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INTRODUCTION

Heparin is a uwnique hetero-polysaccharide
found in mammalian connective tissue within the
granules of highly differentiated cells (mast cells)
which are particularly abundant in serous membranes.
The structure of this polysaccharide has been
elucidated but uncertalnties otilil exdist regarding
some chemical and physical chemical parametera.

In 1916 Mclean first extracted from dogs' liver,

a svbestance exhibiting anticoagulant activity which

was later named 'Heparin' by Howell and Holt (1918-19).

The extraction procedure about this time involved
treatment of the tissue with either alkali or
proteases [Charles & Scott, 1933]. Barly chewmical
analyses revealed the presence in heparin of aitrogen,
hexuronic¢ acid and hexosamine [Jorpes & Bergstrbm,
19367, Moreover, a high percentage of bound sulphate
was detected and a tetrasaccharide repeating unit was
proposed which contained equimolar amounts of

glucosamine and hexuronic acid with five sulphate

groups [Wolfrom gt al., 1943]. Both glucuronic and




idvronic acid residues have been shown to be present
in the structure, but thedr actual locetions are
ptill uncertain [Cifonelli & Dorfman, 1962;
Radhakrisbnamurthy & Derenson, 1963; Lindahl, 1966;
Wolfrom gt al., 1969; Perlin & Sanderson, 1970].

The nmost recent advances in structural analysis
have resulted from the combination of chemical and
enzymic techniques, In particular the degradation
of heparin by heparinase has been found to be of
great valwve in the b;eakdown of hepsrin chains into
small oligoaaccharide@, which are more amegnable o
chemical analysis,

Crude heparinase was Pfiyrst isolated by Kora and

Payza (1986a,b) from PFlavobacterium héparinum induced

on heparin,. Practionation of thie enzyme preparation

[ finker & Hovingh, 1968; Dietrich, 1968; Hovingh &
Linker, 1970G] yielded at least 4 or & cunzymes which
probably comprise the active complex, The inditial

degradative reaction involves an eliminase, which

requires for its specificity the presence of O-sulphate

and sulphamido groups. {(ther enzymes present act oun
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such degradation products with both sulphatase and
glycuronidase activities |[Dietrich, 1969; Hovingh
& Limker, 1970],

Chemical and physical analyses of enzymic
degradation products |[Dietrich, 1968; Linker &
Hovingh, 1970] have clearly comnfirmed that the
tetrasaccharide proposed by Wolfrom ie the basic
structural unitlof heparin, although the degree of
sulphation has been questioned | Linker & Hovingh,
19727, In particular, some controversy still exists
regarding the presence of the £ifth sulphate gooup
which has a reported location on the C-2 carbon of
iduronié acid [lindahl & Axelsson, 1971]. It ie
worth noting in vhis connection that titration studies

[Herbert & Marini, 1963] have indicated the presence

of unbound sulphate ions which may affect 5 : glucossming

molar r»atio in most preparations.
The plucosamine snd hexuronic acid units arve

joined by a~(i,4)-glycosidic linkages [Danishefeky

& Steiner, 1966] and the structure of the tetrasaccharide .

unit which is at precent generally accepted is

illustrated in figure 1.




u-[l,4]—Glycnsidc:l|y Linked Tetrasaccharide Repeating Unit.

However it is worth noting that Helting and Lindahl
(1971) have reported that between one-third and all
of the glucuronate residues of heparin are cleaved

by B~glucuronidase when located at the reducing end

of oligosaccharides. This indicates that a large

portion of these residues are B-glycosidically linked

and the structure of the repeating would therefore be:~

CHOS0;"  COO™ H,080;
N@}\é ? B
NHSO5” H NHSO;"

a,ﬁ—[lﬁ]—Gl, dically Linked Te haride Repeating Unit

Figure 2




Recent evidence from nuclesr magnetic resonance
experidments segm to support the structure shown in
figure L, since only the presence of alternating
uw{l,4)=glycosially linked biose units were vbserved
[Perlin et al., 1972].

Although 1t is generally sccepted that s major
proportion of the hebarin chadns are made up of such
ftetrasaccharide repeatiag uniis, 2 puiber OFf micro=
heterogeneities are evident. In particular, the

dogree of sulphation does not appear to be uniform

along the structure, dn that the portion of the chain
in the viclnity of the potentiel reducing end contains
fewer sulphbated residucs in comparisen L0 other areces
in the chain [Lindahl, 1966]. A similoxr patteyn is
observed in the distribution of dduronic acld vosidues
along the polymer | Lindahl & Axelsson, 19717,

Results from such chemical findings have shed
little light on ‘The sterdic structure of the heparin
molecule; however, on the sirength of nuclear magnetic
resonance, optical rotatory dispersion and eleciron

microscupy, Hirano (1972) proposed that the heparin




chain wae organised in a8 right-hand helical
conformation, As yet this model has not been
gonfirmed by X-ray analysis,

Commercially prepared heparin chains have been
eghown to be bound to a peptidyl backbone through
their potentially reducing ends. In this region
the presence of thé alternating tetrasaccharides
cepses and the glucuronyl residue next ¢ the last
repeating unit is glycosidically linked to the
trisaccharide JmUmfi-Degalactosyl—dwCnfi=D-galactosyl-
~Dexylose which in turn bfidgea the gap between the
heparin chain proper and the peptide (figure §).
The terminal xylose is Cwglycosidically linked to
the hydroxyl group of a seryl residue which lies
within the peptidyl backbone [Lindahl gt al., 1965;

Lindahl & Radén, 1966; Lindanl, 19667,

oo™ CHOH CH.OH r;m
OH oH, = O—CHy~CH
< " o
[
OH OH OH OH

Structure of the Carbohydrate Sequence in the Heparin—Protein Linkage Region

Figure 3




This ¢type of linkage is found to cccur in all
sulphated glycosaminoglycoans with the sxception of
keratan eulphate and o may be regaeded ps a
strucitural charvacteristic of these macromolecules
[Muir, 1968; Gregory gt pl., 1964; Anderson gt al.,
19683 Lindahi & Roden, 219663 Rodén & Arvmend, 19663
Rodén & Smith, 1966; Helting & Roddn, L9687]. At
thie point it may be worth cutlining the main festurcs
of caprtilsge proteoglyecen which are the begt
characteriged compounds of this type in order to
assess and comprre any otructural similavities with
those of protecheparin.

The proteoglycens of cartilage contein both
chondrod tin sulphate and skeletal keratan sulphate
a8 macromolecular complexes in which several
glycosaminoglycan chains are bound to & protein moiety
LScha#ton & Schubeprt, 19847, Idess regarding the
moleculay organisetion and structural sigpilicance
of these macromoleculayr complexes are at present
somewhat speculative ailthough over the years a aumbes

of intevesting theordies have been postulated.




