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Abstract

The complete 'H and "C NMR spectral assignments are described for the most prevalent
patterns of sulfation and acetylation which can be found in polymeric heparin or can be obtained
by standard chemical modifications. These include a number of novel structures containing
unsubstituted or acetylated amino groups and the first complete NMR assignments of many of the
other derivatives. Beef lung heparin was chosen as a model system and studies were carried out
using conditions to control the influences on the chemical shift positions in heparin samples of
divalent cations and variations in pH and temperature. © 1996 Elsevier Science Ltd.

Kevwords: Nuclear magnetic resonance spectroscopy: Polysaccharides; Heparin

1. Introduction

Heparin, a polysaccharide which has found widespread use as an anticoagulant and
antithrombotic agent, structurally consists of a linear carbohydrate backbone made up of

Abbreviations: In general, A refers to aminosugar (glucosamine) residues and 1 refers to iduronic acid
residues. more specifically the following abbreviations are used: A(,,. glucosamine; A.q. glucosamine
6-O-sulfate; I,g. iduronic acid 2-O-sulfate: I,.,,, iduronic acid; A-N, the Nth proton or carbon of the
glucosamine residue: I-N. the Nth proton or carbon of the iduronic acid residue
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alternating 1,4-linked B-p-GlcA or «-L-ldoA and a-D-glucosamine residues. Most of
the constituent monosaccharides bear one or several substituents at different positions,
distributed along the chains. The most highly represented disaccharide unit is — 4)-a-L-
IdoA 2-O-sulfate-a-(1 — 4)-p-glucosamine N-sulfate with extensive sulfation at position
6 and with some of the aminosugar residues N-acctylated instead of N-sulfated.

Recently, several attempts have been made to modify chemically heparin [1.2] and
other naturally occurring polysaccharides. particularly with the aim of producing an-
tithrombotic drugs [3.4]. A number of other interactions between sulfated glycosamino-
glycans or related compounds and, for examplie, growth factors and selectins have also
stimulated interest [5-8].

Reports of chemically modified heparins which have been characterised by NMR and
some of which also include associated biological activities have referred to some of the
more accessible modifications of heparin, for example, totally desulfated heparin,
selectively de N-sulfated and N-acetylated heparin [1,2], chemically re-O-sulfated
heparins [3] as well as data on heparin oligosaccharides [9]. Hitherto, there has been no
systematic study made of the NMR chemical shifts for many other derivatives. The
substitution patterns which are obtained in many chemical modifications can only be
tentatively ascribed with the limited NMR analyses available to many practitioners. For
a definitive structural characterisation, more complex procedures may be required,
especially in light of the observation made below that, in some cases, conventional
chemical shift arguments alone may be inadequate to explain the observed shifts. This
could lead to difficulties of assignment and /or structural characterisation, especially in
cases where only one-dimensional NMR spectra are available for the analysis of
chemical modifications or other treatments. In addition, low levels of structural hetero-
geneities, such as the presence of N-acetylglucosamine or N-acetylglucosamine 6-0O-
sulfate which are also usually prevalent in heparan sulfate preparations, can occur in
some heparin samples [8,10], and these are not easy to analyse, not only as a result of
their low abundance but also because of the high degree of signal overlap in one-dimen-
sional spectra.

Here, we present the complete 'Hand "C NMR spectral assignments for all possible
patterns of sulfation at 1-2, A-2, A-6, and acctylation at A-2 (see Abbreviations)
including those patterns which can be found in polymeric heparin or can be obtained by
standard chemical modifications at these positions. These include a number of novel
structures containing unsubstituted or N-acetylated amino groups 7, 8, and 10 and the
first complete NMR assignments of many of the other derivatives. Recently there has
been increased interest in compounds containing free amino groups which were previ-
ously overlooked as being of little biological relevance but have now been found to
exhibit interesting interactions, for example, with selectins [6].

Beef lung heparin was chosen as a model system for study because it contains fewer
complicating heterogeneities, such as p-GlcA. when compared to pig mucosal heparin. It
has been confirmed that in heparin samples, the chemical shift positions can be
influenced by the presence of divalent cations [11], variations in pH, and to some extent
by temperature [12,13]. and we thercfore undertook this study taking precautions to
minimise these problems, particularly the presence of unwanted cations by including
treatments with cation-exchange resin.
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2. Results

The complete 'H and "*C assignments for the 12 possible patterns (see Fig. 1) of
sulfation and acetylation mentioned above are given in Table I.

