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o ABSTRACT , 

Heparan sulphate is a glycos~minoglycan, closely associated 

wi th heparin and isolable from' the moth\' liquor of cOIIUJlercial heparin 
\ \ , 

preparations. The complete struct~re of his polymer is still unknown, 
'-' 

and the studies described here are accordingly concerned with the question 

of.its chemical constitution. Fractions ofja' hepa!arr sulphate from beef 
i 

lung have been isolated'by precipitati~n and ,high 5 centrifugation, 

and examined intensiyely by proton and carbon~13 n.m:r. 

weIl as by chemical and enzymic methods. 'The data obtained 

\ the heparan sulphate consists of polymer 1, the spectra of 

an absence of ~-acetyl groups and are virtually 

those of heparin in many ways; polyme,r II, with an intermedia 

e from 

amount of 

N-acetyl; and polymer III, with the hexosamine almost 

;Olymer II ~ con:i ts mainl~ 'of )3-~I-gIUCUrOniC acid an~ 
œ-~-glucose. Che~ical shifts, coupling constants, 13e 

complete1y N-acetylated. -

2-acetamido-2-deoxy-

relaxation properties, 

and enzymic resu1ts obtained for the ~-g1ucuronic acid Tesidues both of' . 

heparan and of ,a disaccharide prepared' from it, are consistent with assign

ment of the a-configu~ation and the 461 (0) cdnformation. l3C.m.r . data 

support earlier evidence that the he'xosamine unit possesses, the ,œ-configur-
'" '<- / ' 

ation and has the 4C1 (D) çonform,a~io~ 
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Le sulfate d ',héparat;te est un glycosaminoglycane 

~'héparine et pouvant être isolé des eau~ mères des prépara .. 
ciales de celle-ci. La ~tructure compl~te de ce pOlymère é 

JI ' ,.. 

inconnue, les études décrites ici con~ernent sa constituti n chim~q~r' 

D.es frac~iont de sul fate d' héparane provenant de poumons 
, 

isolées par précipitation et centrifUgatio~à vitess~ éle 

ensuite i~tensé~ent par'spectrosCOPie r.l.n (proton et c rbone-13), ain i 

que par des méthodes chimiq~e~ et enZY~,t.iques. Les dOï .es 9ptenues 

trent que le sulfate d'héparane est composé de trois·,lpofymères: 

du polymère l démontrent l'absence de groupes !i -' acét)les ~t sont e 

des points pratiquement indiscernablt de ceux de. l'héparin~j 
1 • 

comprend un~ qüantité'moyenne de groupes N - acétyles; l'hexosamin 

II 

polymère III est presque complète~ent ~ - acétylée. Le pOlymère III est 

~omposé priné"lpalement d'acide B-D-glucuronique et de 2-acétamido-2-deoxy

a-Q-glucose. Les déplacements chimique~,-constantes de coup;[age. propriétés 

de relaxation du carbone-13 et les resul tats enzymatiques obtenus pour les" 

résidus de V acide Q-gluc~ronique de l'h6par~ne ,et d'un disaccharide qui 

en est dérivé. sont compatibles avec l'assignation ~'une configurati9n ~ 

et de la conformation 4C
1 
(ID. -Les données ISe.m. r. 'corroborent les preuves 

antérieures en c~ sens que l'ûnité'hexosamine possède la configuration 
-

et ainsi que la conforrnation. 4cl , (f0. 
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'The physiological importance of glycosaminoglycan"s cannot be over-
p ~ 

emPhasiztdl~2. Small wonder numerous investigators and research ~nthusiasts 

are engaged in studies pertaining to these heteropolymers. As such, the bto-

chemistry, physiology and structure of these polymers, have been subjected to 

intensive studies in the past two decades. In spite of aIl of these efforts, 
~ 

structural and stereochemieal eharacterization continue to evade complete 

clarification. 

Glycosaminoglycans are proteoglycans which belong to J category 

of glyeoproteins. They occur in a widë variety of erganisms. Several of these 

polymers, such as c~droitin 4-sulphate, chondroitin 6~sulphate, dermatan 

sulphate, hyaluronic acid, heparin, heparan sulphate and keratan sulphate, 

have been recognized in marnrnalian tissue. ~ey are constituted primarily of 
" , 

1 
uronie acid and hexosamine residues, which may have Q-sulphate, ~-sulphate 

and/or ~-.acetyl substituents, and exhibit considerable heterogeneity. AISO,[ 

variations occur in their attachment to protein, molecular size and charge' 

distribution. In this report, heparan sulphate,previously known as heparitin 

~ ~ono~ulp~ate and which is less sulphated than heparin, with which it has 

\ 
" 

i , 

"cornmonly been associated, will be identified simply as "heparaé~ 

, Difficulties i~ sep~~ating'gIYCOsamiÎOglYCanS in a native state 

from protein aAachment and from other coristituents' of connective tissue, 

and the complexity~of their structures, are the ,p~imary problems. Since, 
. 

according to various ,reports, heparan is the most heterogeneous glycosaminb-
l ' 

glycan, the ~tudy of its structure is beset by these problems to a greater 

extent. 
; 

Heparan has been isolated from beef-lung, a-aort,a, human intestine 
" , 

1 

and amyloid liver, and the urine of patients with mucopolysaccharidosis. 

Unlike heparin, heparan has been found ,in virtually aIl tissues examined to date. 

l, 

1 
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The heparan used in this study is a by-product from a commercial preparation 

of heparin. 

This heteropolymer is .of obvious biological interest owing to its 

. Id' hl' d' . 4-6 hl' 7 1nvo vement in 1sease processes suc as amy 01 OS1S , at erosc er~SlS , muco-

polysaccharidosesl,B-9,27, its pre,sence in blood-vessel wall,s and cell mem-
, 

bra~es, and its close structural resemblance to, as weIl as differences from, 

'. heparin the anti-coagulant and antilipaemic agent. Theflnti-coagulant activity 

of heparan, however, is very 10w compared to that of heparin. Su ch varied 

physio1ogical roles for heparan necrssitate extensive fractionation and detai1ed 

characterization of ~he polymer. 

-It is of interest to know if the reported macro and ~icro heterogen-
1 

eity of heparan is appa~ent or real. In add~tion, it is desirable, Ca) to 

estab1ish'if thi~glycan is tru1y a block heteropolyIDer, (b) to identify 

precisé1y the constituent 'subunits, and Cc) to arrive at a definite pattern 
, 

of arrangement of thèse units. The specifie distribution and orientation of 

charged groups within a po1ymer chain affect the interaction of the poly

saccharide with charged molecules in its biologica1 erivironment. Therefore, 

su ch chemical studies on composition and struGture of this anionic muco

~YSaCCharide are hecessary supplements tOI the acquisition of biochemical 

- tnow1edge about pathways of anabolism, and ca{abo1ism in the mammalian systems, 

d ' . '1 1 . h Iof"' 10-12 an partlcu ar y ln urnan velngs . 

, Despite the comp1eXi~ies of isolation and purification, a number 

of structural features have been estab1ished. Heparan con tains N-acety1 glucos

amine (2-acetamido-2-deoxy-D-g1ucose), glucosaminé N-sulphate (2-deoxy-2-. -
su1phamino-Q-glucose), glucosamine N-,' 0-6-disulphate"(2-deoxy-2-sulphamino-- - -, ... 

Q-glucose 6-sulphate), Q'-glucuronic acid. ~-iduronic acid
13

, and pro~ably 
• J" 

J 
~-acetyl g~ucosamine 6-sulphate (2-acetamido-2-deoxy-D-gluc~e 6-sulphate) 

" - , 
<> ... 
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residues. From studies of the heparans i~olated from patients with Hurler's 

disease, i t was concluded ,\that heparan is a block heteropolyrner wi th at 

leas4 two units. One unit is covalently linked to serine and.contains mostly 

d h ' h ' \ . N-acetylate glucosamine residues.The other unit, w ~c IS smaller Inq 

molecu1ar size contains no significant amounts of serine and N-acetyl groups, 

has môs~ly ~-su1phated g1ucosamine residues14 , The favored. view is that heparan 

is a block heteropolyrner15 ,l6 with sorne units free of su1phate groups and 

containing ~-acetyl glucosamine; other units are inte~ediate in O-sulphate 

conte~t and contain ~-sulphated-~-glucosamine; whi1e s~i11 others are high-· 
~. . 

in both N- and Q- sulphate groups, 

However, detailed structures are not av ' ahle. SeerninglY"contra-

\ 

d ' 1 h' 'd d h ' f ' Ictory reports on t e constItuent reSI ue an t eIr con ormatlon, and the ·i 

"...-/ \-JA 
~ulphate groups per disaccharide have been \ \--1 configuration of the glycosidic bo 

1 
abound. 

Both two l7 and th e 

/ 
r~ported. The bond be een g1ucuronic acid and hexosarnine residue~ has been 

19 reported to baby sorne 
/ . 

I/J 

and 6 by others20 with concomitant high and low 

. l./ , 13,21-25 optlca. 'rotatIonS ~easurements of the total ~-acetyl and ~-sulPhate\ 
, 13,23 

~o1at ratios to hexosarnine residues are claimed to be higher than one . 

13 23 
reported ' ,\~01eCUlar 

3 • 4 
3 x 10 ,to as large as 4 x 10 have been 

The p~esence of ~-iduronic acid has been 

ranging from as srna11 as 

sizes 

rneasured 

for ,heparan. A1though it 
l, ' 13 
~s known that uronic acids differ in their sus-

ceptibility to degradation under condition~ of acid hydro1ysis, ratios of 
\ 

g1ucuronic/iduronic acids have been reported without al10wing for such' 

di fferenc es .' , 
1 

These discrepanci~s necessitate a clearer definition of heparan 

and a1~o a specification of the source, the m~thod of extradtion, fraction-

" qation, purification and analysis. 

,j 

1 

,~ 
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. 
An important aspect of the problem concerns the possible relation-

ship of heparan te neparin. That i5, heparan- i5 'commonly obtaine~ 'from cru~~ 

preparations of heparin, and th~ two polymers are considered ta have sorne 

structural features i~ common. Nevertheless, heparin is chiefly found in 
. -, 

which have few mast 

heparan ~n be isolat,d 2 from various connective, tissues 

cells. Sorne suggestions have been advanced in attempts 

mast cells, whereas 

to relate these twe glycosaminoglycans. Heparan comes from cir,culating heparin-

like mucopolysaccharide synthesized by mast celis and discharged into the blood 
/ 

or' extracellular spaces to be picked up and s'tored in a variety of tïssues2 . 

Al t,ernativeIy, the two po'lymers are part of a continuum of polysaccharide~ tha t 
\ 0 , 

vari es over a wide range in their N-sulphate and total sulphate contents2 

Thé"polydispersity and high charge density of héparan are- held 

re~ponsible13 for difficul ties experienced in separating it from other glycos-
. 

am~nog~ycans and in subsequent fractionation: ~us, anomalous behaviour may 

be expecteâ in using precipitation with reagents such as cetyltrimethyl 
\ 

ammoniùm bromide or cet yI pyridinium chloride, which depend on charge dis-

tribution. Analyses of composition based on acid hydrolysis are unreliable, 

as nqted above, becaùse of the sensitivity of uranie aeid residues, and 
"" , 

colorimetrie analysis of these residues is limited by the empirical nature " 

of ~he carbazole37 and orcino138\methods. The most deta~led structural 

information about heparan has come from ~nves~igations on the products obtai1L~d 
-

by degradation, either with nitrous acid23 ,26,' or witli eliminase enzymes from 

Fla~obacteria19,28-30. 

involve 

In principle, an ideal approach to~the'chemistry of heparan should 

as little modification of the polymer as possible. N.m.r. spectroscopy 

is a non:-destru,cti ve method 

. 32 33 of glycosamlnoglycans ' , 
1 

th~t has been ÙS~d extens~vely in-structural studies 

such as heP8:rins 3,34 and chondroitins A. B: and C35 
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l \ 
=-' It can read~lY ~ifferentiate between 'the heparin types of structure CA anô B) 

and the heparan type, and hence is an effective technique for.monitoring . 

t~ctionation of heparan from h~parins36. Differences 'in the intensity of " '-_",-/ '\ - , 

_ '.he metht~}~ssociat~' with variations in the atetamidodeoxyhexose 

cQntent ot th;1se olymers can be followed by p.m.r. spectroscopyeven at ~ ,,) ,\ 

',-- -~- 100 MHz, a~ ater detai! is rev~aled at a high~r, e. g. 220MHz, resonance 

frequencl3 These heteropolymers connno.nly give well-resolved 13C•m'.r. ~pectra. 

which should facilitate an ev en more complete characterization. and detection 

of fine structura~ features. Furthermore, coupling the spectroscopie technique 

to ClB;ssical chemical and enzymic methods should "enhance the reliabili ty of this 

information. With this approach, a re-examinatio~ of the structural feature~ 
- '1 

of heparan has' bee,n undertaken, and foms the sUb~ let-matter of this thesis. 

As will be shown, i t has been possible to clarify sorne discrepancies that 
.. ~' 

existed before, and to add matèrially to ou~ knowledge of the structure of 

heparan. 

o 
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An attempt wilJ be made to de al with heparan, in an introductory 

Pashion, in tërms l'of hi\storical larrdmarks, biological signifièance, clinical 
\. ~~ ... ~~1~ .. ' -' ....... 

implications ~nd methods used to elucidate its structure. 
/' 

1 II. 1 Historical Note 
• ." 

-
~ The isolation of heparan was achieved in 1948 by Jorpes and 

'25' /~ 
Gardell ~ The large quantities of t!t.is d~xtrorotatory polyme~olated from// . 

urine of patients suffering -i;;; ~:~o~OlYSaCCh~ridosis fanned th~re;;-
" , 

in heparan.' Hunter provided tl)e first c:linical d,escription of a mucopolysaccharide 

40 storage disease and two years later, anOther example was described èy Hurler . 
1 

These two forms of disease were later known as'Hunter Syndrome and Hur~er 
. . 

Syndrome. H~wever, near'ïy fort y years passed b'efor'e the connection between 
• • 1 

these' diseases'and hepar~n was establish~d: Brante41 ,42 coined' the ~e~ 
. . 

_ "mucopo1ysaccharidosis", in 1952, when he ,reported the presence in large 

amoun,t of a sul'phated mucopolysaccharide of, lapparently, simple constitution 

and reiated to chondroitin sulphate, in a liver spècimen oP a patient with 

Hurler Syndrome. 
\ 

~Th~se findings initiated vigo~oûs attempts to isolate and study the 
-~ ~ ~ \, ~ \ 

structûre cr: the-co~pounds,~gans of mucopolysaccharidosis patients. _ 
/~/ ' 

~ ..--/' \ 

In 1957, Brown examined the mucopolysaccharide isolated from patients with 

Hurler' s diseasé43 . :,practio,ps i t or contained gluçosamine, glucuronic acid. 
... ". 'd / 

both ~-acetyl and ~-sulphaté g~oups in ~ ratio of a~~r~ox~ate1y 2:1, and Q-

su1phate in varying amounts. They exhibited'hÏgh positive optical rotations, 

indicating the 'resence of,residues with a-COnfiguration~,and had 'low 

molecular weights. It was concluded thatthis i5 h~paran, and a principal storage 
/~ ... 1 - __ .-'-

compound characteristic of theliver of patients'with Hurler's disease. 