Mathews and Lozmaityte (1958) proposed a structural
model in which the complox wnoe visualised as a combelike
unit consisting of severnl glycosaminoglycan chains

%
b
o
B

each bound throwgh their potentially reducing ends

to & protein backbone. Bvidence from glectron

nderoscopy supporting this medsl has been demonstrated

by Sersfini-Fracgssini and Smith (1966) aend by Rosenberyg.
et 8ke, (1870Ca). However, vecently it has been shown

that chondroitin sulphats chains are arranged on &

protein boackbone in pelrs, this arrangement is normally
referred te ms 2 'doublet' |Anderson ot 8l., 19685,
Ivscombe & Phelps, 1967; Has¢all & Riole, 19727,

in 2 chondreitin sulphate doublet the two glycosaminGe
glycan chains are sepsrated by less than ten amino

acid residues and each doublet is f{urther separated

£rom ite nedighbouring doublet by & longer section

of peptide, estimated to comsiet of about thirty-Live :é
amipno acid residucs and this oversall molecular weight ?é
of this complex is spproximately 47,000 daltons

[Mathews, 19711, Chemical evidence sugpests that

the primery structure of this polypeptide core is 3

similar in 8ll species snd thus it aleo appears that




the sequence of amino acids in the doublet is a
requirement for the engymic recognition of specific
geryl residues during biesynthesis [Mathews, 197i].
In Pact it has been demonsirated that the xylosyl
transferase of chick cartilage "recognises' specific
residues on the core proetein of bovine proteoglycan
[Baker ¢t al., 1971; Stooimiller gt al., 1972].
Amine acid sequences from proleochondeoitin sulphate
and proteodermatan suiphate show some foom of
similarity which suggesia some degree of homogeneity
widthin these macromelecular complexes.

The chemidcal composition of the complex varies
with the type of carillapge, the wmethod of isclation

and the age of the animal. The protein molety of

the complex, which accounts for 7 - 8 per cent of the

total weight [lascall & Sojdera, 1970; Rosenberg

et al., 1970b}, hav an amdno acld composition

charactevised by & high proportion of aeidic residues

and does not contadn hydeoxypeoline, However, it ie

still uncertain whether all vore proleing in a siagle

tissue are abeolutely ldentical [ Serafini-Fracassini




et sl., 1967; Teiganos & Muip, 1969; Tsiganos

gt al., 1974; Heinegard, 1572a],

It should alse be noted thet preparations
obtained from many sources exhibit considerable
mnecro-heterogenaity in thedrp ch&mical compositions,
This ieo dndicated by a certain degree of variability
in both the protein content and the galactosamine Lo
glucosamine ratio of thedr constituent macromolecules
[Hoffman et al., 1967; Heir & Jacobs, 1967; Brandt
& Mudr, 1969; Tsiganos & Mudr, 1969; DBrandt & RMuirp,
1973ia; Brandt & Mupdr, 195&8; Teiganos gt al., 197%;

Simupek & Muir, 1972; Hedncgard, 1972b]. It is

to glucvsamine ratic show that the anumber of keratan
pulphate chains bound to esech core in & population

of macromolecules ig not constant, Variability in
the protein content may refflect either differences

in the number of ideniical chondroitin sulphate chains

present in each complox |[Hasecall & Sajdera, 19704

Sk
0%, T

Teigenos et al., 1971; Hronisavijevid gt al., 1973;

Kao gt al., 1972; Simunek & Mudr, 1972] or




polydispersity of the glycosawminoglycan meiety
[Bentley & Rokosova, 1970; DBrandt & Muir, 19%71ial.
In relistion ©o the latter possibility it may be
noted that tha'cﬁainslength of chopdroitin sulphate
can a#hibit regional differences in some matrices
[Loewd, 1963; Hjertquist & Engfeldt, 1867;
Hasteson, 19715  Wjertquist & Wasteson, 1972;
Wasteson gﬁ_é&,, 197271,

At the time when Matheows and Lozailtyte's model
was proposed, it was observed that proteoglycan
macromolecules were linble to underpgoe aggregation

unde canﬂitious that minimisad electrostatic

repulsion. Therefore, in subsequent studies efforts
have always been made to ddentdfy the smallest

macromplecunles which could pavticipate dn such an
apgregation process and aisd o ensure That matroe-

molecular degradation was not induced by the extractien

procedure. The latier requirement appeare To bg
mat by extraction methods based on gentle stirring
of the tissue Pfrogments with solvenits of high ionic

strength, such zs 2M-caleium chloride or dM-guanidindum
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chloride, which have bLeen shouwn o remove up to

80 per cent of the total proteopglycans from bovine
nasal cartilage [Sajdera & Hascall, 19697, Using
thess so-called dissociative techuniques, followed

by either fractionation with neuntral salts or
separation on 4 caesium chloride density gradient,
twoe preparations, which have been deeigned PP-LJ
LRosenberg et al., 1970b] and PGS [Haseall & Sajdera,
19707, have been characterised. [heir molecular
weldghte have been quoted as 2.4 x 1ﬁ§ and 3.5 x xeé
daltons respectively, when identical values were
taken For their partial specific volumes [Resenberg
et al., 1970b]). A erdvical discussion on the
composition and physico-chemical parameters of these
two preparations has been published and it is

suggested that PP-LJ represcnts the smallest

proteoglycan uwnit in bovine nasal eartilage [Rosenbarg

et al., 1970b]. However, these macrompleocular

complexes exhibited such & large degree of polyw

dispersity that it may be that too gereat a significance -

has been attached to data which represenlt averages




of widely spread valuos. Thus, in a PGS

preparation the molecular wedght was reported to
ba 3.6 x 10° with & standard deviatdon of 1.16 x 106
[Haseall & Badjdera, 1970]. Purthermore, these
moleculayr weights have been derived from sedoementation
veloedty and dntrinsic viscosity esxperimente and
roguire for thedr evaluation: {a) iwe non-idincasn
extrapolations of experimental dats to vanishiag
concentration, and (b) utilisation of mpthematical
relationships which do not necessarily apply to the
syeltem under investigation sand which regulre
assumptions to be made as to the shape of the
macromolecules [Hascall & Ssjdera, 1970; ¥Woeduard
gk al., 19727, Bovise nasal cartilage PP-L3
analysed by equilibriwm centrifugation, to which

the sbeve-nenitioned ambigvities 4o not apply,
axbibited wholewcell averdge molecular welghis

ranging from 1.1 = lﬂh(ﬁ;) to 1.2 » 1ﬂﬂ

(ﬁ;), which
are about half the wvalue cobtained from sedimentation
veloedty experiments [Wells & Serafini~FPracagsini,
1973].

However, there i6 some evidence which suggests




that even a macromoletule of this size may noit be

the minimal snit of protecglycan. Cn the contrary,
it mwy be the end-product of an in vivo aggregation

ef smaller subunits, Presumptive evidence for the
cxistence of a self-associating system of nasal
cartilage proteoglycan macromolecules during
ggquiliberium ceniridfugation has been raported Lwelle'

& Sevafini-PFracassini, 1975]. In addition, treatmont
of this proteocglycan with a nop-ionic detergent has
been shown to produce a8 marked decreasce in Lhe

average molecular wedght of the complex with minimal
or monomer Mp lower thon 2.4 x 105 [Hells & Serafini-
Iracasedni, 19737, This evidence is consistent with
the hypothesis tﬁat proteoglycan polydispersity may
prise as the smergent property of an associsting
system of subunits in which hydrophoebic bonde might

ba operativa. Although the protein core was found
lacking in any secondsry structure [Byring & Yang,
19687, binding of the polypeptide cores of subunits

te one another may possibly be achieved by the overlsap

of shopt sequences of apolar residuegs in suitable

extended conformation.




tng could thus postulpte that in any given
syetem, including that ip vive, the equilibrium
atate in the aggregating process will bo especidle
to the operative coaditions. Hence, considevable
cautlon shoulid bhe exercised in interpreting the
natdve state of the macromolecular structure £from
experdmnental data.

