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Heparin was the first therapeutically effective anticoagulant made available 
for clinical use, and it remains the most widely used drug for the treatment and 
prophylaxis of a great number of thromboembolic disorders. Commercial prepara- 
tions of heparin are obtained from porcine intestinal mucosa or bovine lung, and it 
has been determined that, in the United States alone, several tons are used 
annually’. Physiologically, heparin is stored in mast cells* and basophilic granulo- 
cytes3, and the tissue concentration has been correlated with the number of these 
cells4. The macromolecule consists of several polysaccharide chains of molecular 
weight 40,000 to 100,000, joined by a protein-core structure. 

The complete chemical structure of heparin is still unknown; however, it is 
known that the fundamental unit is a repeating disaccharide, 6-C-sulfated, N- 
sulfated o-glucosamine joined a-~-(1+4) to a 2-C-sulfated uranic acid residue. 
These units are attached to each other by j3-(1+4)-glycosidic linkages1s5, and 
account for -50% of the heparin chain6. The remaining 50% consists of the same 
repeating units with a lower degree of sulfation, some N-acetylation, and some C-5 
epimerization in the uranic acid residue. 

Oligosaccharide sulfate residues cannot be approached in the usual 
sequencing manner’, due to the specific lability of the 0- and N-linked sulfate 
groups. Further complicating a structural understanding is the fact that glycos- 
aminoglycans are polydisperse, and degradation by chemical or enzymic methods 
introduces size heterogeneity. Consequently, few structures of sulfated oligo- 
saccharides larger than disaccharide have been unambiguously determined, and 
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those larger structures which have been presented are often composite or average 
structures, rather than unique molecular entities. 

In view of the chemical lability and heterogeneity of the sulfated glycos- 
aminoglycans, physicochemical methods that would permit detailed structural in- 
fo~ation to be obtained on these materials without the need for prior, chemical 
degradation or derivatization would be most beneficial. A number of new, mass- 
spectrometric techniques have been developed that enable direct analysis of polar 
and thermally labile molecule@. In particular, fast-atom-bombardment-mass 
spectrometry (f.a.b.-m.s.) has been demonstrated to be of value for structure 
analysis of neutral and acidic oligosaccharides and glycosphingolipids9-i3. 

Earlier work had demonstrated that polysulfated oligosaccharides obtained 
from chondroitin sulfate may be structurally characterized byi positive- and 
negative-ion f.a.b.-m.s. The spectra show intense, cationized molecular ions and 
fragment ions, from which, sequence and sites of sulfation can be readily 
determined. In addition, polymers of 4-0-suifo and 6-0-sulfo positional isomers 
could be distin~ished, and structural homologs of chondroitin sulfate that contain 
more than one covalently bound sulfate per two sugar residues were identified. We 
have now applied this technique to analyze related oligosaccharide structures 
obtained by chemical synthesis. The results described here indicate that f.a.b.-m.s. 
may be a valuable tool for detailing the structural features of heparin fragments. 

EXPERIMENTAL 

Mass spe~tromet~ expe~ments were conducted by using two inst~ments. 
The lower-molecular-weight oligosaccharides were examined with a Finnigan-MAT 
double-focussing mass spectrometer (San Jose, CA), and the tetra- and penta- 
saccharide samples were analyzed in a VG ZAB instrument (VG Analytical Ltd., 
vanchester, UK). Each instrument was equipped with data-acquisition systems, 
SS-200 and VG 11-250, respectively. For fast-atom bomb~dment, both inst~ments 
were equipped with an Ion Tech (Teddington, Middlesex, UK), B-11 fine-beam, 
saddle-field, fast-atom source; xenon was used as the reagent gas. The un- 
derivatized sulfated oligosaccha~des (-100 pg) were dissolved in distilled water 
110 to 1.5 pL), and aliquots of these solutions containing 5-20 pg of sample were 
loaded by syringe onto a stainless-steel target coated with 1-thioglycerol (3- 
mercapto-1,2-propanediol) , and attached to a direct-insertion probe. The probe 
was then inserted into the ion source of the mass spectrometer, and bombarded 
with the xenon beam (operating parameters: source pressure, 1.20 mPa Xe; f.a.b.- 
tube voltage, 8 kV; and tube current, 2.0 mA). 

