinal mucosa.?®?’ Structural microhetero-
geneity is present in the other parts of heparin due to
incomplete pathways in its biosynthesis, including in-
complete epimerization of glucuronic acid to iduronic
acid, O-sulfation and N-deacetylation/N-sulfation. The
structural diversity of heparin gives rise to its wide
range of biological activities.

In this paper, we report structures and 'H NMR
spectral data for ten hexasaccharides, one pentasaccha-
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ride and one octasaccharide serine from the carbohy-
drate—protein linkage region. The oligosaccharides
were obtained by heparinase I-catalyzed depolymeriza-
tion of porcine intestinal mucosal heparin.?®?° Enzy-
matic depolymerization with heparinases offers the
advantage that the cleavage conditions are sufficiently
mild that the fine structure of the oligosaccharides is
not altered.*® However, some oligosaccharide sequences
are either absent or present in very small quantities
because of the substrate specificity of the heparin
lyases.!® To enrich the production of some oligosaccha-
ride sequences, histamine, which binds site-specifically
to heparin,®'-*> was added to the depolymerization solu-
tions.** This resulted in the isolation and characteriza-
tion of four hexasaccharides not previously reported.

The purpose of this work was to isolate and charac-
terize chemically discrete heparin-derived oligosaccha-
rides for use in our studies of the interaction of peptides
and proteins with heparin, while at the same time
providing new information about the primary structure
of heparin. We have chosen hexasaccharides for the
first phase of this study because they fall within the size
range of heparin sequences, typically from tetra- to
decasaccharide in length, that are responsible for modu-
lation of the biological activity of proteins.>*

2. Experimental

Materials.—Histamine  hydrochloride, Flavobac-
terium heparinase I (EC 4.2.2.7) and the sodium salt of
porcine intestinal mucosal heparin were obtained from
Sigma Chemical Co. Bio-Gel P6 gel-permeation chro-
matography (GPC) matrix was purchased from BioRad
Laboratories, Richmond, CA. Sephadex G10 and GI15
were obtained from Pharmacia Biotech, Piscataway,
NJ. The Superdex Peptide HR GPC column (10 x 300
mm) was obtained from Pharmacia Biotech, Piscat-
away, NIJ. Strong anion exchange (SAX)-HPLC was
performed on CarboPac PA1l columns (4 x 250 mm
and 9 x 250 mm) from Dionex, Sunnyvale, CA. HPLC
separations were performed on a Dionex 500 ion-chro-
matography system equipped with a GP40 gradient
pump and an AD20 UV-Vis detector. Water was
purified with a Millipore water purification system. All
other reagents and chemicals were of the highest quality
available. NMR experiments were performed at 500
MHz and 10-25 °C on a Varian Unity Inova spectrom-
eter equipped with a 'H{'*C,'N} triple resonance,
X,Y,Z triple axis pulsed field gradient probe. Shigemi
NMR tubes were obtained from Shigemi Co., Inc.
Sodium 3-(trimethylsilyl)propionate-2,2,3,3-D, (TSP)
was obtained from Aldrich Chemical Co.

Enzymatic depolymerization of heparin.—Porcine in-
testinal mucosal heparin was cleaved by digestion with
heparinase 125223336 Depolymerization solutions con-

tained 0.1 M sodium acetate, 30 mM calcium acetate,
and 0.02% sodium azide. To determine optimum condi-
tions for depolymerization in the presence of histamine,
the reaction was run on a small scale and monitored by
two-dimensional chromatography.** A 100-mg sample
of heparin was digested with 25 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 mL of pH 7.5
depolymerization solution without histamine and at
histamine—heparin ratios of 2:1, 4:1, and 10:1, where
the mole ratio is defined in terms of the concentration
of the heparin repeating disaccharide. Aliquots (100
puL) of the reaction mixtures were size-separated on a
Superdex GPC column with a 0.2 M NaCl eluent at a
flow rate of 0.7 mL/min. The absorbance was measured
at 232 nm (Fig. 1). The peak corresponding to the
hexasaccharide fraction was collected for further analy-
sis by SAX-HPLC. A 100-uL aliquot was injected
directly onto the analytical-scale CarboPac PAl
column. 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
containing 2 M NacCl (solvent B) at a flow rate of 1.2
mL/min.