The presence of residual aming acids in
heparin extracted by wardowvs procedures [Green gt
al., 1964; Lindabl gt a2l., 1965] strongly supgosts
Lthat the polyseccharide occocurs in the native sinte
covalently bovad to a protein wmolaty. Horeover,
the sugar nucleotldes pormally asscocilated with
glycosamivoglycan synthesis have been Ldenvificd
in masi-cell tumousrs, ¢ L¥ can be assuned thav
syuthesie 0f theese plycos am*uoblvcans follows o
gimilar scheme [Silbert, "Jﬁé,,§?(] The synthesis
off heparin and other glycosaminoglycans regudres the
presence of a specific protein backbone which nay be
desceribed ag & blologieal primer, aud as previously

indicated the prevence of such a melety may be




nosocinteod with the molecular orgenisation of
these complexes.

Some coniroversy still exdsva aboutl “he prosence
el multichain gmoteohapa?in in mast~cell granunles,.
The only evidence so far peported is the domoastration
within these organclles of beaded stractures 363 in
diameter which have beon interpreted as protecheparin
{Sevafini~Pracaosini ¢t al., A96%a]. Particles were
secn 0 be loested in pairs or aggregates, suggesting
that the complexn could exist in n doublet fopm.
Chemical and physical chamical apalysis of the
gxtracted hepardn have shown these macromolecules
Lo contain 18 per cent protein aud have a molecular
welght of about 20,000, Chain weilghts eetinmpted
Prom xyleuse coantent gave values in the order of
11,060 daltons, thus suggesting the presence of twe
heperin chaing attached to a polypeptide core
| Serafini~Fracassiui et al., 1970aj. Contrary to
these findings, Lindail (1970) has identified single
protein-free heparin chedins (fw 7.4 x 103) as the

major heparin species present in bovine liver

capaule,




In order to clorify this puaiﬁiuu the aim
of this thesis was ‘o

(1) Develop an extraction procedure for the
igolation and purdfication of protoeoheparin €rom
bovine liver capsule which would minimise physicaol
macromolecular disruption,

(2) Chemically and physically characterisc
the dndividual protecheparin specivn pregent in this
tioaue,

Due to the Low content of heparin in vorious

anatomicol locations large gquantities of tissue have
to be processed in ordey to obtain any appreciable
guantity of glycosaminoglycan. This pives rise to
sevious problems bdth during extraction and
purification. The ddeal answer is to apply o none
digruptive extraction procedure and then to
selectively precipituate the glycosaminoglycan with

& specific reagent which would not cause structural
damnge . Moast modern extracition procedures,
especially those on an industrial scale, unfortunately

stdll follow the method of Charles and Scott (4933)




in that the tissue is treated with both alkeldi
and endoproteases |Cardell, 1982; Jaques & Bell,
1989; SGeott, 19607, which may damage the native
compound,

Hucleic acdde from bacterial sources were
Pirst shown To be selectively precipitated by the
use of cetylirimethylammonium bromide [Jones, 1983
ond Seott gt al., {(1987), wero able to apply this
procedure to the fractionation of heparin.
Adaptation of this method, usdng the cationic
datergent cetylpyridiniuvm chleoride din the fractionzation
of extracted poiyanionic substancoes | Scoté, 1960
Schiller ot al., 19631, can be termed the *crdtical
elecirolyte concentention procoduret.

This reaction is based on the don-exchange

eguation:
& en

g

PP ™ 4+ 2Rt 5 PFT oarY 4w
in which P 4ds a polymoer with =2 negative charges,
8% is on organic cation and M7 an inorganic counterion,

The extent of the change from reactant o product igi-




SN © Gl 4 R i B
LPZ= i+ ] Lait]

where ¥ 48 the equilibrium constant,

If (8" i kept constant by using the organic
cation in relatively high concentpation and £ is
large as in some bio-polymers, I is highly dependent
on [#°] the concentration of the inorganic cation,
and changes from large to very small values over a
narrow pange of |[M"] sspeciaily if the preoduct P°7 zr*
is an insoluble precipitate. The crdtical electrulyte
concentration at which this large change in ¥ oecurs
is influenced by the wvalue of K which is detesrmined
by the relative affinities of MY ana R Por the
negatively charged groups of the polyanion, and 4¢

therefore differs not only with the nature of M’ and

o+ » .
R but with the nature of snionic groupe, which dn
mammalian tissues may be COU, ‘S&Sf or PO~ Thus
54
. L3 o i » 3 gyl bl s
for any R /M peir, the binding of ® by P ig

suddenly reduced practig¢ally to zero at the critical

electrolyte concentration which is dependent on the

noture of the polymer.




Sernfini~Fracassind ¢t al, (1969 reporied
the extraction and precipitation of a heparin-protedin
complox using cetylipyridinium chloride; however,
this method of extraction has-been ériticia@d on
the grounds that the protein molety associated with
the complex might have been an dmpurity which had
resulted from the biading of acidic proteins o
cotylpyridinium chioride [Lindahl, 1269]. it iwm
interestdng to point out that repsated cetylpyridinium
chloride precipitation of o PP-i fraction isolated
£rom bovine nacal cartilage shuwed a marked decrease
in protein content [Serafini-Fracassini gt 8l., 19067],
thervefore such a ¢priticism should be regavrded as
invalid,

However, in view of the above difficuitles it
was decided to develop an extraction procedure which
avoided the use of cetylpyridinivm ¢hloride, and it
wias found that uviilisation of dissociative GélVents
was elfective on liver tiasue. The subsequent

prrification steps involved ion exchange chromatagraphy.




METHODS  and  MATERIALS




METHOLS and MATBRIALS

Chemical Procedures

Hexuronic acid was measurod directly by the
method of Bitter and Mudr (1962), using glucuronoc-
lactone ag the standardg,

in orde» to determine hexosamince content,

samples of known wéignt (approx. 1 mge) were, Pirstly,
dissolved in 2 ml. of «{4M-HCIL and hydrolysed under
nitrogen in sealed tubes at 110°C for 8 h. Tho
following methods were then used:

{a) After hydrolyeis, excess acid was neuvirslisoed
and total hexosamines determined by the Hison and
Morgan (1633) reaction, using the distillation
procedure of Cessi and Piliego (1960).

{(b) Dfferential determination of glucosamine
and palactosamine was achicved on a Locoarte amino
acid analyscer.

(¢) The pgas liquid chromatography procedure
of Stimson (1970) was also used. Briefly, the

hydrolysed samples were dried under vacuo and the




trimethylsiiylated derivative was formed using
bis(trimethylsilyli)trifluoro~acetamide (BSFA),
Both glucosamine and galactosamine can be estimated

by this method,

The amount of N-sulphated hexosamine was
devermined according to the methods of Dische and
Borenfreund (1950), and Lagunoff and Warren (1962).

Neutral sugars were identified and quantitatively

eetimated by gas chromatography [Sweeley et al., 1963].
At many stages in this project quantities available

for a complete sugar analysis were rather small.

In order to obtain a spectrum of the sugars present

in a preparation, the method of Bhatti et al., (1970)
was adopted, Gven sugars such as N~acetylglucosamine
© and iduronic acid can in fact be detected and
estimated quantitatively by this technique.

Individual‘xxlolg and galactose values were

also determined by colorimetric procedures [Tsiganos
and dMuir, 1966; Lyons and Singer, 1971].