,The glycos~minoglycan !constituted O~ 5-1. 5% of the wet weight of the organ 
1 

of thes~ '"patiénts. In the same year Dorfman !!!!. reported the presence of 

1 
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h . h f h . 44 eparan ln t e urInes 0 t ese patIents ThIS was confirmed by the findings 
,..~ 

11 of Meyer and his associates in subsequent years . They found that from 70% 

to over 90% of the total mucopolysacch~ide fraction from livers of these 
~ 
patIents was heparan and the'rest was dermatan. Encounters with heparan 

were not confined ta th'e field... of mucopolysacchandosis, but occurred in the 
. . 

study of heparin. Heparln was discovered in 191645, but it was long after 

that heparan was recognized as a material accompanying heparin isol~ted from 

. 25 46 various tIssues, e.g., lung and llver ' . 

Comparison of the molecular sizes of~eparan from mucopolysaccharid-

osis pa~ients and from normal tissues led to the conclusion that the ac-

curnulation of ~eparan ln rnucopo1ysaccharldosIs syndromes is a defect in 

cl d h k~ d f' h' 27 Do fIl d d egra aLlon ~at er tl~n a e ect ln synt eSIS r man et a . cone u e 

tnat two chains of Hurler heparan, dl.fferent in rnolecular SlZe, c.re formed 
~ 

14 by partial enzymatic hydrolysis of a parent heparan rnolecule Furthermore, 

~t was hypothesized that heparan exists in the tIssues as a proteoglycan. 

ThIS idea arose from the observation that, when isolated after proteolysis 

of the tissues, heparan containeàserine as the main residuai amine acid47 as 

14 weIl as galactose and xylose The interest in heparan naturally shifted 

to the biosynthesis> and occurrence of this polymer in tissue ceIIs. 

~ Kraemer and others propounded that heparan is synthesized by 

éells other than mast celIs: This heteropolymer was isolated, for example, 

f Ch ' h Il . < • 1 48 d . f rom lnese amster ce s grown ln suspenSIon cu ture , an a varlet y 0 

estab1ished Iines of cel1s grown in culture were used to study the production 

8 49 51 of heparan' , . ~fuch of the heparan was located in the external membrane 

and shôwn to be discharged into the growth medium as the protepg1ycan50
• 

It was conc1uded, therefore, that heparan may be present on t~ externa1 surface 
8 (-_. -;' .. 

ce1Is . With the tentative establishment of its synthesis and localization, of al! 

• 
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speculation moved to ~he function of hep~ran ln vivo. 

In 1973, lt l'las pointed out t'hat heparan has a possible primary 

role ln protectlng the cell and immediate enVlronment from coagulation 
D 

and flbrinoly~is mechanisms 52 . The part played ln flbrinolysis inhibition 

as a check on the spread of normal ce1lf,as opposed to fibrinolysis by malignant 

ceils,was consldered to be of specIal interest. Other possible roles of heparan 

ln lipolYSIS and atherogenesls cannot at this Juncture, be ruled put. Findings 

of great Importance ln su ch major subjects as clotting, atherogenesis and cancer 

may emerge from studies in these directions. As such, it is worth while to 

review the clinlcal implications of the glycosamln9g1ycan. 

II 2 Cllnlcal ImplIcation and Signlficance of Heparan 

II 2:1 IntroductIon 

No direct eVldence for the biological role of heparan is available. 

The obvious lnterest in thi s heteropolyrner ils due to 'sorne structural fea tures 

it has in common with heparln or, indeed, to its possible occurrence in heparin 

preparations and also its involvement in mucop9lysaccharidosis srndrornes. 

A-type heparin, seemingly contains heparan in proportion to its 

content of acetamidodeoxy glucose and glucuronic ~cid. Although B-type 

heparin has a much lower content of such residues, the clinical use of 

both A-type and B-type heparins indiscriminately,raises interesting questions 

relevànt to heparan. It is not known, however, if this .polyrner contributes 

to the properties and functions attributed to heparin. Nevertheless. because 

of the widespread view that the two mucopolysaccharides are closely associated, 

it is worthwhile, in working with heparan, to be familiar with the bio-

chemistry of heparin .. as weIl. Extensive, revieNs of this latter subJect are 

available in the=iiterature2•53 . 

J 
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II. 2.2 Mucopolysaccharidoses and Heparan. 

T~ climcal significance of he'paran not only is detived indirectIy 

from the action cf heparin, but aiso is implied directly, as in muc9polysac-

charidoses. 

Mucopolysaccharidoses consist of five or more syndromes. These , 
disorders are genetically distinct and are characterized by a wide range of 

phenotypic expression. The most common mucopolysaccharidoses are the Hunter, 

Hurler, Scheie and Sanfllippo Syndrome. 
, 

RecognItion and descrIption of other mucopolysaccharidoses seems 

to be an on-going process. Among the recently,described mucopolysacc~aridoses 

. 7 25 
are Morquio, Maroteaux-Lamey, and Sly Syndromes' Their discovery is so 

recent that not much is known about these disorqers. The patients with 

Morqulo Syndrome are .strikingly dwarfed, develop a characteristic stature, 

severe neurological systems, corneal clouding and may excrete lexcessiye 

amounts of mucopolysaccharide. This particular syndrome is also known as 
~ 

Mucopolysaccharidosis IV. Patents with Maroteaux-Lamy Syndrome (Mucopoly-" 

saccharidosis VI) showoeharacteri'stics that resemble those of patients with 

Hurler's disease in skeletal abnormalities and the presence of corneal opacity. 

These patients excrete large amounts of dermatan sulphate. 
/ 

Sly Syndrome patients show profound 

• D l 'd \ " d 

hepatosPlenOmegalY,' the 1eukocytes 

are deficient ln ~-g.ucuronl ase actIvI~y~n the skin fibroblasts have just 

2% of the S-glucuronidase activity of normal ce11s. The mucopolysaccharides 

isolated appear to be chondroitin sulphates A and B . . 
The only known ~ucopolysaccharidosis transmitted as an x-linked 

recessive trai-t was first described by Hunter in 1917
1

., The patients with 

this syndrome (Mucopolysaccharidosis II) have dwarfed stature, ?rotruberan~ 

abdomens, grotesque facial features and deformed hands. They store and excrete 

.,..-
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10-40 times as much dermatan sulphate and heparan as that excreted by normal 

people. 
/ 

Mucopolysaccharidosis III was first described by Hurler in 19194°. 
The patients show deformed features, clouding of the cornea, mental retardation, 

\ 
t 

and conspicuous gibbus. The last three features are absent in Hunter 

Syndrome. Ten to fort y times the amount of dermatan_sulphate and heparan are 

excreted by these patients as by normal beings. 

Sanfilippo Syndrome is also known as Mucopolysaccharidosis III A 

and IIIB . Patients with this syndrome show relative1y mild skeletal ab-

norma11ties, severe disturbance of central nervous system function and ," 

severe mental deterioration. The typical characteristic 1S the urinary 

excretion of a large amount of hepaFan as the'only mucopolysaccharide. The 

two types of th1S syndrome are phenotyp1ca11y i~stingUiShablel. The 

54 degradative enzymes are ~-sulpho-Q-glucosamine sulphatase for type A and 

a-~-acety1glucosaminidase55 (EC 3.2.1.50) for type B. 

If. 2.3 Correlation between structural parameters and bio1ogica1 activity. 

Numerous attempts to correlate the chemical and structural para-

met ers of heparin and heparan with biologica1 activity have been made. They 

provide an interesting example of how chemica1 modidcations of a·polymer can 
- \ 

affect, sometimes in a dramatic way, the ~ormal functioning of the macro-

molecule. 

Charge density is considered to be the dominant property. The charge 

on these mucopolysaccharides cornes frorn the fol1owing units: ~-SO~. Q-SO;. 
\ 

and COO-. i.e., sulphamino. ester su1phate and carboxyl groups. Anticoagulànt 

activity is 'reported to be related to the degree of sulphation as weIl as 

molecu1ar conformationS6 . Foster and others reported that the ~-SO~ Q~ heparin 

is critiçal for its anticoaiul~tion57.S8. The ability of heparin tè inhibit 
- ... 
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translation of a natural mammalian mRNA in a mammalian cell-free system was 

found to be related ta the number of ~-SO~ and-Q-SO; groups in the mOlecule
2

,6l 

The role played by the degree of sulphation has been examined by removing 

sulphate groups. Thus, mild aèid treatment ,bf heparin results in progressive 

1055 of sulphate groups, especially ~_SO;59,60. During the first few hours 

- 59. only ~-S03 1S removed ,but substantial hydrolysis is found after 24 hours 

of treatment6l . Fifty percent of the anticoagulant activity is lost during 

60 the first hour of treatment, and 90% in three hours . By contrast, the 

ability to inhibit protein synthesis is unaffected after four hours' treatment 

with acid. Howeve:" it should be added that heparin which is less sulphated 

o 

than a highly substituted dextran sulphate,has greater anticoagulant activity62 ~ 

FurtHermore, inhibition of protein synthesis initiation is specific to heparin-. 

Hence, the degree of sulphation ~~ is obviously not the critical factor. 

The importance of the carboxylic acid group has also been 

4 
evalua~ed . For-example, Danishefsky studied the effect of esterifying the --------carboxyl group, and suggested that the free carboxyl groups of heparin are 

.. l f Il h . h . b . . 63 cr1tlca or a t e ln 1 1tory SItes . 

A look at the contents of sulphate, ~-acetyl and carboxyl of these 

and other mucopolysaccharides suggests an interesting perspective. It has 

been stated above that there are two types o~ heparins, A and B, with the 

hexosamine camponent of the former being more ~-acetylated. Thus the decrease 

in the sulphation is of the order heparin B, heparin ,A and heparan.1 The 
" 

level of uranic acid content is about the same in aIl, although differences 

are found in their'conformation, i.e., between iduronic and glucuronic acids. 
1 

The strongly anionic nature and associated degree of hydration o~ these 
, 1 

polymers is probal:!ly at a rela~ively uniform level.' Now the effect of long 

term and high dose administration of these mucopolysaccharides'is osteopenia, 
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\' demineralization of bones. However, inhibition of protein synthesis 

is specific to heparin which also has' high anticoagulant activity. The other 

mucopol'ysaccharides are, to aIl intents and purposes, considered to:display 

no su ch activity. 

In view of these considerations, one is prompted to correlate 

osteopenia with chemical and structural parameters common to a11 the muclL 

polysaccharides, such"as, for example, their carboxyl groups. That ~S, 

presumably, the carboxyl groups efficiently s~quester calcium ions from bone. 
, 

Inhibition of the initiation of protein synthesis ~nd anticoagulant activity 

could be related to parameters, such as the sulphamino group, present in 

heparins but not 50 prominent in the othe! glycosaminoglycans. 

However, if the sulphamino group were the major determinant of the 

above stated activities, the order of potency should follow the degree 

of ~-sulp'havion. In fact, the anticoagulant activity of type B heparin, shou}d 

be much higher th an that of type A which"in tùrn shou1d not vary as dramati~-

ally'as is observed from that of heparan. Yet heparan has no anticoagulant 

activity of any'significance, whereas bD th heparins are cliniçally used 

indiscriminately. TherefoI\e, ~ closer look at ,the chemical, structural 

and, lindeed, conf~rmational differences am~ng heparin A, heparin Band 

1. 

1 

l ,~ 

heparan, and also at the correlation between these parameters and biologica,l 

activities are jmperative, 

II. 3 The Relationship a~ong the glycosaminoglYcans (GGS1' 

These high molecular wetght condensation polymers of amine and 

acidic su~ar mono'sacchari~~ derivatives'" are 50mewhat related. Glyéosmino-
- 'n ~ 

glycans are proteoglycans, a category of glycoproteins. In proteoglycans tQe 
. ~ 

dominant feature of the macromolecules is the pOlysaccharide,whereas in other 

l t · 1't' h t' . 3,64 ,g ycopro eln5 15 t e prp e1n m01ety 

" , 
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There are several features common to the seven known different types 
, l ' . 

of G(JS. They otcur in vertebrate 'tissues, and are linear polyme!ic c~ains of 

alternating hexosaminyl and hexosyluronic acid residues. This is the predominant 

sequence. The, only exception to this sequence is in keratan sulphaÛ~ where 

galactose replaces hexuronic acid. Structural studies of these compounds are 

beset with difficulty in determining purity, insu~ficiency of material, lack 
1 

of procedures that permit selective and high yield degradation of the po1ymers! 

or better still. study in the native state. Consequent1y, these heteropo1ymers .. 
have only been partially characterized. 

The dissimi1arities among the GGS are equally extensive. The variations 
" 

occur in chain length, configuration of residues, mode of glycosidic linkages, 

location of Q-sulphate groups, contents of the acetamido gro4P and sulphamino 
... ,~ 

group. Charge density varies from one to four per disaccharidè. Sorne degree of 

dissimilarity exists in association with amino acids and proteins. Table l 

is ~ s~ary of the composition and s~ructure of acidic GGS. 

'-Although there is a multitude of ster~oisomeric monosaccharides, only 

a few are found in natural polysacchàrtdes, and even fewer mènosaccharide , 

derivatives are encountered. There seems to be sorne naturally imposed simplific-

ation. 

Uronic acids or their ~u1phate derivatives are present .in over 85% 

of the known GGS and are in the pyranoid form. ~-glucuronic and'~-iduron~c 

acids are the on1y u~onie acids isolated from acidic GGS to date. The former 

is present in aIl, but the latter ,in less than 50% of the acidic GGS. There 
<J 

is no direct evidence that t~e uronie acid carboxyl gro~p is.e~terified ~ith 

either a primary alcohol or a hydroxyl group of another ~ysaccharide 

molecule. These acids qccur both as interchain and reducing units, see Table l, 
l "'f" 

and. Fig. 1. 

/ 
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TABLE I 

Summary of composition and structure of acidic Glycosaminoglycuronans 

t 
Properties 

Uronic acid component 

~-Glucuronic acid 
ï-Iduronic acid 
ëonfiguration a.L or 8-Q 
Substituent: - -

Sulphate at C-2 of L 
id~ronic aéid -

Glycasyl residue at C-4 

Amino sugar componeQt 

2-Amino-2-d~oxy-Q-glucose 

2~~ino-2-deoxy-~-galactose 
Configuration a-~ 

Substituents: -
!:{-Acetyl 
!i-Su1phate -
Q-Sulphate 

0-4 
0-6 

8-~ 

Glycosyl residues at: 
0-3 
0-4 

other sugar residues 
including those in 
th~ linkage regi~n 

R-xylose, R-galactose , 
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1 

COO-

OH 
OH 

1 

8-~-glueuronie aeid OS03 

h-~-iduronic aeid 2~sulphate 

-R 

R = H, RI = OH 

4 

R = OH~ ~-galaetose 

R = NHCOCH 
3' 

OH 

Q-glueose' . 
: ~ _ _ 2-acctamtdo-2-dco~y-~-galactopyranose 

R - 050-, RI - NHS0
3 

. r 
~ 1 ~~ 

2-deoxy-2-sulphamino-~-glueopyranose-6-sulfat'e 

R = H, RI = NHCOCH3 
2-aeetamido-2~deoxy-~-glueopyranose 

R = 05J3 , RI = NH; -

2-amino-2-deoxy-~-glueopyranose-6-sulfate 

H 
5 

, 1 . 