RESULTS AND DISCUSSION 

Heparin disaccharides (ZZD-I and HD-II). - The f.a.b. mass spectra of such 
organic anions as the sulfated and carboxylated oligosaccharides from heparin 
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Fig. 1. F.a.b. mass spectra of a heparin-related disaccharide (HD-I), using I-thioglycerol as a liquid 
matrix. Positive (Fig. la) and negative (Fig. lb) ion extraction. 
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TABLE I 

COM~S~ION OF MO~CU~R-WE~G~-~LA~D IONS FROM HD.i= 

Countercation composition m/z 

Positive f.a. b. 
(4Na)4+ 
(H*+, 2Na2+, K1+)4+ 
(HI+, 3Na3+)4+ 
(2H2+ 2Na2+)4C 
(3H:+: Na1+)4+ 

618 
612 
596 
574 
552 

Negative f. a. b. 
@IA)*+ 
(HI+, Na1+)2+ 

572 
550 

---1-1_ 

“HD-I = heparin disaccharide with three anionic sites. 

exhibit clusters of ions related to the molecular weight. The cluster and its dis- 
persion are due to variations in the resident countercations, as well as to the 
addition or removal of a proton or alkali-metal cation to generate the singly charged 
ion. Earlier f.a.b.-m.s. studies of sulfated glycosaminoglycans from chondroitin 
sulfateI provided disaccharide spectra which were dominated by molecular and 

structurally significant fragment-ions, Three pronounced features could be readily 
observed that aid in the characte~~ation of these polyionic saccharides: a 
molecular-ion pattern indicating countercation distribution and molecular weight, 

the presence of sulfuric esters from the fragment intervals following rupture. and 
an oligomer sequence as a consequence of glycosidic cleavage. 

The positive-ion, f.a.b. mass spectra of heparin disaccharides exhibit similar 
features that are useful for structural characterization. First are the series of intense 
molecular-weight-related ions, which are dispersed by their composition of counter- 
cations. Because the fundamental structure of these anionic materials remains 

constant and the countercations cause the dispersion observed on f.a.b. mass- 
spectral analysis, tables have been established to relate the observed molecular- 
weight-related ions to cation composition. Separations of 22 units preponderate. 
and correspond to replacement of a proton by a sodium cation (see, e.g., Fig. la, 
m/z 618, 596, and 574; see Table I), Much smaller satellite-peaks 16 units above 
the corresponding natriated species are due to replacement of a single sodium 

cation with potassium. For clarity, only the most intense molecular-weight-related 
ion and associated fragments have been labeled on the mass spectra. Second, the 
presence and number of sulfuric esters may be readily determined from the f.a.b. 
spectra by the losses of 102 units which result from facile elimination of sodium 
sulfite with hydrogen replacement (see, e.g., Fig. la, m/z 618/516, 596/494, and 
516/414). Thus, the spectrum of HD-I indicates the presence of two sulfate groups, 
and yields the complete cationic ditribution for the three anionic sites. from the 
highly protonated to the fully natriated species. F.a.b. nlass-spectral analysis of 
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TABLE II 

COMPOSITION OF MOLECULAR-WEIGHT-RELATED IONS FROM HD-IP 

Ill/Z 

Positivef.u. b. 
Countercation composition 
(3Na)3+ 
(Nal+, HI+, K1+y+ 
(ZNaz+, HL+)3+ 
(ZIP+, K’+)3+ 
(ZIP+, Na1+)3+ 

558 
552 
536 
530 
514 

Negativefa. b. 
Counterion composition 
(Na)l+ 
(H)” 

512 
490 

8HD-II = heparin disaccharide with two anionic sites. 

(M-H)- ! 

Fig. 2. Negative-ion, f.a.b. mass spectra of a heparin-related disaccharide (HD-II), using 1-thioglycerol 
as a liquid matrix. 
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HD-I in the negative-ion extraction mode (see Fig. lb) provided the same general 
information of counterion distribution and sodium sulfite loss. The latter process is 
less pronounced, and only one sulfite loss is readily apparent. 

In contrast to the f.a.b. mass spectra of the chondroitiu suIfate disaccharides, 

the spectra of the heparin-related disaccharides do not exhibit sequence-related 
fragment-ions. The absence of these structurally informative fragments may, in 
part. be related to the increased lability of the N-sullite moictics during analysis by 

f.a.b.-m.s. The difference in stability of (‘- ~‘ersus N-sulfates is readily apparent 

upon comparison of the negative-ion spectra of HD-I. which contains both N- and 

C-sulfate, and HD-II. which has only a C-linked group. The ncgativc-ion f.a.b. 
spectrum of the former exhibits 11 significant M-102 peak (see Fig. lb). whereas 
ions due to the loss of sulfite are absent from the spectrum of HD-I1 (see Table II 
and Fig. 2). 