Protein concentrations were obtained from amino




acid analysdis data and in one iastance by the micro-
] biuvet method [Itagahaki and Gili, 18064], with serum
albumin as o standard.

Samples for amino acid analysis were hyderolysed
in conctanteboildng HCL (2 ml. per wg. of material)
under vacue at 110°C for vacying intervals of time.
Pepior o evacuating the hydeolysise tubew, the acid

solutions wero gossed with nitrogen, The samples

wore taken down to dryness in a votary film evaporator,
the temperature of the bath beimpg at 30G%. Amino acid
analyses were carvied out on a Locarite amino xedd
analyser, Teyptophan was not anplysed in view of
its doubtful occurrence in hopafin [Serafini~Fracassind

et al., 19605b])

e e

M~terminal analysis was carrded out by the
dansylation procedure as described by Woods and Yang
(1967). Deonsylated amino acids were scparated by
chromatography on polyacrylamide sheets (4 cmg) using
a three solvent syston.

Sulphur contents were détermined by two procedures,

eolorimetrically by the method of Antenopoulos (1962),




aad by gos chromavography [ Seindvasan et al., 1970].

ey

Dliecirophoresis

Twoe types of electyrophoresis were adopied.
(1) Dise¢ gel electrophoresis was rum on & Shandon
apparatus according to the procedure of Orastedin
and Davie (Lud4).
(2) Paper electrophoresis: all chyomatography
paper prior to use was washed with § per cent glacial
pcetdc acid for one week, dried, and tThen stored in
an enclosed containos. High=voltage clectrophorcsis
waus pecformed at -689C oun otrips (85 x 58 cm) of
Whotman SMM paper, uveing a Pherograph Griginal
Pronkfurt apparabus, A& LeBMwpyrddine - O, i7k-acetic
acid (pH 6.0) buffer was used, Papers were etained
with niunhydrin or by a toluidice blue dip procedure,
This moethod ipvelved washing Whe paper in BEtCHeother
(96:6) and staining with .06 por gent toluidine blue
in G.5 per cent acetde acid. Breess dye was roemoved
by careflully rcinsing thoe paper with 28 per cent

scetic acid [Dawson ¢t al., 1969]. Commorcial

B e



heparin (Wilson Laborotories Lot No.l36651) was

vsed as a standard,

Litracented fusation

Ultracentrifugation was performed on ¢ Spiaco
Modal # Ulvracentrifuye. ALL expsriments ware

carpried out at 20%C in an AnH rotor.

The method of Chorvenka (31970) was followed;
thic technique involves the layering of a relatively
large volume of solveunt on to 4 sample solution in a
capillary syanthetic boundary cell. The presence of
solute in the upper part of the cell dncresses the
recsolution at the meniscus,

The éampleﬁ (approx. BOCUg.pesr ml, ) were
dialysed sxhaustively apgasinst 2 per cent KCL at 49C
angd 0,08 mi. of these molntienﬁAwerg placed in the
sample sector of o 12 mw. double-sector capillary
boundary celd. The reference cell was #illed with
Q.45 ml, of the dialysate. it was found that
eguilibrium was obtained aftor twenty hours; even &0

plates were taken at hourly datervals for comparison




PUDPOBEG, The ceiterion Por depletion was taken
as the absence OF fringe displacement for at least
one third of the column hedght, A water blank was
run to correct for optical diotoptivng,

Results weve ploited in the FPorm of Log(¥YewYo)
[¥r=¥o 4o the met Pringe displacement], against "
[ 4is the distoance of each ¥Yr point from the centre
of rotation].

Values for the point average efifective reduced

moleculayr welphts were defined as ow(r)

4o~ VI 2
4 v”iJ) W ]

were plotied agninst
rﬁ. Whesre v is tﬁe partial gpecific volume of the
golute, P is the densiity of the smolvent, R iv the

gas ¢onstant, w  the angular velocdty, T is the
absolute temperaturve and M the appavent molecular
wedght,

These valuwee were derived by determination, via
least mean bquares, of the slope of the siraight line
through successive groups of Pive points, Mz over
the whole cell was obtained by exntrapolation of aw(r)

values to the base of the columm, Similarly Mw = o




values were obtalned by extrapolation Lo the

Mendlacus.,

Betermipation of Partial Spocifdc Volume

Agparent partial spseilic volumgs were sstimated
from denslty measurements corriled cut inm o density
colunin, prepared From mixtures of bromobsnzone
(Preshly distilled) ond keresene, £o0 give a pgradient
over the range 0f U.99 = 4.03 s.zg. [Bvids 2t al.,
1954; Miller and Casek, 1960]. Drops off (.6 pi,
wory applied and the equildbrium poslitions were
deternmined uaing o cathetometer. it was found that
sllight changes 4n degp size made no detectable
difforvence to the cquiliberinm positdon, The column
was enclosed in a water jacket maintained at 20.00 X

0.01°C. The apparent specific volume was caleuslated

£yrom the relationi~

- A00/d - {i0C-n)/ do
i

Where 0 is the corcentration da j. per 100 wmd

and 4 dis giwven by~




d = dr + (b~ hy). (dg ~ ay)

(hg - hl)
d ig the denalty of the solution
GO ig the deansity of the solvent
Gy is the density ol a sucrose standard

«

and By i%s position.

dg e The density of tho next standard,

The column was calibrated using sclutvions of
sucrose of knoun density.

Since glycosaminoplycans aroe poelyeloctrolytes
with high clhorge to welght rstios, it io nocessary
to preduce the effects of none~ideanlity. Partial
specifide volumes were potimeted an vecommended by
Casassaand iHisenberg (1964) after exhaustive dialysis

against solvent,

Infrared SpeCclLroscopy

b

Speetra were obtained in a Perkin-Dlmex Model

2378 grating infraved specirometer with a NaCl prism.




Approximately 1.5 wmg. of sesmple was ground with

180 mp. of KBw,

Hlectron Microscopy

Approximately. bug. per ml., solution of H2bL
was Pirstly dinlysed ageinst water for two days
at 4%, The bismuth nitrave staln was prepared
by dissolving 1.0 ge of blemuth siteate in 10 ml,
of ZMenitric acid and then making up o 200 ml,
dth woter, giving an 0,06 per cent soletion in’
Calil-niteic acld. The sample wae aprayed on to
carbon filmed geids and deied. The prids were
agthained for 19 min.,, woashed successfully with 2l
nlspde acid, water, and finally deded [Serafini-

Hracassind et al,, 1969%a),

Gritraction ang foolation Procedure

Livere from {resbly killed oxen were obtainsd

from @ local abattodr and the capsules were gquickly

stripped Lree {rom tiasue debpia. The capsulds were

partinlly defatted in acetone, ground and stored

at 49C,




Indtially tho Tissuc was emtracied with 4ii-
gunpidinium chlopidey bowever, on remncoval of the
guanddipe, edther by diplysis opr miceroe-filtration,

g lorge idwsoluble fraction was formed which contained
hoxavonde acid, Thip indicesred Lindlng of
giyeogaminoglycans o contaminaving proteins in ihe
iupoleble residue. Similarly, ethanel froctionation

of o geapidinium extract showed that the majority

of! the hemxuronic seld-contelning noltevicl was present

in a Proction which precipitated after the addition

of onply twe volumes of ethoanol, Jne gould congeivably
sugzgest thet on yupture of the waot cell geonules

the released heparin could nesceiate with proteins,
eepecinlly those which posness an overall positive
charge. Interactions of this type invelving
glyecospminoplycans and collegon have been cloarly
illustrated by electron micvoscopy [ Serafini-

freenssind ot al,., 19V0b). In order to stndy this

L2}

type of reaction the following ipn vitro experlments
were followed.