.. .. 

F1G. 1 and their derivatives found'in"glycosaminoglycans. 
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At present there is no evidence t~at more than two hexosamine 

residues occur in GGS. The hexosamines isolated to date are glucosamine and 
r 

galactosamlne. \As shown in Fig. l, the amino groups of the hexosamine residues 

are genera11y N-acety1ated. -The 3-,4- and 6- OH groups can be free, Q-esteri

fied with su1phate or uoulld to a hydroxy1 group of another sugar residue., 
, 

The acidic GGS are bonded to a protein chain by a char~cteristic 

t · h' d . f 1 d . 14,64-66 rlsacc arl e unlt 0 ga actose, xy10se an ser1ne . The xylose residue 

is glycosidically 1inked t~ serine67 

1 I . 4 Methods. 
./ 

II.4.1 Introduction. 

Several different types of methods are used in structural studies of 

GGS. The isolation and degradative procedures constitute the primary process. 

In both procedures,physical methods may or may not be involved. 

The isolation procedure invo1ves alka1i.ne extraction from th,e protein 

of,the'vertebrate tissue, and purification of the mixture of P01YSaCChar~~~s 

50 obtained: The three main extractive procedures in use are disruptive, 

dissociative and sequential extrac~ion68. GGS free of protein is iso1ated 

from the intact proteoglycan ~ base-cleavage of the xylosyl-serine linkage,; \ 

which is accomplished by a a-carbo~imination reaction 69. Deproteiniz~tion l 

\ can aiso be achieved by digestion with·proteolytic enzyrnes.\Such enzymes are 

1 • • • '70 . 
peps1n,trYPs1n. papaln and pronase . The mlxture of amino açids and peptides 

lS separated from t~e polysacch~ride by dialysis. adsorbents or by organic , 
1 ... 71 50 vent prec1pltatlon 

A variety of rather similar methods for the isolation and purification" 

of GGS from one another is rep?rted. Separation of acidic polysacchatides 

from each other and also from neutral polysaccharides can be achieved by 

prebpitation with quaternary ammonium salts72 such as ·CTAB and C~C68 . 

. .. 

., 
, 
,~ 
1 

! '. 
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Io~-exchange chromatography on columns of DBAE-cellulose, and DEAE-Sephadex, 

or DCTEOLA-cellulose or resins may also be used73 . Acidic polysaccharides are 

adsorbed on the anion exchangers at pH 6. Elution is achieved by increasing 

the buffer concen~ration or pH of the eluent. Separation according to molecular 

weight differenc~s can be done by passing through columns of various types 

of Sephadex 0; poly (acrylamide)' gels. Us~ of the electrophoretic inethods to 

separate and purify polysaccharides is aiso reported74 . 

Color reactions for sorne of the component residues in the polysaccharides 

have been developed. These reaftions are useful for preliminary studies. In sorne 
" ~ 

instances, colorimetry has been used for following the puri~y of the isolated 

38 39 
polymer ' 

Degradative procedures may be only partial, or may involve complete de

polymerization to monosaccharides. These processes can be achieved by chemical 

and/or enzYll}ic means, and depend on the nature of the linkages 'in tle bio

polymer, 

JI. 4. 2 Chemical ~lethods. 

J 
,,~ 
·1 

., 
' . • 

ti 
The general classical 

" , 
24,3l,72)to obtain data ~ 

J 

on the type and sequence of units, and linkages, configur ion and conformation 

are, Barry degradation, deaminative hyd~olysis, methylation. immunochemical 

methods, periodate and lead tetraacetate oxidation. In this study nitrous acid 

deaminative degradation was found most useful and. indeed. was employed exten

sively. Henhe the supposed mechanism bf this reaction will be described, thoug~_ 
briefly 

II.4.2.1 Nitrous Acid Deamination. 

Deamination of hexosamines by nitrous has been used for the 

. . f' f 75 h . . f 1 f estImatIon 0 amInosugars or many years s tec nIque 1S use u or 

~ /. " structural studies of hexosamines ~ amino or su1phamino 
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acetamido groups are present it is necessary to ~-deacety1ate prior to carry-

ing out the deamination (Fig. 2). 

The mechanism of deamination is ~roposed on ,the basis of observations 

made in re1ated studies. Deamination of primar~,amines invo1ves a diazonium 

intermediate76 . This intermediate forros a carbonium ion and substitution with 

inversion'occurs. Using cycloh~xanyi, monosaccharide and disaccharide77 der~v

atives, several features of this reaction have been ~orrnu1ated. The course~ __ -

of the reaction depends on the group which . 

atom and a1so trans to the C1-C2 bond. When the amino group is equatoria1, the 

reaction forms a five-membered ring. This applies to both 2-amino-2-deoxy-~-, 
1 

and ~-~-glucopyranose .. However, the 8 form, with an eq~atorial glycosi~ic ' 

78 group, react~ faster than the a . In~hese residues, the moieties antipara11el 

to the equatorial ami no group are the ring oxygen atom and C4. Ruptu,re 

of the oxygen ring is preferred to that of the C4-C3 bond'and the main end . 
product is 2,S-anhydro-Q-mannose (chitose)78. The reaction is not hindered 

by blockage of ~he glxcosidic group. 
'-

Although this reaction proceeds in good yield, it is not quantitative 

rand an alternative ring 

formY1-Q-ribofuranosides 

, 
contraction with t~e formation of methyl 

, 77 
as minor products has been reported . 

2-deoxy-3-f

With axially 

oriented 2-amino-2-deoxyglycosides, this reaction, in contrast to the mechanism ---------- . ~ , 
followedDbyequatorial amines, proceeds with the formation of aldose residues 

. 79 ~ 
with a1ter~d ~onfiguration at C~2. The glycosid~c linkage remains unaffected--~ ; 

-------- ';j 
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~~o 
HO 

6 

HNAc 

(2-acetatnido-2-deo~yhexosamine ~-

cl 

/ 
/ 

, ~NT 
. (prot0!lat,ed amine) 

OH 
o 

CHO' 

1 
------0 

(diazonium intermcdi~te) 

(carbonium ion) 

7 

- , 

FIG. 2 The possible mochanisms of acidic ~~deacetytation/d~sulphi~ation 
and HN02 deami,nation of /~ glycôsaminoglycan. 

~ 
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the ur9nic units occurs on attempts to force hydrolys~s of the chain to]comple-

tion. Cleavage of this btmd by acid-hydrolysis can only be easily achieve'd . . 
after the reduction of uroni'c acid~ residue to normal hexose uni ts. In!i-

acetylated hexosamine residues, the relative resistance of glycosiduronic 

~U-li~t~ hydrplysis leads to thè isolation of alJobiuronic acids. 

rry.~ reyer_Si tuation ob'tains if free animo groups are present, or are réadi.ly 
~- \ 

fonn,ed, when protonated amino groups provide an 'electrostatic shielding of 
a 

hexo~aminidic linkages. / 

. Explanation f~ the high acid stability of the ~~glucopyranurosyl-oxy 
bond is postulated as follows: the ease with which the electron pair corr~ 

~ sti tuting the bond can be removed entirely from the influ'enc.e of the sugar 

residue determines the rate of decomposition of the conjugate acid. Secondly, 

an inductivé effect, arising from the presence of an electronegative group, e',g. 

carboxyl, at position C'-S of ~e sugar molecule, opposes the withdrawal of the 

elec~ron-pair. The same argument can be used to explain preferential hydrolysis 

of a glucosyl~uronic acid bond. 
J "\ . 

) ,Generation of an electronegative center on 'C~2 of a glycosamine unit 

;; acidi'c !i-çlesu~tion/deacetYlati~n 'of -;h~ unit, wil;~~trength~~ the glycos-
, , 

~minidiê bopd ~~ acidic hydrolysis. 
0, 

c. • 

)# 

Such electrostatic shielding of the glycosidic linkages has been 
• 0 

J utilized to great advan'tage in this study. Thus acid !i-desulphation and N-

deacetylation are used without any fear of depolymerizing heparan. The acid 
.1 

hydrolyzes th~' N-sulphate or N-acetate su~stituent ,and exposes the amine 

" 

, II III \ .' r • 

gr~up ~hic~. sUbsequenily, protects the heÎosam~ne linkage fro~ being hydrolyzed < 

by the acid. 'The carboxyl gro~p'~otects the ~rOnosY,l·linkage. Appli~a~ion 
, \ . 

of ni,trous acid deaminat,ion, then, selectively hydrolyses the hexos~mine . , . 
... 

linkage, leaving the~r~nosyl bond intact. ~us nitrous acid deamination, 'one 

"" of the few reactions which resul ts in the 'selective cieavage of glycbsidi'c' 
p • 

,1 

, . 
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linkages und'er mild condItions, was Invaluable to this study. 

I1.4.3 

"'--
Va~ious ~nzymes 

, ' 
\ 

may also be employed to degrade polysaccharides. 
Jc1. 

There are two aspec~s of,a~lications of enzymes. They are-employed for graded 

hydrolysls tb speclfic fragments. When the specificity is known, they can be 

used to determine the configuration of glycosidic lInkages. 

Most of the1enzymic applicatrons in GGS chemistry are of the first 

type. ThIS l1mi taUon is due to the considerable difficul ty enc~untered in ,. 

obtalning enzyme extracts of sufhcient purity'for specificity studies. Examples 

of this type are furnlshed by hyaluronidases, chondroitinases, heparinases 

36 and heparanases 

An enzyme syste)l1 that degrades heparin and heparan is induced from 

Flavobacterium heparinum: This 15 a preparation obtained from a soil bacterium 

d · t' N l h . 80 Th d . grown on a me -lum con alnlng ~-acety eparln, e cru e extracts contaln 

d B l
" 30,81-83 

a- an -e 1m1nases , sulphatases84 and glycuronidases81 which degrade 

these pol~ers to uns~turated oligos~ccharides, disaccharides apd finally ta 

monosaccharides, respectively, However, the presence of a hydrolase in these 

same extracts is reported
85

, This discrepancy is interpreted by Hovingh ta 

be due~o differences in purity and enzyme/substr~te ratios used30 . 

Sufficient ~nformation about Q-glueuronic acid hydrolases or B-~- L-
/' 

glucosiduronases [E, C, 3,2,1,31] (also known by the obsolete trivial name "glue -

'd ")' '1 bl 86,87 Th' h f h' , 'f' , uronl ase lS aval a e . lS warrants t e use 0 t IS enzym~ ln speCl lClty 
, 

studies, These enzymes are localized in subcellular particles and hydrolyze 

the glycosides of Q-glucur~nic acids. That the linkage broken is that between 

h Cl f h 'd db' f d f 'd rl 89 t e 0 t e aCl an the oxygen, rldge was con irme or a-R-glucosl uronas~s . 

Other examples ~f hydrolyases ar~ 2-acetarnido-2-deoxy-a- or -a-~-hexosidases 

also known 'by the obsolete trivial -name "li-acetyl hexosaminidases,,88. 

-----

,f 
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The activi ty of E. C. 3.2.1.31 is generally measured by the colOTl

metric method of Fishman86, which uses phenolphthalein S-Q-glucopyranosld-

uronic acid as a substrate. Studles ~f the aglycon specificity have revealed 

that S-Q-glucosiduronases from different sources show sirnilar rates of hy-
, 

drolysu. This enzyme has no actIon either on glycosides of a-~-glucopyranosid-

86 urOTIlC aCld or on 0- or -S-Q-g~ucopyranosides. 1t can be activated by 

d b 1 · 'd lb' 86,87 eoxyrl onuc elC aCl or a umln . The hydrolysls by this enzyme 15 

strongly and competitively inhibited by ~-glucaric-l,4-1actone, various 

organlc peroxides, to a lesser ext~nt by ~-glucuronic acid, severa~ hydroxylated 

++87 . catboxylic aClds and heparin, and heavy metal ions e.g., Hg . The optlnum 

pH is about 5 and temperature is 37°. The enzyme is markedly stable in the . ;J 

co1d. When 1yoph!liz~d and ref~gerated it keeps for 6-12 months 86 . The initial 

velocity of hydro1ysls bears a Ilnear relation to substrate concentration at 

low substrate concentratIon. At high substrate concentration sorne inhibition 

86 
lS observed . 

II.4.4 Physlcal Methods. 

< 1 IIit!· 4 . 1 Introduction. 
1 

A good number of physical methods are'employed in the characterizatlon 

of GGS. ~1ost of the physical _rnethods aJ..In to obtain parameters on molecular 

size, weight and distribution in a given preparation. Sorne of the methods used 

are electron microscopy, X-ray diffraction, viscosity and osmotic pressure 

measurements, ultracentrifugation, infra-red, optical_rotatory dispersion, 

and chromatography. The main limrti,ng factor for physical methods is resolution. 

N.M.R. is gaining in populari~y since it yields invaluabl~ information in a 

satisfactory-non-destructivè style. 
J 

II.4.4.2 N.M.R. (see ref. 90-97). 

The inten,\ion here is not to present a theoretical treatment of N.M.R. 
" 

spectroscopy, but to describe the advantages and sorne salient points relevant 

to the present study. 
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N.M.R. Involves the transition of a nucleus from one spin state, 

say E2 to another, say El' The energy, ~E, absorbed during the tr~siti~n 

or which would induce the transition if imposed is _gi ven by 

t.E ::: El~E2 ::: h \! ::: 2~(H ±H ) o e 

where 11 ::: magnetic moment of the nucleus 

H ::: magnetic field strength 
0 -, 

He local magnetiê'~ field 

h Planck' s con5tant 

excit~adiation. and \! ::: frequency of 

In reality, the interactions among neighbouring nuclear magnets, the inter-

nuclear distances, the orientations of the nuclei and the phase state affect 

the local magnetic field experienced by the nucleus u~der consideration. The 

result is fluctuation and Inhdmogeneity of the local magnetic field. 