The most complete data with which to compare our results are those of Mulloy et al.
[1.2] in which 'H and "C data are reported for compounds corresponding to 2, 5, 6, 9,
and 12. For some of these compounds, however, a number of "H resonances are reported
as overlapping, and therefore only approximate chemical shift positions are reported. In
general our data are in good agreement, and any small discrepancies probably arise as a
consequence of the different temperatures (70 °C by Mulloy et al. and 40 °C in this
study). The only notable difference is observed in the case of the *C spectrum of § in
which there appear to be systematic differences throughout the spectrum. It seems
unlikely that the difference is caused solely by temperature differences because we
would expect larger discrepancies in the iduronate resonances (particularly in the 'H
spectrum), which are known to be more sensitive to temperature changes [12,13] and,
furthermore, all the signals in the spectrum, including those which can normally be

CH,0OR,
0 )
00
H Q OH o
OR, NH R,
Compound R1 R2 R3
1 H H H
2 H H SO;
3 H SO, SO,
4 S0, SO, H
N SOz SO, COCH;
6 SOs H SO,
7 H SO, H
8 H S0, COCH,
9 H H COCH;
10 SO, *H/SO; H
11 SO, *H/SO;, COCH;
12 SO3 SO, SO,

* In order to investigate the feasibility of resolving signals arising from subtley different
environments (i.e. different neighbouring residues) compounds (10) and (11) were prepared with a
ratio of sulphation to free hydroxyl groups at A-6 of approximately 2/3 as determined by 13C signal
integration

Fig. 1. Predominant disuccharide repeats in compounds 1-12.
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Table 1
"*C and "H chemical shift data * (in ppm) for compounds 1-12
Compound  A-1 A-2 A-3 A-4 A-5 A-6 I-1 I-2 I-3 I-4 I-5
1 95.8 57.0 71.8 79.0 74.3 61.9 104.5 71.7 71.8 77.4 71.8
5.40 3.29 3.70 3.70 3.91 3.84 4.89 3.79 3.96 4.14 4.72
3.90
2 98.2 60.5 72.5 80.2 73.5 62.4 104.3 722 71.5 77.8 72.2
539 326 367 372 387 384 495 374 4.1 4.08 477
3.88
3 98.1 60.3 72.4 80.1 71.5 68.7 104.6 71.1 70.4 77.2 71.2
5.38 3.24 3.65 3.71 4.02 4.36 5.04 3.78 4.12 4.08 4.84
4.23
4 93.7 57.1 709 782 720 6838 1013 753 654 730 698
5.40 3.36 3.95 3.79 4.03 4.30 5.24 4.39 4.40 4.18 4.95
4.40
5 96.6 562 73.0 793 723 696 1022 768 673 742 708
515 403 376 378 404 431 520 437 431 4.08 491
4.37
6 100.0  60.8 72.4 80.5 73.8 62.6 102.0 77.6 70.7 78.7 71.4
5.31 327 3.71 3.70 3.89 3.86 5.26 4.35 4.25 4.06 4.84
3.88
7 97.9 57.6 73.9 79.6 72.7 69.0 104.8 72.9 72.4 77.8 72.8
5.29 2.98 3.72 3.72 3.96 4.35 4.95 3.74 4.07 4.14 4,74
4.23
8 97.1 56.2 72.5 79.6 71.8 68.8 104.6 72.0 71.4 77.0 71.9
518 400 378 379 408 437 5.01 375 342 410 478
4.26
9 97.1 562 723 796 737 623 1043 725 722 773 726
5.18 3.97 3.76 3.74 3.89 3.88 4.92 3.69 3.89 4.07 4.73
3.85
10 972 580 735 801 742 628 1019 760 670 744 701
5.22 3.04 3.76 372 3.88 3.88 5.22 4.38 4.30 4.14 4.93
3.90
11 96.8 56.6 729 80.6 74.2 62.9 102.3 76.6 67.1 74.1 70.6
514 403 379 376 391 392 526 437 428 407 491
3.87
12 99.5 60.7 72.5 78.8 72.0 69.2 102.1 78.9 72.1 79.0 723
542 331 369 379 405 442 523 437 422 414 482