The extraction of insoleble collagon wag carrvisd
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out according to the method of Gross and Birk (1958).
4 cow hide from a Pour-year~old animal was Plrstly
sopked in & BX% NH%Gl w A% WaCl -~ 1-3i0,000 merthiolate
solution for three days at rodm temperature, The
hodr, epidermis and subcutoneous tiesue were scraped
off and the pure white dermis was cut into fine
pieces and then ground down to o powdercd form.
The tissue was now extracted with L0 volumes of
Uebll=acotic acid for 18 h., at 4°C and the residue
was Collected by ceutrifugation and re-exiracted
with scetde ascid for a furtbher three c¢ycles. The
tropocollagen-Lree residue was now deded and stored
overn Pgﬁﬁ.

insoluble collapgen (1 g.) was suspended in
e 20 mi. solution of heparin (10 mg.) with varying

salt concentrations and pil values. The suspension

was gently stirred at 4°C for 3 L. and the supernatant

was tested for hepardn content,




el

Results

Solvent o Hoporinp

(% recovery)

Watew wn O
O AB-HgCL, to 3M-MpCl, 5 1G0
(6 AM-BgCl,, 3 LO0

£

O 60K, to (.268-MzClL, 4 O

It seens evident Lrom the above resulis that bhoth
pH and elesctrolyte concentrations are critical
Pacters in the binding of heparin to insoluble
protain, Thisc suggests that scluble prokeins
rould sasily be reomoved by extracting the liver
tdzsue with C.AM calt solution at pll $.0, without
fear of loeing mucopolysaccharddes which scem to
apgoeiate with the insoluble residue under these
coaditlons. U the baocids of these results, the
following procedure was adopiad.

Porelons (50 g.) of Liver capswlio wore twice
prtracted with L6 volumes of €, i8-citrate bulflew,

pH $.0, For 24 h, The supernatanis were removed




by centrifugation gt 12,000 rpm, and o hoxuronie
acidecontalning materdal was found to bhe presont
in the soluble ontracta. The resldues were evenly
dispersed Lo A6 volumes of vabulilerod 3MwﬁgCl2 and
the suspension extracted by goantie agléstion fop
48 h, The supernatanit was eollected as above and
dialyeed cxhanctively against watoer for three days;
durding this time n precdpltate was formed which was
subsoquently collected and stored (Hi). Thrae
volumes of ethanol and one velume of cothaoeol saturatoed
with Redcotate were added Lo the Gupearnatant and the
precipitated material was colliected (H2), The
entire isclation procedure wes carvied out at 4°C
in order o minimise the possible gffcecte of protvesso
snad hepavinase activities [Benditt and Avase, 1959
Lagenoff and Benditt, 196%; Jaquoes and Cho, 1984].
Beapetdons HI and H2 were dissolved im O, b
ehtente, pH 6.0, and chzrometographed on a Vhatman
NR-52 celinlose column (2 x 8 cwm.) by stepwise
olution with O iM-adtrate, pl 4.0, cuntnéﬂing varying

concentrations of NaCl (C.250 incvements were used).




Cractions (4 ml.) were tested for hexuronic nci

with conmereial heparin (HWileon Laborvatorigs L
No,.136661) bajng used os a standard., iLn the
of Hi; ezuvonic acid-containlug materiasl was
only in the C,75M clunte, Oa Tthe othcer hand,
yieclded two hexuronic neiddwcontaining Craction
whieh were eluted at C,8M-NaCl) (Uracticen H2a)
at 0.75M-NaCl (Fraction HAbL).

The threo Cractions vere subseguentliy din

against O,ULM-cditrnte, pH 5.0 Por twe days, an

id,

oL

CAGE

presaent
Ha

o

and

lysed

d

chroematographed on a Sephadex G54 columm (2 2 12 am, )

at a gate of LG ml. por h. The materials not

-

rotained by the gel were collected and dialyse

g

firetly sgainst 2 per cent NCL, and them wator,

before belng precipltated by the addition of e
and Keacetate at 490, The pr&cipiﬁates wosa
gollected and dricd under scctone and ether.
homogenedty of the preparations wae tcheckaed in
off molecular size by pgel fileration on & Sophn
G200 columm (2.5 x 80 ¢m. ) in 2i-KCI1, Samp L

(80 mg. 40 2 ml,) were eluted mt o vate of 8 m

thaonol

The

terms
dex
aB

1.




per h,, and fractions (4 ml.) were collected and
tested for hexuronic acid content, Hi and H23L
behaved as single monodispersed species. n the
octher hand, Hﬁa; as illustrated in figure 4,
demonstrated the prescace of at least three sube
CLractions, Twe of these had Glg Nit, : Gal NE,
ratios of 0.85 and G,17, which indicated the presence
in. Praction H2a of galoctosamine-~containing glycosamino-
glycans in saddition to heparin. The third subfraction
had a Gle NHQ 7 Axnk NH2 ratio of 3,2 and will be
referred to as H2a°.

The yields of #1,H24° and H20 were cstimated to
be approximately 16, 48 and 85 mg. per 100 g. of
dry tissue, respectively, although losses might have

occuryed during fractionation.

Biolopical Activity

The bioclogical activity of each fraction was
estimated by two procedures [ Sharp et al., 1961;
Hardistry and Ingram, 1965]. Both technigues invelve

titrating known quantities of sample againgt protamine

sulphate.




Digestion with Proteolytic lnzymes

Fraction H2b was treated with two proteoliytic
enzymes, papain (BC 3,4.4.1C) and pronase,
Samples (5 mg.) were digested with papain (200 pg)

in O, CHM-sodium phosphate « U~2h-dithiothreitol -

SOmN-EDTA buffer, pil 6.0, at 658°C for 48 h [ Shulman
and Meyer, 1970] and similarly with the same quantdty
of pronase in C,00i¥=-CaCl, - U.06M=~Tris buffer, piH 7.6,
at room temperature for 24 h. [Anderson et al., 19651,
The digestion products from both experiments were
dialysed against O dil-sodium phesphate, pH 6.6, for

18 h. at 4°C, and subsequently chromaotographed on a
Whatman Di-5%2 cellulose columm (1.5 x 4 Cm. ). When
absorpiion at 230 nm. cesased the column was washed
with O,76M-KCL dn O.,1iM-sodiuvm phosphate, pl 4.0, and
the eluted fractions (3 ml.) were tested for hexuronic
acid, Heparin-containing fractions were now dialysed
against 2 per cent XCiL, and molec¢ulayr weights

determined by ultracentrifugation.




p=elimination

(a) A 1 mp. per ml, solution of H2bL was
treated with en eqgual wolume of M-NalGl ot poom
temperature for 24 h. The formation of uusaturated
derivativas of the hydroxy amine scids was monitored
by measuring the change in optical density at 241 am,
as suggested by Riley et sl. (1957). The reaction
was compared with that of an identical solution
containing PP=L disclated from bovine nasal cartilage.
Molecular wedghts of the degradation products were
determined by ulitracenteiflugation,

{b) The protein moiety isoloted Prom fraction
H2L by hepavinase digestion was Pw~elininated according
to the methoed of Simpson gt epl. (1972). dMaterial
(about 200 pg.) was dissolved in 2 ml, of O.2M-Na,5C.
and the pH adjusted To 1Ll.Y. The scolution was
stdrred under nitrogen at room tomperature for 234 h.
The veolume was now reduced by rotary film evaporation

and the sample desalted on a Sephadex G-1C coluimn

(‘l-ﬁ ® 80 Cfn.).