Based on the results in Fig. 1, preparative-scale reac-
tions were run using a histamine—heparin ratio of 4:1.
Heparin (1 g), histamine hydrochloride (928 mg), and
250 units of heparinase I were dissolved in 50 mL of
depolymerization solution. When the absorbance at 232
nm reached a plateau (typically after 200 h for these
conditions), the reaction was stopped and the solution
was concentrated by lyophilization. The lyophilized
product was size-fractionated by gravity flow GPC on a
3 x 200-cm Bio-Gel P6 column using a 0.5 M
NH,HCO; eluent at a flow rate of 8—12 mL/h. Frac-
tions (2.0 mL) were collected and the absorbance of
each fraction was measured at 232 nm. From peak
areas in the resulting chromatogram, the hexasaccha-
ride fraction was ~ 10% of the total depolymerization
product. The hexasaccharide fractions from multiple
runs were pooled.

The hexasaccharide solution was desalted by
lyophilization and then separated by SAX-HPLC with
a semipreparative scale CarboPac PA1 column. A rep-
resentative chromatogram is shown in Fig. 2. To in-
crease  efficiency of the isolation of pure
hexasaccharides, a two-step procedure was used that
allowed the injection of larger amounts. In the first
step, 10 mg of the hexasaccharide fraction was injected
onto the semipreparative scale CarboPac column; a
representative chromatogram is shown in Fig. 3(A).
The resolution is less than that in Fig. 2 because the
column was overloaded. Fractions were collected (frac-
tion 1 from 8—32 min and fractions A-G, J and K as
indicated). Fraction 1 from multiple separations was
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pooled and then rechromatographed using a different
gradient; a representative chromatogram is shown in
Fig. 3(B). Peaks labeled H, I, and L were collected.
Fractions A-L were purified further by combining
several well-separated fractions, diluting to reduce the
NaCl concentration to below 0.4 M, and then pumping
the entire solution through the CarboPac column as the
mobile phase. The oligosaccharides stayed on the
column while the NaCl was eluted. The oligosaccha-
rides were then eluted with a NaCl gradient. To illus-

Octasaccharides l

Hexasaccharides

937

trate, chromatogram C in Fig. 3 was obtained for a
mixture of B, D, F, G, J, and K by this procedure. The
NaCl was then removed from each purified oligosac-
charide solution by GPC on a 10 x 500 mm Sephadex
G-10 column using Millipore water as the eluent. Frac-
tions (1.5 mL) were collected and monitored by both
conductivity and absorbance at 232 nm. The desalted
oligosaccharides were lyophilized, and their purity was
checked by '"H NMR spectroscopy. If there was greater
than 20% impurity, the oligosaccharide was repurified.

Disaccharides

Tetrasaccharides l’ _

Minutes

Fig. 1. Size fractionation of depolymerized porcine intestinal mucosal heparin by high-performance GPC on a Superdex column
(eluent: 0.2 M NacCl; flow rate: 0.7 mL/min). The heparin was depolymerized (A) without histamine; (B) at a histamine—heparin
disaccharide ratio of 2:1; and (C) at a histamine—heparin disaccharide ratio of 4:1. The chromatograms are for 100 pL aliquots
after 200 h of reaction. At a histamine—heparin disaccharide ratio of 10:1, there was very little depolymerization product (data