4.30

* The 'H chemical shift values quoted for A-6 resonances are intervals. 1-6 and acetyl CH; signals are not
shown.

considered as relatively invariant also exhibit the same systematic variation. For
example, the acetyl signal for § is reported at 23.2 ppm whereas in the other compounds
it is at, or near, 24.8 ppm, and this difference of 1.6 ppm corresponds with the average
difference between the data of Mulloy et al. for 5 and the data in this report which is
also 1.6 ppm in the same direction.

The data of Jaseja et al. [14], which are reported to one decimal place covering the 'H
and "C spectra of compounds 3 and 12, are in close agreement with our data. Small



E.A. Yates et al. / Carbohyvdrate Research 294 (1996) 15-27 19

discrepancies seem most likely to be caused by ditferent reference compounds and the
slightly different temperatures used in the two studies. There are also a number of other
reports containing partial assignments for heparin derivatives [11,12,15-17].

The structures containing the predominant repeating disaccharides: — 4)-c-L-IdoA-2-
O-sulfate-a-(1 — 4) N-acetylated p-glucosamine 6-O-sulfate-(1 — and — 4)-a-L-IdoA-
2-O-sulfate-a-(1 — 4) N-acetylated D-glucosamine-{1 — , correspond to the most com-
mon heterogeneities in the glucosamine residues, and their assignments are shown in
Table | as 5 and 11, respectively. The anomeric signals (of both A-1 and 1-1) for these
compounds may prove useful for the rapid identification and quantification (by integra-
tion of the proton signal compared to the total integrated area of anomeric signals) of
these heterogeneities. In the He spectra, the signals for A-1 resonate at 96.6 and 96.8
ppm and in the 'H spectra at 5.15 and 5.14 ppm, respectively. The I-1 signals appear at
102.2 and 102.3 in the "C spectra and at 5.20 and 5.26 ppm, respectively, in the 'H
spectra.

Effects of sulfation and acervlation at individual positions on the unsubstituted
polvsaccharide backbone.—(i) A-6 O-sulfation. The addition of an O-linked sulfate
group to the unsubstituted polysaccharide backbone causes the expected large downfield
shift at the carbon to which the sulfate group is attached. Comparing 7 with 1 we
observe a large downfield shift from 61.9 to 69.0 ppm (7.1 ppm) in the C signal due to
A-6 and from 3.84-3.90 to 4.23-4.35 ppm (0.42 ppm) in the 'H spectra. The signal due
to A-5 is also subject to a smaller "C upfield shift from 74.3 to 72.7 ppm (1.6 ppm).
Other changes occur in the spectra, the most significant among these being the
downfield shift in the " C signal of A-1 from 95.8 t0 97.9 ppm (2.1 ppm) and the upfield
shift of the 'H signal from 5.40 to 5.29 ppm (0.11 ppm).

{ii) 1-2 O-sulfation. Considering the effects of O-sulfation at position 1-2 we can
compare 10 and 1. In the C spectrum, the signal for 1-2 undergoes a downfield shift
from 71.7 to 76.0 ppm (4.3 ppm) while those of I-1, [-3, I-4, and [-5 are also quite
strongly affected, experiencing upfield shifts of 2.6, 4.8, 3.0, and 1.7 ppm. respectively.
In the 'H spectrum, I-2 experiences a downfield shift of 0.59 ppm whereas I-1, 1-3, and
I-5 show downfield shifts of 0.33, 0.34, and 0.21 ppm, respectively. The most strongly
affected signal in the "*C spectrum of the glucosamine residue is that of A-1 which
exhibits a downfield shift of 1.4 ppm, but other small changes are evident throughout the
glucosamine signals. In the 'H spectrum, the most notable changes occur in A-1 and A-2
signals which show upfield shifts of 0.18 and 0.25 ppm, respectively.