Doegradation with Nitrous Acid

Fraction H23b was degraded according to the
mothod of Cifonelli (1968).  The heparin preparation
{9 mg.) was dissolved in water (2 ml,) and the solution
passed through a column (1 x 6 om.) of Dowex 5HU-N8
(1%, 200-400 mesh), at 49C, and followed by & water
wash.,  The combined effluents (16 mi.) were mixed
with 12 ml. of glyme (ethylens glycol dimethyl ether)
and the solution was cooled to -159C, (le L¥mnitrous
acid (9 ml.) in 60 per cent glyme, which had boesn
frowhly prepared [ Scanley, 1963], .was added and
depmination was allowed %o proceed in the dark,

Aftey 12 h., C.B mi, of 1L2.5 per cent smmonium
sulphamate were added and the mixture was placed

in the cold (4°C) for 1 h., with occasional shaking.
The solution was neutralised with NaUll, concentrated
to ahout 3 mi. and desalted on a Sephadox G-10
column (1.5 x 30 om. ). Fractionption of the scid

degraded products was achieved by a twoestep

ProCoduro tw

- .



{1) Tho salt Lrec solution was twice
ehpromatographed on & Whatmoan DE~G3 celliulose ¢olumn
(2 x 6 cms) 2% 2 rate of 20 ml, per hour. The
eluted matorial was further fractiomated by
electrophoresis,

(2) Concentrated samples (0.5 ml.) were applied
to Whatman 3MM peper in O, 178M-acetic acid ~ 1,28~
pyeidine, pll 6.0, for & h.,, a8t 80maA and LOCOV,
Hinhydein and toluidiane blue positive areas were

eluted f£rom the paper with watewr,

Degradation with Heparinase

a) Bxtraction of Heparinase Pfrom Flavobacterium

heparinum (ATCC 13126)

The bacterin were grown and harveasted according
 to Payza sod Korn (1986) and Linker amnd Hovingh (1968)

A LQ 1itvre culture of ¥, hepardnum after

inoculation with a 150 ml., 24 h, culture of cells
wWas 4rown in 2,795 per cent (w/v) trypticase soy
broth without dextrose (B.B.L. Ltd.) im the presence

of 0.0l per cent (w/v) heparin (Sigma Ltd.) in a

3



New Brunswick MF 114 fermentor at 24°C with an
aermtiﬂﬁ rate of 10 litres per mipute. The lavel

off heparia in Cthe medium was mondtored at regular
intervals by the procedure of Jagues et al., (194%),
the rate of heparin consumption being shown in

figure B. After 24 h. the heparin lovel had dyoupped
to U.06 mg.e por cent, and at this podunt the bacieris
were harvesied, using a contisuous head at 18,000 »pm,
Gome lostes were covidont sipce bhe superpatant was
ot perfectly ¢ledar, this being due to The extremely
small vize of the micro~oprganioms, flo heparinase
activity was found in the supernatanl on asssying

a eoncentraied sample.

The cells were washed in G.O0368-phosphate
buffer, pll V.0, suspended in & ssall volume of the
same bufffepr, and smonically didorupted Lor 10 minutews
in a Brownwlll sonicatoer at 2°C, The ¢ell debrds
wag centrifuged off at 486,000 ppm and the supernatant
wias then lyophilised, Aépr ximptely 44 per cent

off the deied material wes evotimated to be protein

by the microw-biluret moethod.




b) Assav of beparinase activity:

Incubations were carvied out at® 25°C in O, 10
godium acetate, pill V.4, with substrate concentirations
of 10 mg. per ml. and the enzgymz at 0.5 to 1.0 mgz.
per mi., {(insoluble protein when present was removoed
by eentrifugation). The activity of all preparations
was assayed by messurdng the Ancreass in reducing
sugayr content |[Marais ¢t al., 1966]; glucosamine

was used as & standapd.

¢) Fractionation of (be crude hepapinase

The fraciionation of the heparinase complex
into various engymic components, i.e. eliminase,
plycuronidase and sulphatases, . .was obtained by the
method adopted by novingh and Linker (1970).

Crude iyophilisced extract of Plavobacterium
(6 g.) was addoed to an O,.6k-sodium acetnte solution
(80 ml,.), oad the pH was adjusted to 6.4, The
guspension was stirred overnight at 4°C and the

insoluble residue removed by centrifugation, The




solublile extract was treated with protamine sulphats
{10 mg. per mi, of golution), stirred for J h, in
the ecold (42°C), and the precipitated material was
removed as above, The solution was now diluted to
an G.088 concentration of seetate and added to a
Hhatman P.1i phosphocellulose column (8.5 x 20 cm,. )
which had been previously chavged in O.8M-IICL.
The column wes washed with 0,02080M-Trip, pil 7.9,
ig O il=-RaCl until the effluent was free from
ahgorption at 230 nni. A pgrodlent woas fovmed by
the addition of H00 wmi, of 0,085N~Tris dun C.VHH-NalCl,
pll 7.2, %0 a mdxing vessel contoining an equal
yolume of O.C6N~Trie in O.1M-NaCl, pit V.8. FPFractions,
(G mle)}; wore gollected at a rate of 60 ml, per hour
and were assayed for protein and heparinage activity
(figure G6).

Fractdions in the main peak (80 - 100 mi.) were
pooled, ond subsequently dialyocd against an oxcess
of water for two days, and then against O, ULM-sodium

acetate, pil 7.9, avernight, The active fraction was




- re=fractionsted on phoaphocellulose (1 = 12 oma).
The coluvmn vres Lirst eluted with ©.028M-podiunm
acetate in G, 076M-NaCl and then with O, 028M-sodium
acetate in 0,178M-HaCl, The majority of the
activity was found in the sepcond eluate, which was
dialyeed against an excess of (NHQ)QC@S, pH 7.5,
osnd lyophilised. All purdfication steps wers
carvied out at 4°C,

The purity of hepardnose {eliminass) wao
checked by disec gel cleoctrephoresie which showad
the prescnce of two sitrong bards and at least three

weaker bhands.

d) Digeetion procedure apd fractionation of

degradation products

Lyophilised engyme preparation (4 mg.) was
disvolved in 10 wl. of C,Lld-sodium acetate, pH 7.0;
2L (20 mg. ) was now dissolved in 2.5 ml. of this
splution and incubated at 31°C for 42 k. The

hydrolilysie products wWere chromatographed on a




Hhotman DE«52 cellulose column (2 x 8 cm. ) which

had beon equilibrated in water. The eluted
naterial was collecied and desalted on Sephadex
G-10. Individual fractions were isolated and
identified by high voltage electrophoresis on
Whatman JMM paper and by staining with ninhyﬁfin and
teluidine bDlue, The ninbydrdin positive ares wacs

eluted with water, dried and stored under vacuo,







The slution profile of fraction H2a on a Qéphadex
G=-200 column (2.5 x 50 cms ), vqi&‘vpluaé 75 mley in
21=¥01 at a rate of 8 nl, per ﬁ. Effluent fractions
(4 m1,) were analysed for hexuronic acid content by the
carbazole reaction, Glugosamine and galactosamine
values for tha three sub-fractions were determinad by

the ninhydrin after separation on ion exchange.
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Higure 0