not shown).
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Fig. 2. A SAX-HPLC chromatogram of ~ 1.0 mg of the hexasaccharide fraction. The letters identify nine of the 12 fractions
isolated by the procedure outlined in Fig. 2. A linear gradient was formed from 70 mM NaH,PO, at pH 3.0 (solvent A) and 2.0
M NaCl+ 70 mM NaH,PO, at pH 3.0 (solvent B). The gradient started at 100% solvent A, with the amount of solvent B
increased at a rate of 4.5%/min for 10 min, and then 0.33%/min.
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Fig. 3. Isolation of oligosaccharides by SAX-HPLC on a
semipreparative scale CarboPac PAl column. The letters
identify the fractions collected; the oligosaccharides in these
fractions are identified in Table 2. A two-step procedure was
used in which fractions were collected, combined and then
rechromatographed to increase the purity of the isolated
oligosaccharides (see text for details). Linear gradients were
formed from 70 mM NaH,PO, at pH 3.0 (solvent A) and 2.0
M sodium chloride + 70 mM NaH,PO, at pH 3.0 (solvent B).
(A) Chromatogram for ~ 10 mg of the hexasaccharide frac-
tion. The gradient started at 100% solvent A, with the amount
of solvent B increased at a rate of 4.5%/min for 10 min, and
then 0.33%/min. (B) Chromatogram for fraction 1. The gradi-
ent started at 100% solvent A, with the amount of solvent B
increased at a rate of 2.5%/min for 10 min, and then 0.33%)/
min. (C) The chromatogram for repurification of fractions B,
D, F, G, J, and K. The gradient started at 20% solvent B,
which was increased at a rate of 3%/min for 10 min, and then
0.33%/min.

The quantities obtained from the depolymerization of 1
g of porcine heparin were: ~ 15 mg for A, 7 mg for B,
3 mg for C and F, 4 mg for D, 5 mg for K, 1 mg for E,
H, I, J and L, and 2 mg for G.

NMR procedures.—The pure oligosaccharides were
lyophilized in D,O three times to replace exchangeable
protons with deuterium. They were then dissolved in
320 puL of D,O containing TSP for a chemical shift
reference. The sample solution was filtered through a
0.45-um Microspin filter and transferred to a Shigemi
NMR tube. A one-dimensional 'H NMR spectrum and
two-dimensional correlation spectroscopy (COSY),
double quantum filtered correlation spectroscopy
(DQF-COSY), total correlation spectroscopy (TOCSY)
and rotating frame Overhauser effect spectroscopy
(ROESY) '"H NMR spectra were measured for each
sample.’’~4° Spectra were measured at 25 °C, unless
otherwise specified. A 10-ppm spectral width was used

for measuring 1D spectra, and a 6-ppm spectral width
for 2D spectra. Selective presaturation was used to
reduce the intensity of the HDO resonance. Two-di-
mensional data sets were acquired with 4096 points in
the ¢, dimension and 256-512 increments in the ¢,
dimension; a 60-90° shifted sine-bell squared apodiza-
tion was applied to both dimensions to drive the FID
to zero at the last point. A baseline correction was
applied after the first (¢,) Fourier transform.

3. Results

Heparinase I catalyzes cleavage of the glucosaminidic
linkage in the GIcNS( £ 6S)—uronic acid—GIcNS( + 6S)
sequence of heparin.?>*** Histamine modifies the hepari-
nase I-catalyzed depolymerization, with a decrease in
the production of some oligosaccharides and an in-
crease in the production of others.** To determine if
histamine alters the rate of the heparinase I-catalyzed
reaction, the reaction was monitored by 'H NMR
spectroscopy. The anomeric region of representative
spectra measured as a function of time at a histamine—
heparin ratio of 4:1 (A) and with no histamine present
(B) are presented in Fig. 4. The patterns of resonances
for the anomeric (H-1) protons (5.0-5.7 ppm) and for
the H-4 proton of the unsaturated uronic acid residue
(AUA) formed by the cleavage reaction (5.95-6.01
ppm) are different in the presence of histamine, which
provides evidence that the cleavage pattern is modified
by histamine, including a significant increase in the
amount of AUA(2S)-(1 »4)-GIcNS(6S) disaccharide
formed, as indicated by the increased intensity of the
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Fig. 4. Portions of "H NMR spectra measured as a function
of time for depolymerization solutions which contained (A)
histamine at a histamine—heparin disaccharide repeat unit
ratio of 4:1 and (B) no histamine. Heparin (50 mg) and 50
units of heparinase I were dissolved in 2 mL of D,O solution
containing 100 mM sodium acetate and 10 mM calcium
acetate at pD 7.1. The depolymerization reactions were run at
30 °C.
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Fig. 5. The ratio of the integrated intensities of the resonances
for the H-4 protons of the AUA residues (5.95-6.01 ppm in
Fig. 3) of the oligosaccharides formed by heparinase I-cata-
lyzed depolymerization of heparin and the methyl resonance
of the internal TSP. The depolymerization reaction conditions
are given in the legend to Fig. 3. (A) Histamine present at a
histamine—heparin disaccharide repeat unit ratio of 4:1 and
(B) no histamine.