{iii) A-2 N-sulfation. The effect of N-sulfation on the otherwise unsubstituted
polysaccharide can be observed by comparing 2 with 1. The signal due to A-2 undergoes
a downfield shift from 57.0 to 60.5 ppm (3.5 ppm) in the e spectra and an upfield shift
from 3.29 to 3.26 ppm (0.03 ppm) in the "H spectra. The signal due to A-1 also
experiences a downfield shift from 95.8 to 98.2 ppm (2.4 ppm), and other changes are
observed throughout the spectrum.

fir) A-2 N-acervlation. Comparing 9 and 1, the effect of N-acetylation can be
observed. The signal due to A-2 experiences an upfield shift from 57.0 to 56.2 ppm (0.8
ppm) in the *C spectra and a downfield shift from 3.29 to 3.97 ppm (0.68 ppm) in the
'H spectra. A-1 experiences a downfield shift from 95.8 to 97.1 ppm (1.3 ppm) in the
e spectra and an upfield shift from 5.40 to 5.18 ppm (0.22 ppm) in the '"H signals.
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Table 2
Differences in ""C and 'H chemical shift values* between intact heparin 12 and selectively modified
heparins P
Compound ("*C NMR)
A-1 A-2 A-3 A-4 A-5 A-6 I-1 I-2 1-3 I-4 I-5

3 1.4 0.4 01 13 0.5 05 =25 7.8 1.7 1.8 1.1
6 -05 -0l or -17 -18 6.6 0.1 1.3 1.4 0.3 0.9
4 5.8 36 1.6 0.6 0 0.4 0.8 3.6 6.7 6.0 2.5
5 29 45 -05 -05 -03 -04 -0l 2.1 4.8 4.8 1.5
2 1.3 0.2 0 -14 ~15 6.8 —22 6.7 0.6 1.2 0.1
1 37 3.7 07 -02 =23 7.3 =24 7.2 0.3 1.6 0.5

Compound ('H NMR)
A-1 A-2 A-3 A-4 A-5 A-6 i-1 1-2 I-3 I-4 I-5

3 0.04 0.07 0.04 0.08 0.03 0.07 0.19 0.59 0.10 0.06 —0.02
6 0.1 0.04 -0.02 0.09 0.16 0.49 —0.03 0.02 -0.03 0.08 -0.02
4 002 —-005 -0.26 0 0.02 001 -001 -002 —-0.18 -004 -0.13
5 027 -0.72 -0.07 0.01 0.01 0.02 0.03 0 -0.09 0.06 —0.09
2 0.03 0.05 0.02 0.07 0.18 0.50 0.28 0.63 0.11 0.06 0.05
1 0.02 0.02 —-0.01 0.09 0.14 0.49 0.34 0.58 0.26 0 0.10

* A positive value indicates an upfield shift, a negative value a downfield shift.
® Modifications are as follows: (3) 1-2 de O-sulfuted. (6) A-6 de O-sulfated. (4) A-2 de N-sulfated. (5) A-2 de
N-sulfated, N-acetylated. (2) totally de O/N-sulfated, N-sulfated heparin. (1) totally de O/N-sulfated heparin.

Effects of the O / N-sulfations and N-acetyvlation on intact heparin 12.—We can also
consider the effect of the removal of one sulfate group from either I-2, A-6, or A-2, the
substitution of an N-sulfate group by an N-acetyl group, or combinations of these
modifications by comparison to intact heparin 12. All of the changes which are evident
in both the °C and 'H spectra for the six modifications detailed below are shown in
Table 2.

(i) I-2 de O-sulfation. Comparing 12 with 3: Upon [-2 de O-sulfation, the most
significant change is observed in the signal ot 1-2 which moves upfield by 7.8 ppm in
the "'C spectrum and upfield by 0.59 ppm in the '"H spectrum. I-1 is subject to a
downfield shift of 2.5 ppm in the "C spectrum and an upfield shift of 0.19 ppm in the
'H spectrum. Other changes which are significant in the Bc spectra include moderate
upfield shifts in A-1, [-3, [-4, and I-5.

(ii) A-6 de O-sulfation. Comparing 12 and 6: The largest chemical shift changes
observed upon de (O-sulfation at A-6 are those of the signals for A-6 itself. An upfield
shift of 6.6 ppm is observed in the P C spectrum. and of 0.49 ppm in the "H spectrum.
There are also moderale changes in the position of the signals of A-4, A-5, -2, and 1-3
in the C spectra of 1.7 and 1.8 ppm downfield and of 1.3 and 1.4 ppm upfield,
respectively. In the "H spectrum there are moderate upfield changes in the positions of
the signals for A-1, A-4, and A-5 of 0.11, 0.09, and 0.16 ppm, respectively.