The prowth of a heparin induced F. heparinum
culture grown in a New Brmwwick lePulld fe:cnientcr
at 24°0. with an aeration rate of 10 litres per min.
The rate of heparin consumption with time was routinely

followad by measuring ths decrease in metachromasia of

azure L.
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Pigure 6

Fiution proiile of neparinase Lfron a large
phosphooellulose colwm (2.5 x 20 cme ), fractions
(6 mle) were colleated at o rate of 60 ml. per h.
leparinase aotivity (

Y was determined by
incubating aliquots (0s5 mle) at 25°0. with
heparin as subsirate in (.1¥ sodiuwm aceiate, pH
Tad for 2 hey and thon messuring the roducing
sugzar contente 'the elubion of protein {(—e——)
wag obtained by measuring abporption at 280nmj

{=-~-=-) corresponds to ithe Hall pradiont.
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The chemical compositions of the three heparin
species isolated from liver capsule ore illustrated
in Table I. & generally nccepted eriterion of purdty
as far as heparin is cuncernéd ie the lack of
golactosanine in the preparation, However some
palactosamine appeass to be present in all apnalyses
reported dn the literature in which separction of the
two isomers was carrvied out [Lindanl et al., 19%05;
Lindahl and Roden, 1965; Lindahl, 19663 Sorafini~
Fracaseind et ol,, 13%6%b; Lindahl, 19705 Lianker and
Hovinpgh, 19727, and possibly this amino sugar may ro-
present a minor constitucent of ths macromolecule. In
keeping with this view, fraction HIb was found fo
contain about § per cent galactosamine after repeated
ion oxchange chromatography. liowever, palactosamine
was not found to be present in fraction HLI ead
consequently the previouse assumpiion must be regarded
with some cagfion.

The heparin species obtained as fraction H2aO

vere Pound to contadn ot least 12 per cent pgalactosamine







TABRLE T

Composition of the various heparin species
igsolated from bovine liver capsule. All
individual values are expressed as percentages

of dry and ash~free matarial.



TARIE T

Gomposiiion of the protechaparin spocies

5(

Bl

Hza®

HzZb

Total hoxosamine
{as Tree Lage

Jlusossnine

Galaotosanine

Hoxuronie adid
(as fres acid)

Sulphur (as 8)
Bulvhur (as estor
sulphate, potassium
salt)

Galactoss

Xylose
Protein

Total

Sulphate:Clucosaning
(nolar ratioc)

00

Qa0

2448

e

20.0

2927

3449

KPS
1e7
107

1001

2u 6

2046
2e5

2846

T8

231

33

By
a3

1844
a8

&ed

8,0

1849

307

2.9
1.4
1067

1080, 0




The other two componenis prosent in the parent
fraction H2a, which exbibited gludosamine 3
golactosamine ratios. of U.A7 and 0,289 respoctively
were igolated and analysed. Preliminary charactere
ication gtudies bave shown so far that they contain
idurenic acdd, and tberefore heparin H25° may be
contaminated by some dorpmatan sulphate which hae
-been detected in bovine liver capsule [ Lindahl, 39?0].
Ths hexvronate : glucosamine molar ratio should
e equal to uwndty; however in all preparations this
ratio was found v be greater than the thevretical
values, This ds ian agreement wdih data reported
whese ths poatdo ranges from 1.3 to 2.0 [Lindahl et
als, A965; lasker and Stivala, 1966; JSorafini-
Fracassinl et al., 196G9b; Iovingh and Lipkesr, 1970C;
Lindanl, 1970 E;ran and Lindahl, 1971i; Hireno,
1972%. It bas recently been suggested [Linker and
Hovingh, 19727 that dotermination of hexosamines by
the Bison and dlorpgsn reaction could yield low values;
however, in our experienco the hexpsamine content

determined by the distillation procedure of Cessi

s



and Plliepge (A960) was always in agresement wWith
the resulis obtained by the ninhydrin repction,
ALY propoarations were found to contain MNesniphated
glucoesamine units, this being a further indication
that the dsolated glycosaminegliycans comeist of

hoparin.

The degree of sclphation cotimasted for eaén
£raction was found o be dia keeping with ite
chromatographic proporties, noamely H2a%, which was
aluted from Whatman DE-G2 celliuloee st d Low
elecirolyte concenteation,. . exhibited & Correse
pondingly lowes sulphate content thapn fractions i
and H2ob, lon exmclhiange chromataography should ensure
that the sulphate groups eatimated ars covalently
bound to the polysaccharide, and s0 the possibility
of contaminotion from free sulphate rosidoues can be
disregarded. Sulphate ;3 glucosamine wolar vatios
aleo suggeat that fractions i and HIAb contain five
sulphate pgroups per tetrasaccharide unii, whercas
Praction H2a® only contains on average four sulphates

although 1t must be romembered that this Lracition may




ra s 1

gontein some low sulphate-containing compounds.
The idenvilication of galeciose and xylose
in a moler eatic which ds in keeplng with €he

repovied structure of the linkage vepion | Lindahl

-

and Rodén, 196871, ipdicetes that the poltentially
reducing ends of the glycosamdnoglycan chains are
intect in the tissue.

ALl hepbordn speciles ware Pound to contain
appreciable guantities of protein, It seems
repoonable to suggest on the basic of the isolation
ang purdficetion procedures used in thie project
thnt thoe polysaccharide and the protein moiety are
covalently bound and in heepinp with This hypoithesis.
amino acid anslyses rcevealed in all cases similar
amine acid profiles (Table 33 )

ALl heparin fractions wore found %o be
biclogically acbive, however this activity did vapy
aceording to individual species (Table I1L1). it
is pather difficult at present to relate biologicel
getivity to any specifile chemical or physical property

of a heparin macromoiscvie | Lasker and Stivalo, 18667,







PABIY IT

Amino acid analysim of the various protecheparin
species, The results are expressed in residues of
anino acids per 1000 residuss, Values were obiainsd
by hydrolysing samples for varying time interwals in

order to correct hydrolytic losses.




TABLE IT

Awine anld analysis of the individusl protecheparin species

{ : !
Amino Aeid Lom 1 mee® | map
g H
Hydroxyprolive 25,0 %: 04 i 0ud
Appartio acid 9 © 2071 | 72T
Phreonine 256 %266 i 3643
Sering 1351 | 1735 | 1815
Glutanio aeid 854 111.7 134477
Proline 8162 L A 3643
Glycoine 2631 27T 7 B
Alanine 3845 799 83eT
Valine Ahe T 4205 43a5
Cyatine. (#) 0.0 0.0 (e
Hethionine 0e 0 Oeld Qa0
Isoloucine 215 18.5 24l
Leueine 4440 5048 The3
Tyromine Trace Tracs st
Phanylalanins A0 2048 3045
Hydroxyproline 0.0 0.0 0,13
Iyuine : 5048 2840 2440
Histidine 0.0 18.0 2440
Arginine %0eb 23.7 Xadl







PABRLH  TIT

Biological activities were determined by two
techniquos which involved tiitrating the samples
against protanine sulphate. The protamine auiphaie
~used (1 mg.) was found to be equivalent to 86 B.r,
units pexr mg. lung heparin, aad 110 B.P. units per
mee mucous heparine An average value of 100 B.P.

units per mg. was taken for the heparin standard.