resonances for its H-1 protons at 5.52 and 5.46 ppm.
The progress of the depolymerization reaction was
characterized by taking the ratio of the integrals for the
H-4 resonance of the AUA residue and the methyl
resonance of the internal TSP. The results in Fig. 5
indicate that the rate of reaction is increased in the
presence of histamine, while the results in Fig. 1 indi-
cate that the extent of reaction is also increased by
histamine.

Structural  characterization — of  heparin-derived
oligosaccharides.— Twelve oligosaccharides (A—L) were
isolated in sufficient quantity and purity for structure
characterization by '"H NMR spectroscopy. Their struc-
tures were determined using a combination of data
obtained from one- and two-dimensional 'H NMR
spectra. The procedure will be illustrated with the as-
signment of the structure of oligosaccharide K. The
one-dimensional '"H NMR spectrum of K is shown in
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Fig. 7. A portion of the TOCSY spectrum of oligosaccharide
K and subspectra obtained by taking traces through the
TOCSY spectrum at the chemical shifts of the anomeric
proton resonances. 4 K data points were collected at 256 ¢,
increments using a mixing time of 120 ms.

Fig. 6. The resonance at 5.978 ppm is for the H-4
proton of the AUA residue. The five resonances in the
5.0-5.6 ppm region are for anomeric (H-1) protons.
The identity of the monosaccharide residue giving each
anomeric resonance was determined using subspectra
obtained by taking traces through two-dimensional
TOCSY spectra at the chemical shifts of the H-1 reso-
nances (Fig. 7). The resonance at 5.978 ppm in the
subspectrum taken at 5.499 ppm indicates the H-1
resonance at 5.499 ppm is for the AUA residue. The
other subspectra indicate the H-1 resonances at 5.373
and 5.350 ppm are for glucosamine residues, while
those at 5.216 and 5.035 ppm are for uronic acid
residues.*! The 1D spectrum shows that there are two
partially overlapped resonances at 4.614 and 4.615

GIcNAG(BS) CHy

GIcNS(8S) H2

O # 2
< - x
L i | 53
I |
6.0 5.6 5.2 4.8 4.4 4.0 3.6 3.2 ppm 2.1 1.9

Fig. 6. 500 MHz '"H NMR spectrum of oligosaccharide K in D,O solution.
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ppm. Cross peaks in subspectra taken at 5.499 and
4.614 ppm on the F2 axis indicate that the resonance at
4.614 ppm is for a proton of the AUA residue. How-
ever, the resonance at 4.615 ppm is for the anomeric
proton of a uronic acid residue of a low-abundance
isomer as indicated by the pattern of resonances in
TOCSY subspectra.

Resonances in the TOCSY subspectra were assigned
to specific protons in each monosaccharide using cross
peaks in the DQF-COSY spectrum (data not shown).
The sequence of the monosaccharides was then deter-
mined using H-1/H-4 and H-4/H-1 cross peaks in the
ROESY spectrum (Fig. 8), starting with the cross peak
to H-1 of the AUA residue.*! Taken together, these
data indicate the core oligosaccharide to be AUA-
GlcN-IdoA-GIcN-GlcA, where GIcN, IdoA and
GIcA represent a-D-glucosamine, a-L-iduronic acid and
D-glucuronic acid, respectively. The chemical shift data
are summarized in Table 1.

The GIcA at the reducing end can exist in both the o
and B anomers; the chemical shifts of the H-1 reso-
nances for the two anomers are ~ 5.2 and 4.62 ppm,
respectively.*>** Thus, the H-1 resonances at 5.215 and
4.615 ppm are assigned to the o and § anomers of the
GIcA residue at the reducing end of K.