Since v~ious nuclei have different values of \1, they und~rgo spin 

traAsltions at different frequencies, in a given applied field. For instance, 

a field strength of 23 kG would permit IH spectra to be observed at 1 00 ~·!Hz 

and l3C spectra to be recorded at 25 MHz. Introduction of superco~ducting 

magnet systems has made measurements of p.m.r. spectra at radiofrequencies in 

excess of 200 MHz popsible. Applied fields conunonly available are in the 

range 10-25 kG and hence resonance frequencies of most nuc1ei lie within the 

50-100 megahertz ma.rgin. At such fields the Larmor frequencies are detectable' 
1 

by radio techniques. The experimental strategy consists of varying bne of the 

t\vO potential variable v and H in the above equation, while maintaining the o 

other constant. Thus, if Ho is !Cept constant, 'the oscillatifl:g radio frcqu-
/ 

ency can be varied to detect the absorption of tl)e energy'br a particular 

nucleus. Alternately, fixing the frequency, v, of the exciting energy, 

absorption would be observed by sweeping the magnetic field. H . 
o 

".' 
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The use of n. rn. r. spectroscopy on the study of biopolymers has 

p1Fked up mornentum progressively. This is due ta the dramatic imprpvernent in 

techniques, such as the introduction of the Fourier transform (FT). FT involves 

excitlng a'11 the sp~ns of the nuc1ei under cofdeJatiOn by i-rradiating the 

sample by a series of short, powerful radi1e~uency pulses. The order of 

the pulse lengths is of ~secs. A computer Fourier transforrns the accumulated 

resuitant free induction decay (FID) signaIs from the time domain' ta the 

frequency darn~in. The result is a considerable improvement in signal to noise 

ratio for a given accumulation tirne. Pulse ~pectra and FT techniques make 

It possible to overcorne the low sensitivity for detecting l3e reson.ance 

sIgnal s, a consequence of the low, 1.1%, natural abundance. 

13 1 
What rnakes c.m.r. 50 attractive is the large spread of chemical 

ShIfts' about 200 p. p. m. rnostly downfield fl'om the TMS reference signal. In 

addi tIon, the use· of broad band proton decoupling, i ts concomitant nuclear 

Overhauser enhancement, (N.O.E.) and off-resonance partial decoupling, enhance 

13C signaIs and facilitate si$nal assignments. N.m.r. spectroscopy allows 

for direct detection and reasonably quantitative rneasu:r:.ernents of structural 

feat:ures, and also, is, on the whole, nondestructive and rapid. P.m.r. 

spectroscopy has the 'additional advantage of higher sensitivity and hence requires 

srnaller quantities of sarnple. Despite aIl these attractions, there are sorne 

inherent difficulties in nim.r., and limitations to its application' in studies 

of biopolymers. 

Lpw solubility and high viscosity of polymer solution augment, un

favpurably, the inadequate level of detect~ of natUI;al abundarice 13C 

reson~nce signaIs ~nd line broadening, re~pectively. Therefore,larger 

quantities of material are required and, in SOrne cases, elevat~d temperatures 

. , 
'\ 
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have to be used. Relaxation times of the various carbons constituting a 

polymer chain are, among other conditions, dependent on the position of the 

respect,ive carbons in the molecule. Hence, l3C. m. r . integrat,ed spectr:; do not 

provide as consistent measurements as those of proton spectra, and the 

13 .. l than that for experlmental time needed to acquire C.m.r. spectra 15 onger 

p.m.r. spectra. 

• Stabllizatlon of the field/frequenty ratio depends on the loc~ signal 

2 whose strength an~ stability, in turn, limit the re50lution. U5ua11y the H 

-
signal of heavy water or any appropriate deuterated solvent is use~as the 

10ck signal. Current practice is to use internaI TM5 as the rp.ference signal 

th th h l 13C52' ra er an t e once popu ar The chemical shift of Tr.iS is 

ÔTMS = ôCs',- (frpm 192 to 193) p.p.m. 
2.: 

dependlng on the solvent. 

13 
C.m.r. is probably more useful than p.m.r. in the characterizatiop 

of complex p01ysaccharides. The strategies employed in characterizing 

struetures are by direct observation of the polymer itself and/or by 

5tudying the monomers, oligomers and pertinent model components of the 

polymer. ~1any general features of chetc'~1 shifts and coupling constants 

of carbohydrates are weIl estab1ished. 

Carboxy1 c·arbons 
+G 

respective shifts of -C~ _ 
o 

a~d the~highly deshielding 

are observed between 190 and 170 p.p.m., the 
",0 2 

and -C - H. This is due "to sp hydridization 

effe~t of the oxy~en nuclei attached to these 

carbons. The same deshielding effect is responsible for the display of the 

anomeric carbon signaIs between 100 and 85 p.p.m., the lowest field jJosition 
\ . 

for the ring carbons. The anomeric carbon b~aring an .axial .Pt:0ron is found, 

at lower field than that bearing an equatorial one. The other, ring~arbons 

come between 80 to 70 p.p.m. Equatorial substituents on pyranose rings produce 

.. -i 
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sllghtly higher shifts. PTim~ry alcohol carbons appear between 62 ta 55 p.p.m. 

'. 
Q-Alkyl substituents on any ring carbon produce deshielding effects 

o'f' 7 to 10 p, p. m, on the carbon ta which they are bonded and about a l p. p. m .. 

shielding effect on the adjacertt carbons. The orientation of the -OH group, too, 

leads to substantial shielding effects. Steric crowding appears ta be a domin-

ant factor because, in general, axial substituents are associated with more 

shielded 13C nuclei. Thus pecause of the shielding effects of a C-l axial 
! 

substituent at the a, S and y positions, aIl the ring carDons other than 

C-4, appear at lower field in the 8 anomer relative to their positions for 
';--

the a anomer. The C-6 carbons are almost equivalent in bath anomers and 

appear at higher field, 

Supplementing chemical shifts Id t~ cou~ling conStants, allows for 

elucidatlon of configuration and conformation. 

i 
Couplings ln general c?nside~a~ion are the direct, geminai and 

vicina1, i.e., couplings across 1,2 and 3 bonds, respective1y, The ~-H 

coup1ings are large and range from 140 to 180 Hz, values for anomeric 

centers being the largest. Anomeric carbons b~aring equatorial protons give 

a ~ value ~lO·Hz larger than do their~axial counterparts. Long range couplings 

are ge~erally much smaller, 0-10 Hz. Th4re are several factors which influence 

coupling. Orientation of substituents on the'carbon plays an important raIe 

on the size of geminal couplings. The gauche conformation is associated with 

large J values \"hereas the anti-confcirmation \.ith values close ta zero. Large," 

, , l 13C 1 l' f 6 . d . h h' 'd V1Clna ~ coup lngs 0 up to ~z are aSSoclate Wlt t e ~, or ecllpse • 

conformation, wnereas sm~ller co~plings characterize gauche conformations, i.e., 

there is a close analogy to the depëpdence of IH_IH couplings on the dihedral 

angle. 
\i . 

These. and oth~r, well ,e~t~lished 

facili tated this study. (f ~ 
')~; 

features of n.m.T. spectra 
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.. , 
111.1 Isolation of Heparan Preparations. 

Barium heparan salt (34 gm) from beef-lung heparin by-product, 

" was fractlonated as follows'. A s%. (v/v) water solution was made' and clarified 

by centrifuging at 10 k r.p.m. (temperature', go and pH, 7). The residue obtained 

'vas fraction 1. The centrifugate was resubjected to high speed c~ntrifugation 

at 20 k r.p.m., land fraction 2 recovered. Several other fractions were obtained 

by alternately adding ethanol ta incipient turbidity and centrifuging at 

high speed. The total volume handled was decreased by maintaining the con-

centration at 5% and lowering the- temperature at which fractionation was 

performed. 

Plotting the weight of precipitated material versus percent ethanol 

concentration, p,roduced a precipitation curve for this mixture, Figure 3. 

Solubility differences of the components in the mixture cause the vertical 

inflections, which indicate the numbér of components possibly present in 

solution. The weights of precipitated material, the optical rotations, the 
, 

percent eth~nol concentration and the respective fract~on numbers are given 

in Table 2. A law temperature was nicessary ta minimize enzymic activity 

as weIl as chemical hydrolysis. The pH was kept at or near 7, where the 

pol ymer was expected to remain stable during the long periods required ~o 

complete the preparations. 

The barium salt of heparan was found to precipitate and cer'trifuge 

down much better than the sodium salt. In the presence of inorganic cations, 

the uronie acid units are normally ionized and highly hydrated, giving the 

polymer good solubility and sllution stability over a wide range of hydrogen 
\ 

ion concentration. Most of the hydration is IO'st and coulombic repulsion be-

t,,,een the molecules is diminish~d when the addi ty of the solution is lowered 

to such an extent that ionization of carboxylic acid groups is repressed . .. 
\ 
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! 

FIG. 3 Fractiona1 precipitation CUTve for barium he~aran 
salt at 5% concentration and pH ~7. 

Nurnbers above curve = fraction numbers 

Nurnbers in brackets = % of materia1 betweerr arrows 

Letters A,B, ....... = components di~tinguiShab1e from 
curve 
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TABLE 2 

percentage of weight of barium heparan salt 
precipltated and ethanol added., optical ro- .. 

tations and fraction number. 

4 5 6 7 8 9 io 11 12 13 14 15 
PreciPl t-
ated WL 1.9 0 14 3.6 2.53 0.51 7.9 0.5 5.2 0.51 1.8 0.12 0.2 0.21 0.31 0.3 
r Wt. 1.9 0.14 3.74 6 27 6.78 14.68 5.18 20.38 20.89 22.69 22.81 23.01 23.22 Z~.53 23.87 
\Wt. / 04 Il 18.5 20 43.2 44'.7 60 61.5 66.7 67.1 67.1 lîS.3 64.2 70.1 
////////////11///7/////1///////////1/////////////11//////1//////1//1/1/1/1//////11//////////////////1//////////1 
ml EtOIl 
added 0 0 55 18 7 15.5 11 14.2 26 16 15 45 36 219.3 76 
t EtOH / 0 55 73 80 95.5 106.5 120.7 146.7 162.7 177.7 222.1 258.7 
\ EtOH / 0 6.9 9.1 10 11.9 13.3 15.1 18.4 20.4· 22.4 29 32.4 35.4 44.9 
77/!/////!//I////!/////7///ll/I////)/II!/I//////777//1II/lII//III!l!}/!//////!!/!/!!/!!7!!!1!1!!!!/!!/!!!!!!717/ 

25 
O.R. [00 1 / 
(H

2
0) 0 / 61.1 47.9 60.97 59.3 49.56 43.99 49.86 43.9 43.52 26.37 25.16 25.12 26.41 

Between ethanol.4 'concentrations of 0 and 9-.5%, about 18.5% of the . 
material precipitated out. This component (A) consists df tractions 2 to 5. 

Between ethanol concentrations of 10 and 11.5%, component (B) separated out, 

accompanied by a small proportion of component (A) amd somewhat more of 

component (C). Between ethanbl concentrations of 14 and 50%, components (C) 

to (F) separated out (Fig. 3). This latter group accOunted for about 26% 

'of the starting material. 

111.2 NO'ni toritlg of the Fractionation. 

The fractionation was monitored by 100 ~lHz p.m.T.- spectroscopy. 

Each fraction was examined spectroscdpica11y, and major differences among 
/ 

them were demonstrated. From the spectra of· these fractions it was found that 

at one extreme (fractions 1 and po\ssibl Y up .to 5) the materia1 closely 

\\resembled aB-type heparin, whereas fractions 7 and'higher gave spectra similar 

" 
J 
i 
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to those reported for heparans98 . 

Components CA) to CF) were combined into three groups according to 

the prominence of their ~-acetyl signal at ~2 p.p.m. Polymer 1 consisted of 

fractions 2 to 5 Ccomponent A) and showed a very weak if not ïnsignificant 

~-~cetyl signal. Polymer II consisted of fraction 6 Ccomponent B) with a 

relatively strong signal at ~2 p.p.m. Finally, polymer III '(components C to F) 

consisted of fractions 7 and higher. This group exhibited the strongest N-

acetyl signal (Fig. '4). Furth~r, fractional precipitation of components CC) 

to CF), and high~speed centrifugation at 35 k r.p.m. did not reveal any 

slgnificant differences spectroscopically. This was taken to be a reâsonable 
,,' 

criterion for combining components CC) to CF) into a single group. -

----------~~-:-------:---
Since the p.m.r. Sij;al patterns-ojf]J6Iymer-T~III tallied closely 

-Wltq those previously ebtained 3 for heparin and heparan, respectively, more 

attention was paid to polymer 11'1 which was subjected to high speed liquid 
r 

chromatogrfphy for further separati~~. 
Il 

II I. 3 HSL.C Frac~'iona tion of H~karan. 
Although a number of chtomatograPhic and el~ctrophoretic methocls 

J 

have been applied to the separat~on and characterization of acid mucopo~ysac-

charide, application of HSLC to/the ~tudy of aqueous solution of GGS is 

virtually u~known in the literî~ure. r 

Nhereas there is no ccimpelling eviqence for the\ superiorlty of the 

t t' \ commonly applied methods, the n w methodology is of grea~' interest to the 
~. < / 

important problem of purificatfon ~nd characterization ?f .. heparan. This 
/ • 1 

new technique is a powerful method for molecular size analysis and separation, 

and is superior in decreasin~ the tfme needed for analysis. As li~tle as 5 mg of 

heparan can be detect~d and, preparatively, the system can handle as much as 

20 mg. 
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v 
When polymer III was subjected to HSLC, .it give two sub-fractions 

(Fig.5a). No noticeable differences were ObServed\- both by 220 MHz p.rn.r. 

and c.rn.r. - spectroscopiëa11y between these two separated samples and the 

___ ~-sarnPle injected. However, gel-filtration on Sephadex G-75 indicated 

molecular size differences. The molecular~weight of the injected sarnple 

ranged frorn 17,500 to 12,500 daltons. The rnolecular ~ize,of the sample ~Ch 
'\ 

was eluted first was 17,500 and that of the second sarnple was 16,500 daltons., 

The overlap region of the elution chromatograrn gave a sarnp1e with a molecular 
"-

size distribution of 16,500 to 12,500 daltons (Fig. Sb). 

From \~hé HSLC separation data, in conjunction wi th the spectroscopie 
~\, .. 

evidence, i t can 'be concluded that tllese fractions obtained at rel'atively 

high ethanol concentration were of reasonable purÙy. 'Furthermore, it is 
\ 

" 

d'educed tha t èornponent CA) ~nd possibl~ part of (B) is of a molecular size higher 

than 18,000 daltons, and is heparin-like rnaterial and barely N-acetylated. . -
Componen{s (C) to (F), and possibly a major portion of cornponent (B), are 

highly ~-acetylated and have molecular weights of less than 17,500. Sin~e 

their spectra are aIl significantly similar, the differences among cornponents 

CC) to (F) can be attributed to molecular size. 

111.4 220 MHz p.rn.r. Spectral Study of Heparan. 

The differences arnong these fractions, evident frorn their precipit-

ation characteristics as weIl as thei! 100 MHz p.rn.r. spectra,are even more 

graphically demonstrated by 220 ~~z p.m.r. sp~ctroscopy. In Fig. 6 are spectra 

of four fractions, selefted to illustPate specifie features and differe~ces. These 

spectra are of the crude commercial sample Ca), fractions 2-4 (b), fraction 8 
'r' 

Cc) a~d fraction 14 (d). The latter' ,correspond to the high (1), interrnediate a(II) 

and low (III) electrophoretic mobility materi~ls of ref. 98. The two extremes 
r-

are dramatically different from each other, i.e. the material virtu~lly 

.. 