Sulfuric esters are, in general, more stable when analyzed in the negative-ion 
mode’j. For example, the fragment represented by sulfite loss for the disaccharide 
HD-I (m/r 470. Fig. lb. negative mode) was only 3% of its parent ion (m/z 372). 
whereas the related fragment was the base ion when analyzed by positive-ion 
extraction, (m/z 516; see Fig. la). It is also interesting that potassium adducts are 
consistently more abundant in the positive-ion wrsus the negative-ion mode. 

(compare, e.g., Figs. 1 a and lb). Whether the difference observed is related to 
molecular stability or to sampling differences during ion extraction is unclear. 

Heparin tetrusac~lzaride (HT-I). -- The tetrasaccharide sample was syn- 
thesized as a precursor to the pentasaccharidc, in order to deiine the minimal 
number of residues necessary to mimic biological activity;“. The material proved to 
be totally inactive. 

The f.a.b. mass spectra confirmed the molecular composition (set Table III) 
and indicated the presence of at least three sulfite groups. .411 ions and fragments. 
in both the positive- and negative-ion mode, could be accounted for as molecular- 
weight-related. or products of sodium sulfite elimination. The loss of two of the 
sodium sulfite groups can be readily observed (see Fig. 3: m/z 133, 1223, and 

TABLE 111 
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Fig. 3. Negative-ion, f.a.b. mass spectra of a heparin-related tetrasaccharide (HT-I), using l-thio- 
glycerol as a liquid matrix. 

1121). By analogy with the observed dispersal of molecular-weight-related species, 
each fragment-ion is associated with satellite ions reflecting the composition of 
associated countercations. The third loss of sodium sulfite is of lower abundance, 
and no other fragments could be detected (to represent further sulfite loss). 
Consistent with the disaccharide spectra, ions relating to saccharide sequence are 
not observed for the heparin tetrasaccharide. 

Heparin pentasaccharide (HP-Z). - The pentasaccharide investigated in this 
study represents the minimal sequence that binds to AT-III and elicits anti-Xa 
activity15. This synthetic product was examined under both negative and positive 
f.a.b.-m.s. The results provided the same general characteristics and spectral 
features as the other saccharides, with all ions accounted for as either molecular- 
weight-related or fragment ions representing the products of sodium sulfite elimina- 
tion. The most abundant, high-mass ion in the negative-ion f.a.b. mass spectrum, 
m/z 1668 (see Fig. 4), can be accounted for by considering the ten anionic sites of 
the molecule as occupied with one proton and eight sodium countercations, 
resulting in a net charge of -1; see Table IV. From this molecular ion, a series of 
three sodium sulfite groups are lost, to yield the fragments m/z 1566, 1486, and 
1384. Considering the foregoing observation showing enhanced N-sulfite lability, 
and the fact that this sample possesses three such residues, this series may represent 
those specific losses. Consistant with the other materials, the sample exhibits a 
somewhat greater stability and better sensitivity when analyzed by f.a.b. in the 
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Fig. 4. Negative-ion, f.a.b. mass spectra of a hep~in-related ~~ta~ccba~de (HP-I}. using l-tbio- 
giycerol as a liquid matrix. 

TABLE IV 

~G~S~ON OF MOLE~~R-WEJG~-RELAYS JONS FROM HP-I’ 

Negativefia. b. 
Countercation composition 

m/z 

(9Na)9+ 1690 
(8Na8+, Hz+)P+ l&X 
(7Na7*, 2W+t9+ 1446 
@iNa&+, 3H3+)p+ 1624 
(5Na5+, 4H4+)p+ 1602 

‘HP-1 = heparin pentasaccharide with ten anionic sites. 

negative mode. The com~sitions of the mole~lar-weight-related ions are 
presented in Table IV, 

SUMMARY 

We report herein the results of f.a.b.-m.s. experiments conducted on syn- 
thetic fragments of glycosaminoglycans, one of them representing the penta- 
saccharidic sequence present in heparin and responsible for the binding to anti- 
thrombin III, and the others being related to this sequence. The results indicate 
that f.a.b.-m.s. can be very useful for the structural analysis of sulfated glycos- 
~ino~y~ns. The relatively small amounts of sample required enable molecular 
characterization at physiologically significant levels. In contrast to the chondroitin 
sulfates, the heparin saccharides analyzed and reported here do not provide 
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sequence info~ation. The data indicate that glycosidic rupture is not a process 
~rn~ting with the much more facile loss of IV-suhite residues. Do~nating the 
spectra are a series of molecular-weight-related ions (distributed to indiate the 
associated countercation composition), and fragments related directly to sulfite 
elimination. This f.a.b.-induced, facile loss of sulfite may impose limitations in 
molecular-weight analysis for the larger oligomers. 
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