The substituents on the monosaccharides were iden-
tified by comparison of the chemical shift data in Table
1 to reference chemical shift data in the litera-
ture.23-2>41-4% Gtarting at the nonreducing end, the
chemical shift of the resonance for H-2 of AUA indi-
cates a 2-O-sulfate group. The chemical shift of 3.274
ppm for H-2 of the GIcN residue linked to AUA(2S)
(GlcN-b, where b represents position in the oligosac-
charide sequence, starting with residue AUA-a at the
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(ppm)3
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Fig. 8. A portion of the ROESY spectrum of oligosaccharide
K. The dipolar cross peaks which establish the sequence of the
monosaccharide residues are identified. 4 K data points were
collected at 256 ¢, increments using a mixing time of 120 ms.

Table 2

Structures of the oligosaccharides isolated from the his-
tamine-modified depolymerization of porcine intestinal mu-
cosal heparin ?

Fraction  Structure

A AUA(2S)-GIcNS(6S)-1doA(2S)-GIcNS(6S)—
IdoA(2S)-GIcNS(6S)

B AUA(2S)-GIcNS(6S)-1doA(2S)-GIcNS(6S)-
GIlcA-GIcNS(6S)

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

D AUA(2S)-GIcNS(6S)-1doA(2S)-GIcNAc(6S)—
GIcA-GIcNS(6S)

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

F AUA(2S)-GIcNS(6S)-IdoA(2S)-GlecNAc-
GlcA-GIcNS(6S)

G AUA(2S)-GIcNS(6S)-IdoA(2S)-GIeNS(6S)—-
IdoA-GIcNAc

H AUA(2S)-GIcNS-1doA(2S)-GIcNS-IdoA(2S)-
GIcNS

I AUA(2S)-GIcNS(6S)-1doA(2S)-GIecNS-IdoA—
GIcNAc

J AUA(2S)-GIcNS(6S)-IdoA-GIcNAc(6S)—-
GlcA-GIcNS(6S)

K AUA(2S)-GIcNS(6S)-1doA-GIcNACc(6S)—
GlcA(a,B)

L AUA(2S)-GIeNS(6S)-IdoA-GleNAc-GleA—

Gal-Gal-Xyl-Ser

228, 6S, and NS represent 2-O-, 6-O-, and 2-N-sulfate, and
NAc represents 2-N-acetyl.

nonreducing terminus) indicates an N-sulfate group,
while the chemical shifts of 4.218 and 4.362 ppm for the
resonances for the H-6 proton indicate a 6-O-sulfate
group. The chemical shifts of the H-1 and H-3 protons
of the AUA(2S) residue provide additional evidence for
a 6-O-sulfate group.*® The chemical shift of 3.796 ppm
for H-2 of IdoA-c indicates an OH group at the 2-posi-
tion. The chemical shift of 3.924 ppm for H-2 of
GlcN-d indicates an N-acetyl group, while the chemical
shifts of 4.204 and 4.336 ppm for the H-6 protons
indicate a 6-O-sulfate group. The presence of an N-ace-
tyl group is also indicated by two resonances at 2.047
and 2.054 ppm, with a total integrated intensity consis-
tent with one acetyl group. Finally, the chemical shift
of 3.282 ppm for H-2 of the f conformer of the GIlcA
residue indicates an OH group at the 2-position. Taken
together, these results indicate that K is (1 —4)-linked
AUA(2S)—GIcNS(6S)-1doA—GIcNAc(6S)-GlcA(a,B)
(Table 2). The ratio of the o to B anomers was deter-
mined to be ~ 3 to 2 from the integrated intensities of
the resonances at 5.216 and 4.615 ppm and the inte-
grated intensities of the two acetyl resonances at 2.047
and 2.054 ppm. The same structure has been reported
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by Yamada et al. based on more limited NMR data.*?
A comparison of the chemical shift data in Table 1 for
oligosaccharide K with that reported by Yamada et al.
shows agreement within 0.04 ppm.