-1 



() 

'; 

/ 
1 

1 

/ 

Abs. 

0.4 

1 

/ O} 

/

1. 

/ 
/0.2 

lf., 

0.1 

o 
o 

Fig. 5 

- 33 -

(b) M.W. determination (by gel-filtration on Sephadex 
G-7S), elution curves, solvent 5% spdiumoacetate in 

10% EtOH 
~riginal = _, heparan fraction (7-14), M.W. 17,500-

12,500 daltons 
pK

l 
= material represented by first peak ïT} 

(!?) 

the chromatogram, M.W. 17,500 daltons 
pK

2 
= _._._, materia1 repre~ented by s~cond peaK in 

the chromatogram, M.W. 16,500 daltons 

Curve for the mat,rial represented by the over1ap 
region in the chromatogram is not shown. ~ 
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ind~stinguishable from heparln (Fig. ab) and that which can be designated as 

heparan (Fig. 6c). There are intermediate fractions, of course. 

Spectrum 6b is closely similar in aIl respects to that of 

A h . 33 -type eparin The various spectral features us~d ta character~ze the 

2-deoxy~2-su1phamino-a-Q-glucose 6-su1phate Gd)and a-~-iduronic acid 2-sulpha\f 
." 

~)resldues of A-type as weIl as B-type are evident33 In addition ta the 

promment B-type heparin signaIs at 3.3, 3.8,4.1,4.4,4.8,5.2 and 5'.4 p.p.m., 

ascribed ta SH-2, AH-4 and -3, IH-4, -3 and .-2, 2SH-6, IH-5, IH-I, and AH-l, 

respectlvely33, typlcal A-type heparin minaI' signaIs are found at 2.1, 3.5, 

3.7, 4.6, 5.0 p.p.m., ascribab1e to protons of the acetamidodeoxyhexose'and 

glucuronl; aCld r~sidues. A signal at 5.7 p.p.m. has yet to be identified. 

Interestlngly enough, the integral trace ratlos appear to be 6:5 for AH-l: 

IH-l, 1:1 for IH-l:I[l-S, 6:1 for AH-l:N-Ac ' and 1:1 for IH-l:SH-2, WhlCh 

seem to account for the presence though in mlnor proportions, of a residue 

other than those stated above. From these spectral observations and earlier 
~.J 33 qg 

data ' • polymer l, (i.e. fraction 2-5) is designated heparin. 

Differences between the spectrum of fracti~n 14 (Fig. 6d) and that of 

the heparin-like fraction (Fig. 6b) are strikingly obvious. Fea tures su'ch as . \ 
the highly prominent signaIs in the latter at 3.3, 4. l, 4.8 and 5.2 p.p.m. , 

most typicai of the heparin type of spectrum, are now either absent in 6d, 

b~rely detectable.~e intensity of the signal at 2.1 p.p.m. ascribable 

needs rro emphasis for fraction lt, and the promine~ce ~f itses~als at 3.5 

or 

and 5.4 p.p.m. that are aseribed ta AH-2 and AH-l, respectively, of the 2-acet-, 
-,' 

amido-2-deo~y-cx-Q-glucopyranose,môiety ® is notable. SignaIs, probably produced 

by H-l and H-S of the uronie acid components of heparan, are found at 5.0, and 

4.6 p.p.m., ~heir prominenee is somewhat obseured by spinning side bands in 

Fig. 6d. A character,istic feature of spectrum 6d, which further serves to 
d , 
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AH-2 

, 
l' 

(c) 

.. 
(b) 

RP.M. 

FIG. 6 Proton magnetic,resonance spectra at 220 MHz (solvent D20; tempo 70°) 
o~ fractions of heparan from beef-lung tissue. [a, the crude commercial 
qeparan; b, fraction 2-5; c, fra~tion 8; d, fraction 14. AH, signal of . 
acetamidQdeoxyhexQse; SH, signaliof deoxysulphaminohexose residue; 
rH, sign~ of iduronic acid resid~e; GH, signal of glucuronic ~cid 
residues (tentative); N-Ac ' acetamidQ CH3signal.j 
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dramatize spectral differences between it and 6b, is the f,act that there is 

a much stronger group of signaIs in the region 3.6-3.9 p.p.m. than at 4.1-4.3 

p.p.m. Conversely, the latter ar~ relatively the stronger group in spectrum 

6b. This difference, i.e., the upfield posltion of most of the heparan protons 

is ln accord with the evidence that this polymer has a low content, if any, 

of Q-sulphate groups, whereas the presence of such groups in heparin causes 

deshielding of primary and;secondary protons. Furthermore, the presence of 

a' large number of signaIs of differing relative intensities in the heparan 

spectra (6c,6d) indlcates that this polymer is structurally more heterogeneous 
-' 

- ;than heparin. 

13 111.5 22.63 MHz C.m.r. Spectral Study of Heparan. 

III.S.l Introduction. 

Sorne support for the structure of heparan deduced from chemical 

and enzymic studies has been provided by p.m.r. spectroscopy (vide supra). 

However, because heparan solutions give rise,to broad proton resonances, 

attempts at d~tailed analyses of these spectra are interfered with by 

slgnal overlap. Better resolution of the 13C spectra of heparan, than of their 

lH spe~tra is favored by xh~ relatively narrow l3C_signal line-widths. Indeed, 

"13 examination of the heparan fractions by C.m.r. spectroscopy reveals 

striking differences between these materials . 
.. 

111.5.2 General Spectral Comparison of the Main Fractions. 

Spectra representing the two extremes, selected to emphasize 

featuristic difterences.are reproduced in Fig. 7a.b. These materials 

correspond to 1 and III of the precipitation curve. At one extreme (fractions 
, 

2-5), the spectrum (Fig. 7a) is virtually indistinguishable from that of 

heparin type-A, which parallels the p.m.r. spectral observations. The various 

major signaIs that have b)en correl~ted34 with the 2-deOXY-2-SUIPhamino~a-R-
glucose'6-sulphate and a-~-iduronic acid 2-sulphate residues are vividly evident. 
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In addition to these major signaIs, a close examination of Fig. 7a t reveals 
\ 

minor signaIs at 103.4, 61.1, ~4.6 and 23.4 p.p.m., barely distinguishab1e 

from the noise. 

The spectrum of III (Fig. 7b) illustrates the other extreme. 

Features most typfcal of the po1ymer l spectrum are virtua11y absent. Byl 

contrast, signaIs that are of minor importance in l are now prominently 

present at 103.4, 77.4, 61.1, 54.6 and 23.4 p.p.m. The tact that there is 

a large number of signaIs of differing relative intensities, indrcares that 

III has a more \heterogeneous type of structure than 1. A detal ed spectral 

analysis throws some light on the pOSSi~en!ities of the pri 

constituting the polymer, as i11ustrat~pectrum 7b. 

111.5.3 l3 C Spectral Ana1ysis. 

In the spectrum of III (sodium salt, Fig. Sa), 13 major signaIs are 
,. , 
clearly observable. The relative intensities of the signaIs (moving progressive1y 

upfield from 175 to 23 p.p.m.) are 0.8:1.0:1:0:1.8:3.0:1:0:1.0:1.0:2.7:0.9: 

0.9:0.8. These data correspond ta a repeating formula based on a minimum 

" 
of 18 carbon atoms involving the disaccharide moiety ~ (Fig. 2 Sect. II.3) 

and an extra monosaccharide unit, most prObab~y 3c (Fig. 1), i. e :'l> residues ~f 
B-~-glucopyranosy1 uroniciacid (non-Q-su1phated), 2-acetamido-2-deoxy-a-

o 

~-glucopyranose, and 2-amino-2-deoxy-a-~-glucopyranose 6-sulphate (Fig. 1). 
\ 

The mqst readi1y designated signaIs ar~ those due to carbonyl 

carbons (A-e and ~-6, overlapping),at 175.6 p.p.m., the anomeric carbons 

(G-1 and A-l) at 103.4 and 98.2 p.p.m., respectively, the C-6 of the hexos

amine (ft..-6) at 61.1 p. p. m., the carbon (A-2) bearing the acetamido ,group at 

54.6 p.p.m., and the acetamido methyl (CH3). The specifie aS~ig,ents have 
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been made by reference ta spectral data for appropriate compounds (Tables 
ô 

~" 1 ' 34 - 36 d '1 d b l' t 3,4) and ~lml1ar g ycosamlnoglycans an supp emente y coup lng cons ant 
" 

measurements, gadolinium nitrate tests, enzymic tests, selèctive and non-

selective desulphation, and deaminative d~gradation (~ec~. 1rI.S and 111.6)_ 

13C chemical-shifts for 'the acetam~dodeoxyhexose residue of heparan 

9C) \ 
were calculated from reported' values for 2-acetam~do-2-deoxy-a-~-gluco-

t9
!100 

pyranase. A110wance i5 made for the strong, deshielding change, and +7 

p.p,m., expected of A-4 apd A-l, respectively, due to glycosidic'bond formation
97 

and for sma1l increases (-1 to -2) in shielding at adjacent carbons. These 

~alculated values coincide fQvorabl~ with the chemical shifts of designated 

signaIs (Tables 3 and 4) (Fig. 8). 'The table shO\<Js that signais A-3, -4, -S 

of the model compound are clo5ely grouped within the range 71.2-71.8 which 

coincides with the ~road signal at 71.9 p.p.m. However, A-4, which appears 

to be glycos~dically bonded in heparan, should be one of the si&,nals
c 

in the 

second broad group 6 p.p.m. f'urt1ler downfield. This possibility is comfortably 

within the 5-9 p.p.m. loe shift expected due te glycosidic bonding. The Table . , 

further sho~s that A-6 df the model co~pound, of heparan itself and of its 

deamination ~isaccharide, aIl coincide within a l p.p.m. margin. Consider~ng 
~ 

the relatively greater line-broadening of this type of sig~a.l due to a shorter 

lIî' Tl (inversely prD~ortional t~ the number of attached protons) '. and more 

1 ff' . , . l' h T 34 h d ~ ectlve spIn-spIn re axatIon- an even s orter 2 -, t e correspon ence 

of calculated and observed values of these A-6 signaIs is more than !eason<ibie. 

Similarly, referencé.o to the" 13C chemical shifts of the uronic acids, 
.. 

Q-glucepyranuronic acid and ~-~-idopyranuronic acidsD(Table 3,4), pro~ide~ a 

basis for assigning the individual uronicacid signaIs in Fig. 8a34 ,36. T~ 
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TABLE 3: Observed and calculated 13C chemical shifts of major signaIs in the spectra of heparan fractions and related 
materials 

Carbon ~ B-~-glucuroR1c acida 
~-g1ucosyluronic in heparan a-L-idosyluronic 2-sulphate L-iduronic acid 

Ob~. l . b ncrement 
\ 

, Cale. Obs. 

= in heparind = 
Obs. Increment Calc. 

Obs. in 
herarine 

• - -- U::.L_ '91 4 17 -H>4,.. 4 103.6 101. 5 
77.5 
71. 5 
77: s[ 
71. 5 

+J 102.5 100.5 
U-2 75.5 -1 74.5 74.7 0,-7 70.5 77.4 
U-3 77.1 ' -1 76.1 74.7 +1 72.5 73.4 
U-4 73.3 +9 82 .. 3 78.9 0 -77.5 77 .4 
U-5 77.5 -1 76.5 77.4 0 71.5 69.1 
U-6 177.5 0 -177.5 176.0 175.5 0 17S.5(177.2)c 176.1 

2-acetamido~2-deoxy- acetamidodeoxyhexose in 
1 

~-glucopyranose heEaran 

Obs. d Increment b- Cale. Obs. 

A-l 92.1 +7 99.1 98.3
f A-2 55.3 -1 54.3 54.6 

A-3 72,.0 -1 71. 0 70.4 
A-4 11.4 ~ -1,+9 79.4 77 .4 
A-5 -~-72.8 -1 71.8 72.0 
A-6 61. 9 0 61. 9 61.1 
CH3 23.3 0 23.3 23.2 
A 175.7 . 0 175.7 175.5 

~ c 

a~S~ium salt. ~)Approximate chanke in chemical shift expected relative to the corresponding carbon of the model 
< c6mpound: on formation ot glycosidic bond at anomeric (+7 p.p.m.) or at a ,secondary C {+9 p.p.m.)34,97; on intro
'ductiQn of sulphate group (+7 p.p.m.), or its removal ~-7 p;%.m.)34; due to bond or sulphate group introduced at 
adjaceTLt~osition -1 p.p.m.), or removed (+1 p.p.m.)3 ,35,9.,100. c)Chemical shiftsfor sodium (mefhYl a 4 Q-idopyranOSid)uronat~ are closely similar: U-l, 102.0; U-2 t U-5 (not individua11y assigned), 73.5, 72.0, 71.0 and 
71.0 p.p:m. One of these (U-4) should be·displaced downfield by glycosidic bond formation. The chemical shift of 

_-- U-6 for B-b-idopyranuronic acid is 177.~ p.p.m. d)Ref. 49, e)Ref. 109, f)A-2 of a-Q-glucosamine HCl observed at 
55.4 p.p.m~ g) Ref. Ill. -
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TABLE 3 (continued) 

Carbon 

~1-1 

f.f-2 
f.f-3 

-=-1<1-4 
M-5 
M-6 

= 
2,5-anhydro-

manni- man-
tolg nase 

Obs. Obs. 

61.8 90.9 
83.1 85.2 
77.2 78.0 
77.2~ 7~.7 
83.1 84.2 
61. 8 62.5 

~ - 2, 5-anhydro-Q-mannose in 
disaccharide 7 

Obs. h 

ln- b crement Cale. Obs. 1 
~-H 

0 90.9 90.8 164.3 
0 85.2 85.8 148.3 

-1 77 .0 77.9 149 
+9 87.7 87. tJ 152 
-1 83.2 83.3 148.3 
0 62.5 62.5 143 

-

2,5-anhydro- 2,5-anhydro-Q-mannose 
6-sulphatee in heparin 

disaccharide 
gluci toI g iditolg 

Increment Cale. Obs. 

61. 0 60.9 0 90.9 90.3 
81.8 81. 2 0 85.2 85.7 
77 .8 77 .5 -1 77 77.2 
78.9 77 .5 +9 87.7 86.2 
85.9 81. 2 -2 82.2 81.1 
62.5 60.9 +7 69.5 68.8 

h J C_H in ~z; observed l~_H values for the ~-g~ucuronic acid moiety in 7 are 145, 146.4, 148.3 and 145.7 Hz 

for G-S, G-3. G-2 and G-4,respective1y. 
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TABLE 4. Stick diagram of observed and calculated 13C-chemical shifts of major siggals ip 
heparan fractions, disaccharide 7 and related materials. 

Compound 
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Table shows that signaIs of U-2 to U-5 are closely grouped within the range 

71.6-75.5 p.p.m., which probably correspond to the two broad signaIs at 

70.5 and 77.4 in Fig. 8. Accepting that U-4 is glycosidically bonded, it 

. 105 
should resonate downfie1d and, like A-4, probably gives rise ta one of the 

signaIs at 77.4 p.p.m. 