{iii) A-2 de N-sulfation. Comparing compounds 12 and 4: Upon de N-sulfation at
position A-2, there are considerable changes in the "*C spectrum, including upfield shifts
of 5.8, 3.6, and 1.6 ppm in the e signals of A-1, A-2, and A-3, respectively, while a
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downfield shift of 0.26 ppm in 'H signal of A-3 is the most prominent change in the
signals of the glucosamine residue.

In addition, there are also very prominent changes in the e spectra of the IdoA
signals, the most significant being the upfield shift of 6.7 and 6.0 ppm experienced by
I-3 and I-4, but there are also upfield shifts of 3.6 and 2.5 ppm in the signals of I-2 and
1-5. In the 'H spectrum, the largest changes are the downfield shifts observed in -3 and
I-5 of 0.18 and 0.13 ppm, respectively.

(iv) Substitution of N-sulfate with N-acetvl at A-2. Comparing 12 and 5: When an
N-sulfate group is substituted with an N-acetyl group, many changes are evident in the
signals of both the glucosamine and the iduronic acid residues. In the e spectra, A-1
and A-2 experience upfield shifts of 2.9 and 4.5 ppm and an upfield shift of 0.27 and a
downfield shift of 0.72 ppm, respectively, in the 'H spectra. However, the largest
changes occur in the signals of iduronic acid: the e signals of I-3 and I-4 both
experience a large upfield shift of 4.8 ppm, but less significant changes are evident in
the 'H spectra for these signals. The signals due to I-2 and 1-5 are also subjected to
significant changes in the e spectra involving upfield shifts of 2.1 and 1.5 ppm,
respectively.

() I-2 and A-6 de O-sulfation. Comparing 12 and 2: De O-sulfation at 1-2 and A-6
causes changes in the spectra of a magnitude very similar to the largest changes evident
when the modifications are made individually at [-2 and A-6. In the e spectra, a large
upfield shift is observed in the signal for A-6 of 6.8 ppm. Moderate downfield shifts are
observed in the signals of A-4 and A-3 of 1.4 and 1.5 ppm, and an upfield shift is
observed for the A-1 signal. In the 'H spectra, the most significant changes are a
considerable upfield shift in A-6 of 0.50 ppm and a moderate upfield shift of 0.18 ppm
in the signal of A-5. In the iduronic acid residue, the most significant change is seen in
the I-2 signal; in the e spectra, it undergoes an upfield shift of 6.7 ppm, accompanied
by a smaller upfield shift of 1.2 ppm for the I-4 signal and a downfield shift of 2.2 ppm
for the I-1 signal. In the 'H spectra, the largest change is an upfield shift of 0.63 ppm
experienced by I-2 and then of 0.28 by the I-1 signal.

(vi) I-2, A-6 de O-sulfation and A-2 de N-sulfation. Comparing 12 and 1: When
heparin is de O-sulfated at I-2 and A-6 and also de N-sulfated at A-2, the changes in e
chemical shift patterns are most significant for the A-6 signal which experiences an
upfield shift of 7.3 ppm, I-2 which undergoes an upfield shift of 7.2 ppm, and A-1 and
A-2 which both experience upfield shifts of 3.7 ppm. Other significant changes are
observed in the signals of A-5, I-1, and I-4 which experience downfield shifts of 2.3 and
2.4 ppm and an upfield shift of 1.6 ppm. respectively. In the 'H spectra, the most
notable changes are observed in the signals of A-6 and I-2 which show upfield changes
of 0.49 and 0.58 ppm. respectively. Other changes in the signals of A-5, I-1, and I-3
consisting of upfield shifts of 0.14, 0.34, and 0.26 ppm are also observed.