'H chemical shift data for the other oligosaccharides
are also reported in Table 1 and their structures are
given in Table 2. The twelve oligosaccharides include
ten hexasaccharides, one pentasaccharide, and one oc-
tasaccharide serine from the protein linkage region.
Hexasaccharides E, G, H, and I have not been reported
previously.

Hexasaccharide A.—Hexasaccharide A consists of
three fully sulfated disaccharide repeat units:
AUA(2S)-GIcNS(6S)-1doA(2S)-GIecNS(6S)-1doA(2S)
—GIcNS(6S). The chemical shift data in Table 1 are in
good agreement with that reported in previous stud-
ies.23,24,35.36

Hexasaccharide B.—The presence of a D-glucuronic
acid residue in B is indicated by the characteristic
chemical shift of H-1 (4.616 ppm), a characteristic
triplet for H-2 at 3.391 ppm, and a 3J;, coupling
constant of ~8.5 Hz. The 'H NMR spectrum of B
indicates the ratio of the monosaccharides AUA(2S),
IdoA(2S), GIcA, and GIcNS(6S) to be 1:1:1:3. The
saccharide sequence was determined from the ROESY
spectrum to be AUA(2S)-GIcNS(6S)-1doA(2S)-
GIcNS(6S)-GlcA—GIcNS(6S). The chemical shifts in
Table 1 for B are in agreement with reported
values.?*243%

Hexasaccharide C.—There are anomeric H-1 reso-
nances for one AUA(2S) residue (5.511 ppm), two
IdoA(2S) residues (5.220 and 5.200 ppm) and three
glucosamine residues (5.420, 5.402, and 5.460 ppm) in
the 1D spectrum of C. The TOCSY spectrum is similar
to that of A except that the resonances for the two H-6
protons of one glucosamine residue are 0.4 ppm upfield
from those for GIcNS(6S), which indicates the absence
of a 6-O-sulfate group.*' Using these results together
with data from the ROESY spectrum, the structure was
determined to be: AUA(2S)-GIcNS(6S)-IdoA(2S)—
GIcNS(6S)-1doA(2S)—-GIcNS.

Hexasaccharides E and H.—Chemical shift data for
E and H indicate they have structures similar to C, with
the exception that the TOCSY subspectra indicate E
has two glucosamine residues that lack 6-O-sulfate
groups, while all three glucosamine residues of H lack
6-O-sulfate groups. Using connectivities in the ROESY
spectrum, the structure of E was determined to be
AUA(2S) — GIeNS(6S) — IdoA(2S) — GIeNS - IdoA(2S) -
GIcNS; that of H was determined to be AUA(2S)—
GIcNS-1doA(2S)-GIcNS-1doA(2S)-GIcNS. E and H
have not been reported previously.

Hexasaccharide D.—The methyl resonance at 2.03
ppm and the downfield shift for an H-2 resonance
indicates a GIcNAc residue in D. There is one glu-
curonic acid residue, as indicated by an H-1 resonance

at 4.589 ppm (°J,, 8.0 Hz) and an H-2 resonance at
3.342 ppm (*J,5 9.4 Hz). The chemical shift data indi-
cate that the other four residues are fully sulfated
iduronic acid and glucosamine. The integrated intensi-
ties of the H-1 resonances indicate that AUA(2S),
IdoA(2S), GlcA, GIcNS(6S), and GIcNAc(6S) are
present in a 1:1:1:2:1 ratio. Using sequence information
from the ROESY spectrum, the structure was deter-
mined to be AUA(2S)-GIcNS(6S)-IdoA(2S)-Gle-
NACc(6S)-GlcA—-GIcNS(6S). The chemical shift data
are in agreement with data reported previously for D.*

Hexasaccharides F and J.—Hexasaccharides F and J
are similar to D except for the lack of a sulfate group at
the C-6 position of the GIcNAc residue in F and a
sulfate group at the C-2 position of the iduronic acid in
J. The absence of a sulfate group at the C-6 position of
the GIcNAc residue is indicated by the chemical shift of
H-6 being upfield ~ 0.4 ppm in comparison with that
of D. The H-2 resonance at 3.768 ppm indicates the
lack of a 2-O-sulfate group on the iduronic acid next to
the GIcNAc. The structure of F was determined to be:
AUA(2S) — GIcNS(6S) — IdoA(2S) — GlcNAc — GlcA-
GIcNS(6S); that of J was determined to be AUA(2S)—
GIcNS(6S)-1doA -GIcNAc(6S)-GlcA—GIcNS(6S).