The presence of relatively weak signaIs at 100.5, 9\7.1, 67.6, 62.5, 

and 58.9 Carrow) p.p.m. attests, again, to the structural heterogeneity of 
1 

heparan. TheiT occ~rrence indicates that the sample contains, in addition ta 

material constituted as in Fig. 2, 15% of material that produces resonance 

signaIs akin to those that are prominent with the heparin-like fractipns. This 

would fall in line with the evidence from chemical analysis fhat heparan contains 

~15% iduronic aCid13 , an ~-sulphate:hexosamine ratio of 0.3 to 0.6 102, an O-sul-

phate:Q-glucosamine ratio of 0.2 to 0.8 and a sulphate:disaccharide ratio of 

103 h k' l 1 5 1 7 6 d 58 9 (' 8) Q.46 . Hence, t e wea slgna s at 00., 97. , 6. an . p.p.m. Flg. a 

correspond in chemlcal $hift to signaIs I-1, 5-1, 5-6 and 5-2, respectively, in 

the spectrum (Fig. 7a) of the heparin-like material. Also, as wi 11 be seen 

later (sect. II1.6.1) the signal at S8.9 p.p.m., attributed~to 5-2, is markedly 

affected by selective ~-desulphation, which is consistent as weIl with the presence 
1 

of a sulphamino-deoxyhexose residue. ISupport for this ~ikelihood is i found ad-

'ditionally in the presence of a weak (broa~ signal at 3.3 p.p.m. in Figs. 6c 

and 6d, ascribable t~ SH-2. \ \ 
There is a weak .signal at 62.5 p.p.m., which is in the region commonly 

assoc~ated with C-6 of aldohexoses. Since, the stronger signal at 6l.1'p.p.m. 

is assigned to carbon-6 of the acetamidodeoxyhex6se residues, it seems passible 

that this minor 

does ,not beaI,' a 
/' 

signal is due to a residue suc~s a sulphaminodeoxyhexose that 

sulphate- group at C-6. Detailed pectr~1 analysis and more- '.' 
, 

1 , 
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1 

structural studnes are needed for definitive assi&nments of these four signaIs 

in the 54 to 63 p.p.m. region. 

It is not clear from the evidence available as ta the relationship be-

tween this 15% of material and the remainder of the heparan. Possibly it repre

sents simply somT contamination of the heparan by heparin. Alternatively, h~wever, 

it constitutes a portion of the heparan molecule that contains types of residues 

in common with the major ones in heparin. 

111.5.4 Spectral evidence for Configurational and Conformational Aspects 
of Heparan. 

Information gleaned from the effects of the relaxation agent, 

gadolinium nItrate, and measurements of coupling constants on the stereo-

che~istryofthe pol~er is consistent with the results obtained above by 

chemical shift analyses of the lH-decoupled 13C spectra. That is, the acet-

amidodeoxY-Q-glucose and ~-glucuronic acid residues of heparan, are shown 

to possess a- and S-anomeric configuations, respectively, and the 4C
l 

(D) 

conforma tion. 
3 1 104,105 

The lanthanide saI t, gadolinium nitrate (Gd +) acts as a H 

and l3èl06 relaxation agent in water. Gd3
+ has a marked effect on Tl of C-l 

and C-6 of a-anomers (axial C-l, 0\1 bond) of ruroniC acids. Addition of Gd
3
+ 

ta a solution 'of heparan, as weIl as of its major degradation disaccharide, 

caused no discernible sélective diminution in the apparent intensities of 
) ~ 

the C-6 and C-l signaIs: of the uronic acid residues. This lack of interaction 
1 

with the paramagnet1c metallic i9n, suggests'that ~he main uronic acid r 7$idues 

of heparan possess .the [f'- (equatorial, C-l', 0-1) configuratfon, a deduction \1 

which also is consi~tent with the S-~-glUCOS~duronidase studies (Sect. 111.6.3.2) 

) 
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'\ on d1saccharide 7 obtained from heparan (sect. 111.6.3). 

Coup1ïng bet~een anomeric carbons and protons (l~_H) is an in-
13 . , 13 

va1uable C.m.;. parameter. The G spectrum shown in Fig. 8b was obtained 

1 without proton-decoupling (gated). Measurements on this and other II-coup1ed 
t 

spectra provided corroborative stereochemical information. The signaIs at-

tributable to the anomeric c~rbons are of special interest. Coupling between 

each anomeric carbon and its appe~ded proton (i.e. l~_H,H_l) is eit~ around 

160 Hz or 170 Hz (Table 5). These values are known 35,91,92 to be ëharacteristic 

of an equatorial or axial anomeric configuration, respectively, i.e., when 

the c-t, 0-1 bond is equatorial l~_H is ~160 Hz, and when this bond is 

orlented axial1y l~_H i5 ~170 Hz. Consequent1y, since the C-1, H-l coupling 
1 

for the glucuronic acid residue of heparan is 160 Hz (and of l, the disaccharide 

d'egradatlon product is 160 Hz) (Table 5), the S-R-configuration and 4C1-(D) 
t 

conformation can confident1y be assigned to this residue. By contrast, the 

acetamidodeoxyhexose residues of heparan give lic_H of 170 Hz, cor~esponding 
4 • 

ta the a-R-configuration and Cl (D) conformation. 

III. 6 Studies on Modified and Depolymerize.d Heparan. 

Heparan was modified by solvolytic and hydrolytic desulphation, 

and by ~-deacetylatio'n/desulphation, and afso it was depolymerized by nitrous 
'\.

acid deamination. Both procedures helped to clarifY,so~e aspects of the 
.) 

structure of heparan. 

111.6.1 Hydrolytic'and Solvolytic Desulphation. 

Hydroly!ic desulphation is known16J10~ ,lOS' to be nonselective; 

the hydrolysis of the ~-sulphate group is ~ccompanied by sorne c1eavage of 

glycosidic linkages and 'Q-pulphate groups. When heparan 'was subjec,ted to 

hydrolytic desu1phation a n~ber of 5~ectrâ1 changes were observed (fig. 9a) 
, 

relative ta Fig. Sa. The large upfield shifts expectedl,of A-l, A-2 \\\ 

, '. 
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TABLE 5 

5R;ect-bond ~oupling IIt!c_H) between '\3C_1 

~meric conf~guration (all"uronic acids as 

Q-G1ucopyranuronic acid 

Q-Glucuronic acid residue 
- (chondroitins A and C) 

1-Iduronic aGid residue 
- (heef 1ung heparin) 

.... 
1-Iduronic acid residue 
- (disaccharide) 

Q-Glucuronic acid residue 
- (disaccharide) 

D-Glucuronic acid residue 
= (heparan fraction) 

2-Acetamido-2-deoxy-Q-
glucopyranose -

2-Acetamido-2-deoxy-Q-g~lactose 
residue (chondroitins A and C) 

-
2-Deoxy-2-su1phamino-Q-glu~ose 

residue (beef lung heparin) 

, 
2-Acetamido-2-deoxy-Q-g1ucose 

residue (heparan fraction) 

, , 

1J 
- C-H 

a 

170 

172 

172109 

173 

170 

170 

.. , 

1 
and H-l; and 

sodium sa1ts)-

Hz 

e 

162 

160_16235 

160109 
! 

~ 
160 . l 
160 'l 

~ 
,~ 

161
35 ',y 

.,1 
l, 

.1 r 
1 
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and A-3 (ln addition- to lesser effects on others) were found. The rïew signaIs 
r) 

ln the 91-96 p.p.m. region can reasonably be.assumed to arise from an effect 

on A-l as attested to by the decrease of its relatlve intensity. Since the 

"'ânomeric carbon shi.fts of deoxyhexoses are in this region, it lS reasonable 

to assume that the signa\ls at 92.7, 93.3 and 96.1 p.p.m. are due to the anomeric 
., 

carbon of deoxyhexoses freed from glycosidic 1 mkage i;8y' acid hydrolysis. For , 
" 99 

~xample. C-l of 2-acetamido-2-deoxy-~-glucopyranose resonates at 92.1 and 

96.2 p.p.m. (a and 13, respectively); and C-1 of ~-glucosamlne hydrochloride, 

at 90.2 and 93.8 p.p.m. The uronosyl bond is certainly not hydrolysed, since 

the SIgnal at 103.4 P'2.m. ascribab1e ta G-l did not appear ta have decreased 

ln Intensity. 

When heparan was more selecti vely d,esulphated by the solvolytic 

method, the on1y notable signal shifts occurred in the 54-62 p.p.m. reglon 
r' 

(hg. r.). The slgJ}als at 58.9 and 61.1(' originally, appear to have shi fted to S9. 3 

and,62.S p.p.m. This observation is consistent with the su~gestion that 

solvolytic desulphation is selective and causes ,no glycosidic linkage de-

gradation. 

III.6.2'Nitrous Acid Deamination prior to N-D~acetylation/Desulphation. 

When unmodified heparan (fraction~ 7-14) was subjected to treatment 

wlth nitrou; acid, liiited depolymerization was detected spectroscopically 

(Fig. 9c). It is suggested that sorne hexosaminyl bonds were cleaved and 

residues of 2,5-anhydro~Q-rnannose formed. Thi~ is based on the following: 

(i) a diminution in the intensi ty, of' the A-I signal, and disappearance of the 
\ 

minor signal at 97.1 p.p.m. attrib~~ablerto $-1 (Fig. Sa, arrow); 
! 

(H) an increase in the re~ative intensity'~ the minor signal at 62.6 p.p.m. 
, 

attributable to M-6 (Fig. Sa, arrow); 

(Hi) the' signal at 58.9 p.p.m. (Fig. _Ba). is no longer there; 

\ 
u, 

, 
j 

-;. 
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100 75 50 p.p',m 
13 

FIG'.' "9 C.rn. r. for III, aft~ (a) hydrolytic l'i-desulphation, 

(b) solvolytic ~-desulphation (insert) and 

(c) deamination prior to N-deacetylation. 
-~ 
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(lV) the slgnal at 61.1 p.p.m., ascribed to A-6 is considerably diminish~d in 

intensity relative ta that in Fig. 8a; 

Cv) four SIgnaIs at 90.8,'86.2,83.3 and 62.6 p.p.m. coincide, respectively, 

witb M-l, M- 2, ,,~- 5 and M-6 of the disaccharide (7) obtained from heparan by 

deamination ,(see sect. II 1. 6.3) . 

(vi) four minorsignals at 100.6, 86.9,77.83 and 68.9 p.p.m. coincide, 
\ 

respectively, with I-l, M-2, M-5 and M-6 of the disaccharide fram heparin by 
L. 

d 
. . 109 eamination . 

These data suggest the présence, though of only 10 to 15%, of the 

following residue~: 1-iduronic acid, and two hexosamine units - one su1phated 

at C-6 and the oth~r not107 . Since nitrous acid attacks both sulphamino 

hexoses and free" amines ,1. i t is not clear whether the disappear'ance of the 

signal at 58.9 p.p.m. is due to deamination of a ,su1phamino, or amirlo,hexose. 

N-oeacetylation/desulphation wIth\trifluoroacetic acid caused the four signaIs 

in the 54 to 62 p.p.m. region (Fig. Ba) to merge into two broad signaIs at 

60 and 54.6 p.p.m: (Fig. 9); changing pH did not produce striking shifts of 

these t\\10 signal s. Further studies are necessary to allow ·defini t:i. ve assignmer.1: 

of these four signaIs. 

III.6.'3.1 Nitrous Acid Deamination Depolymerizatïon-

To render heparan amenable to extensive, if not complete,depolymer-
, 

ization to saccharide fr~gments by nitrous acid deamination, preliminary 

hydrolysis of the ~-ester substituents was necessary. 

Since the ~-acetyl i5 much more resistant than the ~-sulphate group 

towards' acid hydro1ysis, total removal of the N-acety1, as indicated by the 

• 13 . 
absence of the CH

3 
peak in C.JTI.r. and p.m.r. spectra..---was taken as reasonable 

evidence of complete hydro1ysis to the amino5ugar. 

After subsequent treatment with nitrous acid, examination of the 

\ 

\ 

• .,\ 

• 
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the deaminative degradation mi~ture prior to passage through a Sephadex 

G-15 colurnn, Indicated ~90% depolymerization to disaccharide residues 

Fig. IDa). 

By co l\urnn chroma to graphy on Sephadex G-l5, i t was, found tha t the 

main deamiIjatl,Dn product was disaccharide '2 (Fig. Il). 1t was contained 

in fractions compri~ing· 270-340 ml of the eiuate (yield, 60%). Several 

minor products that were formed in the deamination reaction emerged in the 

first 270 ml of- eluate (yield, 4%) and in the volume comprising 340-600 ml 

Cyield, 25%), Both of these minor fractions gave p.m.r. spectra quite 

different from.that of ~, although each spectrum contained a doùblet and 

trlplet Cat 4.8 and 3.9 p.p.m. respectively, ~, 5.94 Hz) indicative of the 

presence of a 2,5-anhydro-Q-mannose residue. 

13 The C.m.r. spectrum of the early fraction (0-270) was not weIl 

resolved, although signaIs which coincided in chemica1 shift with the G-1, 

M-l, M-S and M-6 of 2. were sharp and intense, indicqtive of the presence of 

a residue of 2,S-anhydro-~-mannose and one of glucuronic acid. The quantity of 

this minor fraction was too 'smail to give a satisfactory 13C sp~ctrurn. 
Il 

Disaccharide ~ ha~been iso1ated as a chromatographica1ly, electro

phoretica1ly and spectroscopica11y distinct compound in 60% yie1d. 1ts 13C 

spectrum (Fig. lOb) is commensurate with struc~ure 7. The assignrnents given 

wère made by reference ta spectra of re1ated compounds (Tables 3) and 

also were based on coup1ing constant measurements (Table ~ and enzyrnic 

tests (sect. 111.6.3.2). 

l3C chemica1 shifts for the 2,5-anhydro-Q-mannose residue were' 

calculated from the observed values 9f 2,S-anhydro-glucitol, -idito1 and 

mannitol. A +9 p.p.m. a1lowanc~ has been·'C;.for the deshielding effe~t.due 
, , 97 

to glycosidic bond formatIon and -1 p.p .. for smal1 increases in shielding 

,\ 

.... ! 

.i 
" 

i 
: 
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at adjacent carbons. The agreement J:;etween the calculated and observed 

values is wlthin 1 p.p.m. (Tables 3,4). This Table shows that the signaIs 
i, 

at 90.8, 83.2 and 62.5 p.p.m. are ascribable to M-l, M-5 and M-6. M-l,occurs 
. , 

at lowest field because in the hydrated aldehyde structure the deshielding 

effect of two oxygens would iAcrease the chemical shift of carbon-l. Also, 

this carbon shows relatively broad C-H coupling; i.e. ~-H is about 164 H~, 

which is noticeably larger than the ~oupling~ (140-153 Hz) for the other 

carbons llO. The signal furthest upfield is found to be that of a -CH2 group, 

i.e., it appears as a triplet, in~ontrast to the doublet structures of the 

other proton-beafing carbons. It is ascribed, therefore, to M-6. This assign-
1 

ment is consistent with the fact that M-6 is the only primary alcohol carbon 

in the dimer, and also that a sulphated C-6, as in heparln and its degradation A 

products, resonates at 68.8 p.p.m., 7 p.p.m. downfield of this M-6 signal. 