3. Discussion

Apart from the expected large changes in the “C and 'H shifts at the positions of
substitution, one of the most noticeable chemical shift changes that occurs in this series
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of compounds is observed in '“C spectra of derivatives possessing an O-sulfate group at
I-2 but which have been subjected to de N-sulfation at A-2 or de N-sulfation followed
by N-acetylation (for example, comparing 6 with 10 or 11, or comparing 12 with 4 or
5). In all of these cases, there is a marked upfield shift in the °C signals of 1-3 and 1-4
upon de AN-sulfation or de N-sulfation followed by N-acetylation. However, it is
apparent that when these modifications are made at position A-2 in the absence of an
O-sulfate group at 1-2, the same upfield shifts in 1-3 and 1-4 signals are not observed.
These observations are consistent with a conformational change in the residues and
possible changes in the chain conformation, or changes in the population of different
conformers of the iduronate residue upon sulfation at [-2 [18]. As has been noted [1,2], a
change in the 'y proton—proton coupling constants is observed in the case of de
N-sulfated, N-acetylated heparin (corresponding to §) (’%JH‘2 <2, 311,4‘5 2.9 Hz) when
compared to intact heparin (12) (\J,_,» 3.0, *J,, 5 3.6 Hz), and a low molecular weight
sample of de N-sulfated heparin (4) showed similar coupling constants to those found
for de N-sulfated, N-acetylated heparin (’XJ,,,_2 1.8, ’;.1[74_5 2.9 Hz). Upon removal of the
N-sulfate group from 12 and its substitution with either a proton or acetyl group, as in 4
and 5, respectively, the large deshielding effect of the sulfate group is removed allowing
the signals for [-3 and I-4 to resonate further upfield. Such large shifts could not have
been easily predicted nor could their signals have been assigned with mono-dimensional
NMR spectra alone. The presence of the 1-3 signal in the relatively uncluttered region
(65-67 ppm) of the C spectrum, which has in the past been mistakenly assigned as

Sy W‘ \'V"\‘*

1 B T
110 too

Fig. 2. Details of the anomeric region of the He spectrum of 11 showing the following signals: (1) Low levels
of I-1 signals corresponding 1o [doA (I, ). (2) Principal I-1 signal of iduronic acid 2-O-sulfate (1,5). (3) Low
level of A-1 signal corresponding to glucosamine N-sulfate. (4) A-1 signals of GleNAc 6-O-sulfate (A ¢g) and
GleNAc (A o) and GleNAc (A ) adjacent to 1doA (I,q;;). (5) Principal A-1 signal corresponding to
GlcNAc 6-O-sulfate (A ) and GIcNAc (A () residues adjacent to IdoA 2-O-sulfate (I55).
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Fig. 3. IH/”C spectrum (HMQC) of anomeric region of 11 showing principal anomeric signals and lower
levels of structural heterogeneity. (1) A-1 of GlcNAc linked to IdoA 2-O-sulfate. (2) A-1 of GlcNAc
6-0-sulfate linked to IdoA 2-O-sulfate. (3) A-1 of GicNAc linked to IdoA. (4) I-1 of IdoA 2-O-sulfate linked
to GleNAc and GleNAc 6-O-sulfate. (5) I-1 of 1doA linked to GlcNAc 6-O-sulfate. (6) I-1 of 1doA linked to
GleNAc.

A-3 [17], serves as an additional indicator of the presence of de N-sulfation in heparin
preparations.

In order to investigate the feasibility of resolving signals which arise from subtly
different environments (i.e. chemically distinct nearest neighbours), 10 and 11 (see Fig.
2) were prepared with a ratio of sulfate to hydroxyl at position A-6 of about 2:3. A
statistical distribution of sequences for iduronic acid 2-O-sulfate (I,¢), glucosamine
6-O-sulfate (Ag), and glucosamine (A ,gy) would therefore be expected with the
following combinations of nearest neighbours for the glucosamine signals: I,g A g I,g
and T, A¢opy 1o and for the iduronic acid signals: A oy Iis Aoy, Ags Las Aons
Aoy g Ay, and A Lg A, In the standard HMQC spectrum of 11 (Fig. 3) for
example, the signals for A-1 arising from N-acetylated glucosamine in the two forms
mentioned above are resolved, as is the smaller signal arising from 6-O-sulfated
N-acetylglucosamine adjacent to non-sulfated iduronic acid, but the signals for I-1
arising from the four distinct situations of iduronic acid are not clearly resolvable (even
using higher digital resolution), although the irregular shape of the I-1 signal suggests a
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number of close but distinct signals and higher field experiments may be able to resolve
these signals.