Hexasaccharides G and 1.—The presence of a Glc-
NAc residue at the reducing end of both hexasaccha-
rides is indicated by the ~ 0.4-0.6 ppm downfield shift
of the resonances for the H-2 protons of both residues,
depending on whether they are in the o or f conforma-
tion. The observation of the additional B anomer is
further evidence of N-acetylation.** Although the
chemical shift of the H-6 protons cannot be determined
due to resonance overlap, the absence of a resonance at
4.2-4.4 ppm for these terminal residues indicates the
lack of a sulfate group at the 6-position. Likewise, a 0.2
ppm upfield shift of the H-1 resonance indicates the
lack of a sulfate group at the 2-position of the uronic
acid residue next to the reducing end. The structure of
G was determined to be AUA(2S)-GIcNS(6S)—
IdoA(2S)-GIcNS(6S)-1doA—-GIcNAc; that of I was
determined to be AUA(2S)-GIcNS(6S)-IdoA(2S)—
GIcNS-IdoA-GIcNAc.

Oligosaccharide L.—There are two distinct parts to
L. Proton chemical shift data for the first part are
similar to that for K, except for the absence of the
sulfate group on C-6 of Glc-d. In addition, 1D and 2D
TOCSY spectra clearly show the presence of four addi-
tional spin systems in the 4.7-4.2 ppm region; the 1D
spectrum is shown in Fig. 9. These resonances are for
the trisaccharide linker sequence and for serine of the
protein. The linker residues were identified as Gal, Gal,
and Xyl on the basis of chemical shift data obtained
from the TOCSY traces through the anomeric proton
resonances and comparison with literature data.’%4
Serine was also identified from TOCSY traces. ROESY
crosspeaks between GlcA-H-1 and Gal-1-H-3, Gal-1-H-
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anomeric protons

GIENAG CHy

# AUA(2S) H4
AUA(2S)
GleNAC(
= GIcNS ©S)
idoA
Qal
C

6.0 5.6 5.2 4.8 4.4

X112

4.0 3.6 3.2 ppm 2.05

Fig. 9. 500 MHz '"H NMR spectrum of oligosaccharide L. Resonances of the anomeric protons and H-2 protons of selected
monosaccharides, including those of the Gal-Gal-Xyl linker sequence, are identified.

1 and Gal-2-H-3, Gal-2-H-1 and Xyl-3-H-4 indicate the
sequence of L to be: AUA(2S)-GIcNS(6S)—IdoA-
GlcNAc-GlcA-Gal-Gal-Xyl-Ser.

4. Discussion

The primary structure of heparin consists of the
repeating disaccharide region and the protein linkage
region. The repeating disaccharide region can be subdi-
vided into highly sulfated regular regions or domains,
which are comprised primarily of the repeating (1 — 4)-
linked disaccharide IdoA(2S)-GIcNS(6S), and the ir-
regular regions. Several disaccharide sequences which
differ in extent of 2-O-sulfation of the hexuronic acids,
6-0- and 3-O-sulfation of glucosamine, and N-sul-
fation versus N-acetylation of glucosamine are possible
in both the regular and irregular regions. Several of
the many possible oligosaccharide sequences have
been identified through the isolation and characteriza-
tion of heparin-derived tetra-, hexa-, and octasaccha-
rides.20,22—25,29—31,42—49