Refere.nce to reported 13C chemical. shift values of 2, 5-anhydrogluci toI 
. III ' 

and -manm toI (Tabl es 3,4) analogs, afforded assignments for the signaIs at 

78.0 and 78.7 p.p.m. in the spectrum of free 2,5-anhydro-Q-mannose to ~1-4 and 

M-3, re$pectively. Consistent wlth this is the fact ihat a counterpart of 
,. 

the signal at 78.7 p.p.m. does not appear in the spectrum of 2. but a signal 

is found at 87.0 p.p.m., corresponding to a de~hielding by 8 p.p.m. when M-4\ 

is glycosidically linked in the disaccharide. In addition M-4 has the largest 

"coupling constant (-I52 Hz); the other three ,have (148.3 and 149 Hz). "The 

remaining two signaIs at 85.8 and-83.3 p.p.m. are assigned to M-2 and ~1-5, 

respe'cti vely. 

monomer and 

as compared to 

saccharide, is 

the ring oxygen, w 
6 

farthest from-M-4, and hence will move 1east when the 
"; 

compared. That M-2 and M-5 shou1d appear at Iower field 

d M-S in the 2.S-anhydro-R-mannose, or M-3 in the di

tent wi th the fact tha t these two carbons are bonded to 

h has a deshielding effect. In addition, sulphation of the 
\ 

mannose a:t C-6 in the dimer;will have least effect on ~1-2 of altI the ring 

\ 
t. 
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/ 
carbons, but a~ upfield shift of about 1 p.p.m. (8 effect) on the adjacent 

carbon' (C-5) (Tables 3,4). Indeed t,he M-5 s,ignal of the disaccharide ob1tained 
. , 

from ~eparin 1S found upfie1d of that in disaccharide 7. 

Similarly, assignment of the uronic acid signaIs in Fig. lOb was 

based on reference to the l3C chemYcal shifts of 8-~-glucopyranuronic acid 

and res1dues of this compound in mucopolysaccharides. The signal at :owest 

field (176 p.p.m.) is undoubted1y ascribable to ~-~ due to the strongly de

shielding effect of sp2 h~bridization. Also the signal at 103.3 p.p.m. (~-H' 

160 Hz) is undoubtedly attributable to G-l. The assignment of the remaining 

uronic acid signaIs (G-2 to G-S) is based an analqgy with the corresponding 

carbons (C-2 to C-5) of S-glucopyranuronic aGid (Table 3). 
1 

111.6.3.2 Stereochemical Aspects of Disaccharide 2. 

Addition of the relaxation agent, gadolinium ion, to disaccharide 7 

in solution effected no diminution ln the apparent intensity of SIgnaIs ascribed .. 
to G-6 and G-l of the glucopyranuronic acid residue. However, disaccharide 2 

was hydrolysed by the specifie 8-Q-glucosiduronidas~ enzyme, as noted by the 

total dlsappearance of ,signal 'G-l he commensurate appearanc~ of (free 

sugar) anomeric carbon 97. -(8) and 93.6(a) p.p.m., and less 

strik~ng shifts 

'1 

,i 
1 

• 
1 
1. 

These latter 
l ~ 

the ~-H value of 160 Hz (Table 5), are 
r 

con~istent with ide 7, i. e., a B- D- glucopyranuro'nic acid linked to - = 
a 2,5-anhydro-~-mannose 

4Cl (D) conformation. 

y a 1~4 lipRage, and the acid moiety favouring a 

The high degree cansistency 3,4) found ih comparing 

appropriate chemiCal\Shift within the series 

acid and disaccharide 7 in icates that 

,~~~~~~~'duronic 

acid 

residues in heparan is to that in the r mol,ecules. 

\ Il 
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\ 
III.6.4 Isolation of l,2-Q-Isopropyhdene-~-glucurono-3,6-1actone from Heparan. 

Isolation of a derivative of D-glucuronic acid, i.e., 1,2-0-
; -

isopropylidene-~-glucurono-3,6-lactone from the enzymic hydrolysis product of 

disaccharide l unequiv~cally confirmed the spectroscopie identification of 

this acid in the polymer. The reaction sequence used is shown below. . 
\ 

~ \ 

HO 

HO 

enzyme hydrolysis 

eqUilibra~ion l 
Il 

9 OH 
HO. \ 

~lucurono-lactonc 

.. 

7 

CHO 

+ 8 

H CHO 
2,5-anhydro-~-mannosc 

o 
Il 

ll\V 
FIG. Il 

l,2-.<?-isopropyli<fcnc

a-~-blucur~nO-3,6-1hctone \ 

Isolation Of\1.2-0-iSOprOPYlidene-~-glUOUrOno-3,6-lactone 
from disaccharide -7 -

" . l 
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IV EXPlRlMENTAL 

IV.l General Procedures 

IV.l.l Analytical Methods. 

-IV.l.l.l Melting points and optical rotations. 

Melting points were determined with a Fischer-Johns hot plate 

melting point apparatus. The melting points are uncorrected. Optical rotations 

were measured with a Carl Zeiss 36.).732 polarimeter. 

IV.I.I.2 Infrared and Visible Spectra 
" 

Infrared spectra were recorded with a Unicam S.P. 200G Grating 

infrared spectrophotometer. For the carbazole measurements a Beckman 91-F 

UV-VIS spectrophometer was used. 

IV.l.l.3 P.m.r. Spectra. 

,A Varian HA-IOO spectrometer (field sweep mode) was used to record 

the p.m.r. spectra with a sweep width of 1000 Hz. The solvent was 020' upless 
\ 

otherwise specified, and the operating temperature was 30°C. The commonly\used 

reference is tetramethyl silane centained in a coaxial capillary tube mounted 

inside the sample tube. This, however, causes a downward ~isplacement of the 

signaIs by 0.5 p.p.m.; accordingly the actual spectra have to be corrected by 

-0.5 p.p.m. Uniess specified,the 100 ~~z spectra were obtained with the aid of 

an internaI capi llary containing\\ tetramethyl tin (TMT). Wi th 1'MT, no co~rection 
is necessary since the signal positions are virtually equivaient to tho~e ob- \ 

tained wi t~\ internaI TMS. 

220 MHz spectra were recorded at the Canadian 220 MHz~Centre. 

Sh\ridan Park, Onta~i~, using a temperature of 70° to 75°C. The 220 MHz spectra ~ 

-are not shift corrected, although of precise width (i.e. 1000 Hz) and hence 

the cnemical shifts in p.p.m. are given relative to theJt00 MHz spectra. 

The samples were subjecte4-to a preliminary deu~er~um ·exchange b~ 

\ 

\ 
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.' repeated (3 to 5 times) treatment with fresh deuterium oxide and then'dis-

solved in 99.95% D20. Chernical shifts are in ô p.p.m. 

p 
IV.l.1.4 C.rn.r. spectra. 

13 Proton-decoup1ed C.m.r. spectra were recorded with a Bruker 

WH-gO spectrometer operating at a frequency of 22.63 MHz using deuterium oxide 

as solvent and source of the lOCk-5igna;. Th~ BK memo~y B. NC 13 computer 
j 

was used ta acquire the spectral ,accumulations and perform the Fourier 

transformation. The proton-decoupled FT spectra were measured at 0.6 sec. rep-

etition time, IBp sec (70°) pulse width, 4K real. data points, unless specified, 
/ 

a sweep wid~h of 4,000 Hz and 50-120,000 scans. 

The "gated decoupling" technique was emp.loyed to obtain the proton 

1 
coupled spectra. The common11 employed parameters for the H-coUpled spectra 

were a repet1tion time of 1.2 sec, decouple time of 0.5 sec, and pulse wi~th 
L-" 

of 24 p~ec (90°). 

The heparan samples in D20 solution were examined without deuterium 
," 

exchange. Typical concentrations were 150-400 mg/ml. Over ~is range, a slight 

variation in the relative int~sities of signals was observed, although there 

was.no observable change in chemical shift. D~O solutions 9f heparan ~alts 

had a pD of ~6.S; in sorne instances,HCl was intr~duc~d to lower the pH to 

~2. 

\ 
For the solutions of heparan a probe temperature of 60-70o C was used 

to reduce viscosi~~ and, hence, decrease line widths. For less viscous solutions 

a probe temperature of 3S-4S o C was'used. Differences in chemical shifts ofl 

samples recorded at high temperature and those at low temperature were < 0.2 

p.p.m. 
t 

The chemical shifts are\in the 6 p.p.m. scale with respect to external 

TMS using methanol as an inter~al reference. The accuracy of the measurements 

\ / 

" 

j 
t 
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is considered to be 0.05 p.p.m. The chemical shift of methanol, in deuterium 

oxide relative to that of TMS contained in a coax~a1 capillary mounted'inside 

the sample tube, was found ta be 50.7 ± 0.1 p.p.m. at temperature range 45°-60°C. 

Measurement of the frequency difference between the miâ-points of,the 

two peaks of the C-l "doublet" gave the direct-bond coupling (\~-C-H)' Hal f

line widths were 10-13 Hz, and the error in IJ values was estimated at ±2 H1. 
IV.l.2 Chromatographie Techniques 

IV.l.2.l High Speed Liquid Chromatography. 

High speed liquid chrom~tographic separation was carried out with an 

Altex Model 300 liquld chromatograph. The chromatographie conditions were: 

detector: Altcx model 153 UV. 

co1umn 10 x 500 mm stainless steel paeked with poragel PN 

particle size 37-75\1. \ 

flov. rate: 2 ml/min. 

pressure:, 230 psi, nitrogen. 

temperature: ambient. 

solvent : H20 twice distilled. 

sarnple con- 20 mg/ml. 
ce~ration 

inje~ion 500 ~l. 
loop 

IV.I.2.2 Paper Chromatography. 

Desc~ndin~ paper-Chromato~raphy\was effected on Whatrnan No. 1 paper. ~ 
The cornmonly used solvents ~ere: 

(A) acetic acid -- 98% formie acid-HZO :: 5:1: 4, ('I/V IV) • 

(B) ethyl acetate-aceti~ acid-H20 = 9:2:2, (V/V/V). 

(C) t.Jjutanol-ethano1:-H20 :: 4:1:2. CV/V/V). 
/ 



! 

\ 

- Ir -

- 58 -

IV.l.2.3 Paper tlectrophoresis. ... '-... 

,~ 

Paper el eÔtrophoresis was performed on Whatman No. 3. Unless o,\:her
~ 

wise stated,the electroph~retic conditons used were; 

potential 500 V for 2 hrs. 

buffers CA): high resolution (Gelman, pH=8.S) 

(B): pyridine-acetic acid (pH=6.5) 

In both the paper-chromatographic and electrophoretic techniques, 

visualization was effected by the Smith' s 112 sil ver dip method. The silver 

nitrate reagent was, 

1 

1 

l 

(A) AgN0
3 

saturat~d solution in H20 

Acetone (20 vol. or 100 vol.) 

(B) NaOH, 0.5 per cent, in,ethanol 

The background was fixed with ·2N ammonia. 

IV.l.2.4 Thin Layer Chromatography. 

(0.1 vol.) 

T.1.c. (asce~as carried out on silica gel G (Hackerey

Nagel) adsorbent on glass plates. The solvents commonly.used were, 

(A) ethyl acetate-methanol = 8: 5: 1. 5, (V IV) . 

(B) ethyl acetate-ethanol = 3'2, (V/V). 

CC) pyridine-ethyl acetate-acetic acid = 5:5:1:3, (V/V/V/V). 
, , 

The plates were developed by spraying with concentrated H2S04 foll~wed 

heating the Plkte ~ith a f1ame1ess drier. 

1 

1 

1 

:r 

1\ 
\1 

\ . 
l, TV .1.2.5 Gel Permeation ChromftograPhY. , 

.~JIL ... o .. d\t .,JOh ~~ • •• u .••.. 

Gel permeation was effected with neutral Sephadex (G-15) cont ined 

in a glass column (2.5 x 105 cm). The Sephadex powder was allowed to sw Il 

overnight in water, heated in a steam bath for 3 h, and then packed int 

the column. The packing was washe~ with water for 3 h for stab1iaation; the 
f, 

flow rate ~as 35 ml/h: 
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~tolecular weights were determined by gel-filtration on Sephadex 

(G~7S); 5% Na acetate in H20 and lD% ethanol were used rus the solvents. 

IV.l.2.6 Ion-Exchange Chromatography. ~. \ 

Amberlite IR-l~O, RS03-H+, Amberlite IR-400 c.~., RH(CH3);Cl

~owex 51 W (X-B,H+) resins;were commonly used for ion-excharrge. The resin 

was suspended in water and stirred. The fine particles which did.not settle 

ra'pidly on :;tanding' were decanted off. The t:esin was suspended ln sufficient 

4N HCl at 100ClC for 1 h. The ~ellow super,natant was decanted and the process 

repeated until the supernatant was colourless. This washing process was 

repe~ted with 2N NadA.' It was then washed with water and stored either in this 
\, 

+ + 
Na forro or regenera~ed to the H form, washed and stored. ,\ 

Weak acid r were purified'at room temperature, and the anion 

exchange resins at a emperature of 30°C. The 'anion exchange resins were 

similarly treated carbonate-free 2N NaOH and H~l. 
l ' 

Columns fitted with an outle~ tip abôve the level of the upper 
\ 

glass wool plug to prevent the column from running ~ry. 
" 

IV.l.3 Evaporation and Lyophilization 
\ 

Evaporations were c~rried out under reduced pressure (abou~ 20 mm ... 
Hg) and at a ~emperature'of 40°C or, less. Lyophilizati~n wa~_pe~forme~ at 

< 0.5 mm Hg in flasks with a total volume of < 2 liters connected to a vacuum-

'.\;. pump through a Dewar flask -trap c0!ltaining acetone,dry ice. 

\ 

IV.l.4. Centrifugation 

High speed centrifugation was effected with a p!eparative Spincd . 
, ~-:~. 

Model ultraceitrifuge equipped with 21 k and ~O k r'.p.m. rotors. Speeds 
< 

of up to 2<r' k and 35 k with respe~ctive rotors were used. 

li 
-"..-' 

"~ 
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IV. 1. 5 Matenals. 

IV.lo5.l Enzyme. 

BOVIne liver B-~-glucosiduronase; EC 3.2.1.31, type B-3, lot 
''-.. 

104C-85101 was purchased from Sigma Chemical Co.' The conditions used were: 

te~~erature 37°C ln sodIum acetate buffer, pH S. 
, } 

IV.L.S.2 Heparan. 

Crude barlum heparan salt, lot number 5-RTS-16, was obtained from 

UPJohn Co., Ka1amazoo, MichIgan. 

IV.2 Fractlona1 PrecipItation and High Speed CentrIfugatIon. 