The data presented in this report will be useful for the identification of regions of
heterogeneity which are sometimes observed in heparins of different biological origin
and as the first step towards understanding sequencc effects in heparin and heparan
sulfate chains which will require studies at higher resolution than is currently routinely
available. The data should also be of use to workers in the field who require rapid
verification of the effects of a chemical or other treatment on heparin polysaccharide
samples monitored by mono-dimensional 'H and ""'C NMR experiments.

4. Experimental

Beef lung heparin (12) (MW 16 kDa) was obtained from Crinos (Villaguardia, CO,
Italy).

Preparation of compounds 1 to 11.—(1) Totally de N- and O-sulfated heparin.
Totally de N- and O-sulfated heparin was prepared essentially as described [19].
Typically, heparin (1 g, pyridinium salt) was heated in a solution of Me,SO containing
10% MeOH (25 mL) at 105 °C for 24 h. After this period, the pH was adjusted to 9.0
with dilute ag NaOH, the solution was cooled, and polysaccharide products were
precipitated and purified as described below to yield 1.

(2) De O-sulfated, re-N-sulfated heparin. Totally de N- and O-sulfated heparin 1
was re-N-sulfated by a modification of the method described [20]. Typically, a sotution
of 1 (200 mg, sodium salt) was dissolved in distilled water (15 mL) and the pH adjusted
to 9.0 with saturated sodium bicarbonate solution. To this solution was added trimethyl-
amine sulfur trioxide complex (200 mg), the pH maintained at 9.0, and the solution was
heated at 55 °C for 6 h. Another addition of trimethylamine sulfur trioxide (200 mg) was
made after 3 h, again maintaining pH 9.0. After completion of the reaction, the solution
was cooled and polysaccharide products were precipitated and purified as described
below to yield 2.

(3) De 2-O-sulfated heparin (at 1-2). Selectively de O-sulfated (at 1-2) heparin was
prepared essentially as described [14]. Typically. heparin 12 (700 mg, sodium salt) was
dissolved in 0.1 M aq NaOH, frozen. and then lyophilised. The dried product was then
re-dissolved in a small quantity of distilled water and the pH was adjusted to 7.0 with
dilute hydrochloric acid. The polysaccharide products were then retrieved and purified
as described below to yield 3.

(4) De N-sulfated heparin. Heparin 12 was de N-sulfated essentially according to the
procedure described [21]. Heparin (100 mg. pyridinium salt) was stirred with Me,SO
containing 10% MeOH (15 mL) at 55 °C for 2 h. isolated, and puritied as described
below to yield 4.

(5) De N-sulfated, N-acetylated heparin. De N-sulfated heparin 4 was N-acetylated
essentially as described [22]. Typically, 4 (100 mg) was dissolved in saturated sodium
bicarbonate solution (1.0 mL), and acelic anhydride (1.0 mL) was added at 0 °C. further
additions of saturated sodium bicarbonate being made to maintain pH 9 or above. The
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solution was stirred at 0 °C for 2 h. after which the products were precipitated and
purified as described below to yield 5.

(6) De 6-O-sulfuted heparin (ar A-6). Heparin was selectively de O-sulfated at A-6
and concomitantly de N-sulfated at A-2 by a slight modification of the method described
[17]. in which conditions of temperature and reaction time were optimised (25 °C, 72 h)
to give de A-6 sulfation while leaving 1-2 sulfates intact, the products being isolated and
purified as described below to yield 6.

(7) De O-sulfated (at 1-2) and de N-sulfated heparin. 1-2 de O-sulfated heparin 3 was
de N-sulfated essentially as described above for 4. isolated and purified as described
below to yield 7.

(8) De O-sulfated (at 1-2), de N-sulfated and N-acetvlated heparin. 7 was N-
acetylated essentially as described above for 5, isolated and purified as described below
to yield 8.

(9) De O- and N-sulfated and N-acervlated heparin. 1 was N-acetylated essentially
as described above for 5. isolated and purified as described below to yield 9.