Of the heparin-derived oligosaccharides isolated and
characterized in this study, E, G, H, and I were isolated
and characterized for the first time as discrete struc-
tures. These four hexasaccharides, together with A and
C, share the common tetrasulfated hexasaccharide core
sequence AUA(2S)-GIcNS-1doA(2S)-GIcNS—-IdoA -
GIcN. They differ from each other in the degree of
O-sulfation on GIcN-b, GlcN-d, and IdoA-e, and N-
sulfation versus N-acetylation of GIcN-f. A, C, E- and
H are from the regular region. A is comprised of three
repeats of the fully sulfated disaccharide IdoA(2S)-
GIcNS(6S), while C, E, and H are under-sulfated at the
6-O position of one, two and three GIcNS residues,
respectively. Structures E and H, with two and three
adjacent IdoA(2S)-GIcNS disaccharides, respectively,
are unusual since the IdoA(2S)-GIcNS disaccharide
can act as a substrate for 6-O-sulfotransferase.”® G and
I are unusual, in comparison to hexasaccharides re-

ported previously, in that they have a GIcNAc residue
at the reducing end.?* Based on the specificity of hepari-
nase I mentioned above, it is likely that G and I, with
GIcNAc at the reducing terminus, were produced by a
heparinase III impurity in the heparinase I
preparation.?

B, D, F, and J share the common core sequence
AUA(2S)-GIcNS(6S)-IdoA—-GleN-GlcA - GIecNS(6S),
with additional sulfate groups on IdoA-c, and 6-O-sul-
fate and N-acetyl or N-sulfate groups on GlcN-d. With
the internal GIlcNAc—GIcA disaccharide sequence, D,
F, and J are considered to be from the irregular re-
gion.*? No oligosaccharides with the reverse sequence,
—GlcA-GIcNAc—, were identified, consistent with the
conclusion that the —GIcNAc—-GIcA—- sequence does
not serve as a substrate for the epimerase involved in
heparin—heparan sulfate biosynthesis.**>!

L is from the protein linkage region. Pentasaccharide
K is presumably derived from the cleavage site of
endogenous endo-B-glucuronidase.*

The twelve oligosaccharides isolated and character-
ized in this study were prepared by digestion of porcine
intestinal mucosal heparin with heparinase I in the
presence of histamine, which binds site specifically to
heparin.**? The '"H NMR spectra in Fig. 3 show that
histamine alters the product profile of heparinase I-cat-
alyzed depolymerization of heparin, the result of which
is formation of the new hexasaccharides E, G, H, and 1
in sufficient quantities for isolation and characteriza-
tion. Histamine presumably alters the product profile
distribution by blocking potential cleavage sites. For
example, the GIcNS-(1 —»4)-IdoA glycosidic bonds in
E, G, H, and I are normally readily cleaved by hepari-
nase 1.**2 The diprotonated form of histamine binds
site-specifically to the AUA(2S)-GIcNS(6S)-1doA and
IdoA—GIcNS-IdoA trisaccharide sequences within
heparin, but not to the IdoA—GIcNS-GIcA trisaccha-
ride sequence. Thus, histamine will bind to the
AUA(2S)—GIcNS(6S)—IdoA trisaccharide sequences of
B, D, F, and J, with the imidazolium ring located at the
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GIcNS(6S) residue. The other six hexasaccharides each
have two histamine binding sites formed by the
AUA(2S)-GIcNS-1doA(2S) and I1doA(2S)-GIcNS—
IdoA trisaccharide sequences.

The time course data in Fig. 5 and the GPC data in
Fig. 1 indicate that histamine increases the rate and
extent of heparinase I-catalyzed depolymerization of
heparin. Because the site-specific binding of histamine
presumably blocks potential cleavage sites, the in-
creased rate and extent of reaction were unexpected.
We propose that the origin of the increased rate and
extent of depolymerizatyion can be found in the prop-
erties of histidine-203, which together with cysteine-135
forms the catalytic site of heparinase 1.>3°* We have
shown previously that the imidazolium side chain of
histidine in peptides can bind site-specifically to hep-
arin, in the same manner as the imidazolium group of
histamine.* If oligosaccharides produced by heparinase
I-catalyzed cleavage bind nonproductively to the imida-
zolium side chain of His-203, this would have the effect
of inhibiting the activity of heparinase 1. However,
competitive binding of these oligosaccharides by the
added histamine would reduce the extent of inhibition,
with the result that the rate of depolymerization is
increased.
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