-'-
A 5% (Iv/V) aqueous solution (680 ml) of crude barium heparan saI t 

was centrifuged in a preparative model ultracentrifuge at la k r.p.m. for 

three hours at low temperature to clarify the solution. The supernatant was , 
then recentrifuged at 20 k r.p.m. giving about 5% of the material as a 

• 
sedment C:(raction 1). E·thanof was added dropwis e, wi th vigorous mechanical 

stirring, to the supernatant sol~ion at pH 7 and 25°, to incipient ~urbidity. 

The dispersion was centrifuge~. The precipitated material was washed witn 95% 
} 

ethanO~;!then with absolute ethanol· several times, redissolved in water, 

repre;'Pitated wit~ ethanol, centrifuged. dissolved,and finally lyophilized 

Cfrjltion 2). The mother liquor was treated with more~ethanol to yield another 

pr~ipitate, which was recovered by cèntrifugation and workup, as just 

mfntioned, giving frac.tion 3. This procedure was repeated until no furthe~ , ' 

~recipitation with ethanol fould be effected./1his point was reached after 
/ 

addition of about 60% (V/V) of absoiute ethanol . 
• \ . 

AlI in aIl, fifteen fractions weré obtained by ethanol precipit--

ation. A precip~tation curve (Fig. 3) giving the weight of material precipitated 

out versus ,percent ethanol added, suggested that __ thes~ fractions represented 

six distinguishable componen~s. The fractionatiOn~prOces~ w~s fol19wed'by 

r. \ 
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p.m.r. spectroscopy for aIl fractions, and by 13e .m. r . for sorne, as a guide 

to the composItIon bf these materials. 

Sorne fràctlons were further recentrifuged at higher speed, 35 k r.m.p. 

after addItion of ethanol to incipient turbidity. However, re-examination by 
&, , ~ 

n.m.r. spectros~opy did not reveal any signIficant improvement in separation. 

Furthermore, other fractions were subjected to HSLC separat~ Although 

dlfferences ln molecular size were observed (Fig. 5), the c.m.r. spectra of 

the sub-fractlons were substantially slmilar. 

IV.3 Desulphation of Heparan 

Desulphatlon of heparan was effected by the\proceduresdescribed by 
108 

Inoue and Nagasawa 

IV. 3,1 Hydro lytic Desulpha·tion. ,~ 

-. 

~ ~e sodium salt of heparan (1'.0 g) was dissolved in 0.04 H hydrochloric 

aCld (86 ml) and heated at 1000e for 2 h. The solution was neutralized, 

dialyzed (by the same method as described below, and l,yophilized (yield 76%) . 

Thé product was examined by n.m.r. spectroscopy (Fig. 9). 

IV.3.2 Solvolytic Desulphation. 

~ The barium salt of heparan (460~mg) ~as ion-exchanged to the acid 
.~ + 

fo\m \oJlth a column of Dowex SOW (X-8, H , 20-~O mesh, regenerated - (Vide supra) 

at ~5°e. The effluent was neutralized with pyridine, evaporated to dryness, 

dissolved in dimethyl sulphoxide containing 5% of water (45 ml) and heated 

at sooe for 1.5 h. The solution ":as diluted with an equal volume of water, 

adjusted wi th a.lM NaOH to pH ~9. 2', dialyzed agaiA~t distilled water in 

batches (8x) ~or 72 h, and finally lyophilÏzed (yield, 50%). The material c 

recovered was examined by n.m.r. spéctroscopy (Fig. 9). 

IV.4 ~-Deacetylatio.n of Heparan. 

n~o methods of ~-deacetylation 

113 .. ,\ 103 
,E;rb ing 1 ~.ê.!.. and Hoo« et aL , 

were used, i.e. those described by 
\ 

,-

• 
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'rV.4.l N-Deacetylation with NaOH' and Hethyl Sulphoxide 113. 

Meth~~nion was synthesiz~d as ~escrlbed by Sandford and 

Conrad 105. In ~ dry, three-neck~d, round-bottomed flask (250 ml) fitted \'ith 

a rubber serum cap and" conta"ining a magnetic stirring-. bar was weighed 1 g 

of sodium hydrid~ (57), coated with mineraI oil). The hydride was washed (3x) 

by stlrring with 30 ml portions of n-pentane. After the third wash, the flask t -
was\fitted with a thermometer and stoppered condensor, and residual ~-pentane 

was removed by evacuation, the flask then being filled with nitrogen. Dimethyl 

sulphoxide (10 ml, reagent grade, dried over molecular sieves) was introduced, 

and the reaction mixture heated with stirring (magnetic stirrer) at sa Oc 

untll the solution became green and evolution of hydrogen gas ceased (50 min). 

The concentration of~ anion in DMSO solution was determlned by withdrawing 

an aliquqt fox titration with a.lM Hel in aqueous solutio~ anq the solution 

was then stored under ~itrogen at 5° in a sept~capped flask. 

Hepar~n (10 mg) and sodium thiophenolate (100 mg)\ were dissolved in 

water (ml), 2.13 M sodium methylsulphinyl methanide in methyl sulphoxide -, --
o 

(8 ml) was ad?ed, and the mixture wàS heated at 98° in a s~aled tube for 4 days, and 

lyophilized. Yield, 60%. The degree of ~-deacetylationwas examined 'by p.m.r. 

spectrosd'bpy by noting ,the disappearance of the ~-acetyl signal at 2.06 p.p.m. 

IV.4.2 ~-peacetylation with Trifluoroacetic Acid. 

De,:cetylation with trifluoroacetic acid was carried out, with sorne 

. f' d' d .... 103 modl lcation, as escrlbe by Hook !!.~. 

Heparan (5 g) was dissolved i~ 2M triflu~roacetic acid (500 ml), and 

the solution was heated at 100°C in 'Zseparate sealed glass t~bes for 3 h.\The 

combined hydrolysat~,was evaporated to dryness and exami~ed by,n.m.r. spect~os-

copy for completeness of the reaction, as noted by diminution of the ~-acetyl 

signal. \ \ 
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IV.5 Nitrous Aeid Oeamination. 

cl ' d d' l' 1 34 Nitrous aci deamination was carr~e out accor lng to Per ln et ~. " 

The !i-deacetylated/desulphated heparan (4.7 g,\ neutral and dry) was 

dissolved in l.U1 acetie acid (53.3 ml), sodium nitrite (2.6 g) was added; 

vlgorous effervescence occurred with evolution of a brownish orange gas. 

The solutionuwas stirred for 24 h at 20°C, then nitrogen was bubbled through 

it for 1 h ta remove the excess of nitrous acid. The volume was reduced to 

4 ml, and this concentrate was applied in two batches ta a column of Sephadex 
~ , 

G-l5 (2.5 x 105 cm). The co1umn was irrigated with distillecl water and the 

eluant was collectecl in 10 ml fractions at a rate of ~35 ml/h~ Each fraction 

wa~ examined chromatographically, electrophoretically, colorimetrically 

(carbazole) and, after evaporatian ta dryness and dissolution in deuterium 

oxide,by FT-90 MHz p.m.r. Pooling, \where appropriate, was then perfo~ed. 
\ 

IV.6 Carbazole Reaction 
.' 

The carbazale test was earrieq out ~s deserib~d by ~isehe37,38 

Coneentrated sulphuric aeid (ACS grade, 96%) was diluted to 87%. 

~ 

The earbazole reagent was prepared as a 0.1% ethanolic solution of diphenyl

enimine (dibenzopyrole, commercial\preparation twice reerystallized ,from 

benzerte, and ~ublimed). Tesi, materials used were ~-glueu!'Onic and ~-galaet
uron~c acids (~aker Chemieals). A standard curve was. prepa.,red with a commercial 

pre~a~ation of glueuronolactone (Anaehemia Chemieals). 

To 1 ml of the solution (0.3 mg/ml of hexuronie acid) in a ,st.oppered 
. 

tube equilibrated in an iee bath, was added sulphurie aeid (87%,6 ml). The 

reaction mixture was'~mmersed in tap water, th en in a wa~r bath at 60°C for 
"" \ 

. 90~see., eooled ünmediately\in tap \yater. and carbazole (0.2,ml) was introduced. 
~ 

The purpl~ colour, whieh developed sl~wly. was measured Cat 530 nm) a~ter ï h, 
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readings for the correspondlng standard and blank being taken at the same 

time. The results were used qualitative1y. 

IV.7 Relaxation Effects of Gadolinium Ions. 
'\; 

The gadolinium test was performed as described by Casu et al. 104 
1 

Gadolinium nitrate solution (1 ml of 5.94 mg/ml) was added dropwise, ta ~ 

the test hepâtan or heparan derivative solution, up ta 50 times in excess of 

the appropriate (1:lxIO- 4) sugar:cati~n ratio. No significant diminution 

was observed in the apparent intensity of the C-6 and C-l signaIs of the 

uronlc acid mOlety. However, general line-broadening due ta the paramagnetic , 
3+ Gd was observed at high concentrations of the ion. 

IV.8 Hydrolysis of/the Dearnination Product . 
.Il 

Two techniques were employed to cleave the deamination product of 

heparan to monosaccharides: 

IV. 8'.1 ~drolysis by acid. 

Acid hydrolysis was carried out according to the procedure described 

by Ho~k ~ !!.I03 The disaccharide (400 mg) obtained from heparan by deamin-
~ '" ~'-

ative degradatlon was hydrolyzed with 2M-i~fi~roacetic acid (100 ml) at 
, ....... ~ 

100°C for 4 h. The so~ution was evaporated *o'dryness'~àde up to a volume 

of l ml, and passed through a Sephadex G-15 (2.5 x IDS ml) column. The 

effluent was pooled where appropriate, cdncentrated an~ lyophilized (yield, 
1 

10%) and examined by n. m. r. spectroscopf and paper chromatography, solvent 

IV.8.~ Enzyrnic hydro1ysis. 

A typical eniyme digestion was carried out as rollows. Disaccharide 

2. ~l g) from t~e heparan deaminatio\ reacÙon was dissolved in sodium acetate 

buffer (15 ml, pH 5). a-~-Glucosiduronase (EC. 3.2.1.31, bovine liver, 

;W mg) in the', ace~ate buffer (5 ml) was introduced, and the mixture stored at 

'.r 

\ . , 

\ 
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37° for 24 h. Thereafter, three further 10 mg portions of enzyme in buffer so

lutlon (5 ml) were added successively at 12 h intervals, and 36.h later, when 
-

the lncubation period was deemed to be over, \the enzyme was denatured.by , 

heating at 100°C for 15 min. The resulting solution was di~lyzed against 

dlstilled water (4x50) for 48 h. The dialyzate was concentrated, freeze-dried, 

and exarnined by n.m.r. spectroscopy and paper chromatography. 

IV.9 Synthesis of Model Compounds. 

Two model compounds 1,2-Q-isopropylidene-a-~-glucurono-3,6-1actone 

and 2,5-anhydro-~-mannose were synthesized. 

IV.9.1 Synthesis of 2,~-anhydro-2 mannose 78 

2,5-Anhydro-D-mannose was prepared in the following manner a~ = . 
114 

described by Horton and Philips 

A solutlon of 2-amino-2-deoxy-a-~-glucopyrano~e hydrochloride 

(glucos~mine HCl, 1.387 g) in water (16 ml) was stirred and allowed to attain 

\ mutaroratlOnal equilibrium ('" 6 h at 25°,C). The solution was evaporated to 

dr)~ess and the residue was dissolved in 1.lM acetic acid (13.2 ml). Sodium 

nitrite (0.661 g) ~~~~ added,c causing a vigorous effervescence and evolut~on 
ê 

of brownish orange gas, and after 26 h at room temperature t.l.c. indicated 
.... 

disappearance of glticosamine. Nitrogen was bubbled through the solution for 

30 min to remove excess nitrous aciQ, and the reaction mixture was evaporated 

d . 13C . . d' dl' . 2 5 to ryness. .m.r. spectroscopy ln ~~ate comp ete convers~on lnto ! -

a~hYdrOmanno~e. The resul tant \sO~i~ was, dispersed ~~\ 'methanol (20 ml). and the 

methanoi was evaporated off, and th~s tr\atment 

were granular and easily removed by filtration. 

was repeated until the salts 

•• The residue was washed t\HCe 
, '. 

wi th methanol, the ~il tra,te Jnd: was'hings were combined and evaporated ta yield , 

~ a yello\\!, visèous, syrupy pro,duct ~ (This~ syrup dar~ens readily upon storage 

at room temperature. but can be stored frozen without decomposition for up 

\ 
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to 15 days). Acetonation of the 2,5-anhydromannose was attemp~ed as described 

(sect. IV.9.2) but t.l.c. (solven~ C) indicated that no reaction had occurred. 

~I~V_.~9_._2_S~y~n_t_h_e_s_i_s~o~f __ l~,~2-Q-isopropylidene-a-~-glucurono-3,6-lactone. 

Using the procedure described by Owen '_e_t _a_l. 106, ~-glucuronolactone 
(240 mg) was introduced with mechanical stirring into a closed flask containing 

dry acetone (15 ml) and concentrated sulphuric acid (0.1 m'l). After 25 h, the re-

sulting clear solution was neutralized with barium carbonate, filtered, 

and the filtrate was evaporated to dryness. Dry ethyl ether was introduced, 

the suspension was filtered and petroleum ether (light) was added to the 

fil trate tUI incipient cloudiness. On standing at room temperature, colour1ess, 

need1e-shaped crystals (yield, 180 mg, 60%), m.p. 119-120°, were obtained. 
\ 

IV.IO Isolation of l,2-Q-isopropylidene-a-Q-Blucurono-3,6-1actone from enzymic 
digest of the iso1ated disacoharide.-

1 

The disaccharide enzyme hydrolJs~te (300 mg) was acetonated (sect. 
Il 

IV.9.~giving crystals (yield) 108 mg, 48%). Recrystallized 'from ether/light 

petroleum ether, the crystals had m.p. 118.5-120°C, undepressed by admixture 

wlth aut~~ntic 1,e-Q-isoprOPYlidene-a-R-glUCUrpno~3.6-1actone.~ [a]~O + 68 

(C, 0.52, ~20); literature106 m.p. 120°, [a]~8 + 70 {C, 1.0 H20). 
'-

\ 
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CLAIMS TO ORIGINAL RESEARCH 

" 
1. Fractionation of heparan by precipitation with ethanol and high speed 

centrifuga~on, has been monitored by n.m.r. spectroscopie (13C and IH) 

techniques. 

2. 13 The p.m.r. and C.m.r. spectra of the main fractions, and aiso of a 

disaccharide obtained as a major product of heparan , have been analysed 

in sorne detail. 

3. The configuration and! conformation of the constituent residues of the 
\ , 

heparan po1yrner have been, determined. The results are consistent with 

those obfained by other techniques. 

GlucuroniJ acid, released from the major disàccharide product of 

heparan by enzymic hydrolysis, has been characterizèd as a crystallina 
. -\ \ 

derivative·(i.e., l,2-0-isopropylidene-a-Q-glucuro~o-3,6-1actone) \' - - '--~ 
of ~ acid. 

5. High pressure liquid chromatography has been applied in examining the 

homogeneity and.molecular weight of heparan fractions. 
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