(10) De O-sulfated (60% at A-6), de N-sulfated heparin. Heparin (pyridinium salt,
typically 100 mg) was selectively de O-sulfated (60% de O-sulfated at A-6) and
concomitantly de N-sulfated by stirring in Me, SO containing 10% MeOH (10 ml) for
24 h at 50 °C. isolated and purified as described below to yield 10.

(11) De O-sulfated (60% at A-6), de N-sulfated, N-acetviated heparin. 10 was
N-acetylated essentially as described above for 5. isolated and purified as described
below to yield 11.

(12) Unmodified heparin. 12 was purified as described below.

Purification and preparation of compounds for NMR experiments.— After the above
reactions had been completed (and in those cases where reactions were carried out in
Me,SO-MeOH mixtures after the pH was adjusted to 9.0 with 1.0 N NaOH) the
polysaccharide components were precipitated with a large volume of EtOH saturated
with NaOAc and left to stand overnight at 4 °C. The precipitates were retrieved by
filtration, washed with cold EtOH. the filtrate dissolved in a small volume of distilled
water and dialysed {6—8 kDa cut-off) against distilled water. After dialysis, the solution
was concentrated to a small volume by rotary evaporation and subjected to cation
exchange on a column of Dowex 50 W (H™ form) followed by careful neutralisation
with dilute NaOH and then purified by gel chromatography on a Sephadex G-25 column
(125X 1.25 cm) eluting with an EtOH-degassed distilled water mixture (1:10 v/v).
Fractions were collected monitoring for the presence of polysaccharide material or salts
by their absorbance at 215 nm. The samples containing polysaccharide materials were
then again subjected to cation exchange on a column of Dowex 50 W resin (H" form),
carefully neutralised with dilute NaOH, and dried by rotary evaporation, exchanged
three times with D, O and finally dissolved in 0.5 mL of D,O in a 5-mm tube (or in 2.0
mL of D,0 in a 10-mm tube for the mono-dimensional *C spectra) and used for NMR
analyses. In all cases the pD of the solutions were carefully adjusted to 8.0 with NaOD.
Typically, 15-20 mg of purified polysaccharide was employed in the COSY and HMQC
experiments and 100-150 mg was used for the mono-dimensional *C spectra. The
effects of chemical modifications were monitored by comparing the integrated areas of
their respective signals (Table 1) and were at least 90% complete in each case except for
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10 and 11 which contained significant proportions of hydroxyl and sulfate groups at A-6
(see footnote to Fig. 1). In all NMR experiments, high quality D,O containing low
paramagnetic impurities was employed.

NMR Experimental procedure.—The 'H (COSY and HMQC) spectra were obtained
at 500 MHz with a Bruker AMX500 spectrometer equipped with a 5-mm ]H/X inverse
probe, and the e spectra were obtained at 100 MHz using a Bruker AM400 instrument
equipped with a 10-mm broad band probe. Chemical shift values were recorded
downfield from external trimethylsilyl propionate (TSP) as standard at 40 °C. Mono-di-
mensional 'H spectra were obtained with presaturation of the HDO signal with
digitalisation of 0.1 Hz /point, and mono-dimensional e spectra were recorded using
the standard Bruker sequence with powergated proton decoupling, utilising signal
enhancement by the nuclear Overhauser effect. Proton spectra were assigned with the
use of double quantum filtered COSY spectra with gradient enhancement [23] and were
recorded employing a Bruker BGU (unit-z) with a maximum strength of 50 G -cm ™',
The z-gradient was a square wave of 1-ms duration and with a maximum amplitude of 5,
5, and 15 G-cm™'. These gradient strengths were determined empirically to be the
minimum required to completely eliminate to the HDO signal in the sample. Data were
acquired using 8 scans per series in | K X 512 W data points with zero filling in Fl, and
a squared cosine function was applied before Fourier transformation. "H-"C chemical
shift correlations were obtained with 'H detection via gradient enhanced heteronuclear
multiple-quantum coherence spectra [24] which employed a square wave with a maxi-
mum amplitude of 15, 20, and 15 G- cm ™. The first value was optimised to obtain a
good presaturation of the HDO signal in the sample. Sixteen scans were collected for
each series in 1 KX 256 W data points before processing and were zero filled to 2
K X512 W by application of a squared cosine function prior to Fourier transformation.
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