PABLE I

Blologiond aotirvity valves of tho heparin sgpoeiop

peasont in bovine 1ivoey capsule.

"L 1iga® 2L

Biological Activiiy 145 110 180

(BePa units por mze)




fopr cxamplic, Laurent (1961) corvelated biolopicnl
potdvity with meoleculay welpght when considering
number off compercial heparin sonples, snd this was
Further supptrted by ggren and Lindahi (4971) in
their study of heparin from mouse mastocytona,
Hawever Barlow gt al. (1961) reported the presence
of a high molecular wedght heparin Species with low
bilciopical activity. On the other hand the degres
of sulpbation may also wepresent an important factor
in thin respecti however, Lasker and Stivale (1.966)
found that on treating heparin with acid under milad
econditions, blologicnl activity decreased with time
off treatment although npo loss in salphur content
was ohoerved. Thie suggests that somo form of
structurnl orgonisation must bear some inflvenca on
biological propervties,. The results obtained fop
frpetions Hi, iI8b and H2s° indiecate that biologleal
setivities eare affected by both molecuinr weightis
and suliphur countents,

Data reported 4in Table IV show that heparin

apeedes present in bovine liver capeunle fall into




two classes of macromolecules whiech exbibit o
1:2 relationship regerding thedr molecular weights
at vanishing conceatrations, It should be pointed
out that the range of M app obtaoined at vanishing
concentrations and at the base of the column fop
Hi and H2P which constitute the high-molocular
wedght species may yrellect some degree of macro-
melecular apggrogation. Un the other» hond, it
should be noted that polydispersity of the hoparin
chaing may grossly affect molocular weight estimations
gince reduction in chain longth by only one tetraw
sacchardde unit would pesult in a decreasss in
meleculay weight of about 16 per coent whon an
average chain weight value of 8,000 daltons ig
assumed,

Whole~cell and C=0 averages of fractions HL
and H2b clearly fall into very sharp ranges when
compared with the data of a highly purdfied lysozyme
sample (Table IV}, thus indicating & high degree of
homopgenedty of individual heparin species.

Furthermore, the molecular wedght values off these

TY
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two fracitions showsd remarkable similarities.
Un the other hand, molecular weipht averages of
fraction 120° reflect thoe presence of at least
tito macromolecular species in this preparotion.
The chain weights, caleulated Lrom xylose
content are eimilar in all three fractions and
an averape value of 7,800 dalvons can be taken.
llowever, whilce this value is in keseping with the
Bn for H2%a®, one finds that it is only half of
those recordéed for Hi and H2L, it 48 also
interestiﬁg to note that hoparin chains dsolated
from bovine liver tiscue by Lindahl (1990) werc
found to have molecular welghta (ﬁw) in the region
off 7,400 daltons which is in good agreement with
the average chain wedights roported in Table IV,
Cn the basis of thése data it can be postulated
that Practiong Hi and b counsist of two heparin
chains covalentiy bound, while fraction H2a®

containg bHoih doublets and singile chains, in

keeping with this wview is the glose approximation




of the My values of H2a° to these of the other
two fractions.
411 molecular weights were calculated using
a partial specific volume of 6,66 ml.g”$ which is
somewhat hidgher than the values previously reported
for heparin preparations (0,42 to .50 ml.g”ig
Lasker and Stivala, 1966). This discropancy is
probably dug To the presence in ouxy preparation
of a protedin moiety (see Table 1) whiceh accounts
for about 40 peyr ¢ent of the “otal dey wedght,.
Chemigal and physdical chemicnl analysis
supgests that fractions Hi and HIL are similar 48
not ddentical, It was therefore decided to rostrict
furtheyr studies, with a view To demonsirating a
covalent linkage of ¥he polysaccharide and protein
modetdhes, to fraction 2D sinee Lt represented the
mador comporent of bovime iiver capsule and because
of this high yield was more amenable o provide good
sampling.
High voltage paper olectrophoresis (Pigure 7)

showed tThe mateprdal to migrate o the gnode as a







High voltage electrophoresis of the protechenarin !
sample (A) compared with a commersial heparin sampla (B). |
The rm vas perforaed on étnipa {35 = 53 oma.) of Whatmen
31 paper in & l.2-pyridiae - Q.17iagetic soid (pH £.0)
buffor at 1000V and S0mi. The ohromatogram was sitained

with toluidine bHlue.




e




single component and very little heterogenedty
was observed, particularly whern compared with =
sample of a commeredal preparation. The samples
were sltained with toluidine bluo,

Acrylamide disc gel electrophorssis (Figure 8)
#l80 showed the material to migrate ns o siangle band
which was evenly atained with & variety of dyes for
protein and glycosaminoglycans,

From the elegctrophoresis experiments the
following conclusions can be drawn:

{8) Thé fraction ig Pree Prom contaminating
material, and

(b) the protein and glycosaminoglycan moieties
mligrate together in spite of charge and size
differences, although it is rather difficult to
compags ﬁccnr&tely the position of bands in different
gels of similar chpracteristics which have been ruﬂ-
under identical conditions,

The infrared spectrum of fraction HAL is
shown in figure 8, and of particular importance

3

is the absorption at 1280 on ~ which corrosponds







"4 qure 8

Disc gzel electrophoresis of proteoheparin (H2b)
after the gels had besn stained with bromocresol
green (A), amido black (B) and toluidine blue(C).All
gels (7.5 per cent acrylamide) were run under identical
conditions (4nA per gel) using a gel buffer solution
of 37Tmi+Tris-HCl, pH 8.4, in conjunction with a tank

buffer solution of 3Bmit-glycine, pH 8.2.










Fig

_The infrared spactrum of protecheparin {(Hab)
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to the Nesulphate group on the glucosamine residug
{Dietrich, 1968]. Gither strong absorptions were
found in the regdion from Y00 to 1000 cm"l. The
band at 8786 cm“i can be assigned according to the
findings of Ddotrich to the N-gulphate glucosamine
units while absorptions at 800 and 925 cm"l reflect
the presence of O-sulphate substituted groups, it
has further boen sugpgested that the C-sulphate group

X

aosigned at 860 em © is amescciated with the hexuronic

e

acid component | pdetrdch, 1968], furithermore, the
amoeunt of Nesulphated glucosamine resdidues present

in the prepavation was found to be 16.3 per cent of
the dry wedght, llowever, since this macromolecenlar
conplex contains 18.4 per cent glucosamine (Table I)
it is assumed that the remeining amino sugar residues
are Neacetylated. This is in conformity with the
observation that the repion of the heparin choin in
the vicinity of the potentiplly reducing end contains
N~acetyl giucossmine residucs [ Lindahl, 1966; Kotoku
et al., 1967]. in this resvpect it is important to

note that biocsynthetic studies on mouse masiocytoma




tumour extracis have shown that glucosamins unite
are probably laid down durdnyg polysaccharide
synthesis in the Neacetylated form [ Silbert, 19563
Helving and Lindehl, 19727,

in an sttempt to establish the covalent anature
of the linkage between the "protein moicty" and the
pepordin chaing f-silimivation of the carbohydrate
mode ty was carvded out under mild alkaline conditions,
Howevewn, the reaciion appeared to be sliuggdsh and only
a‘small proportion of the chains preseont scemed to
be affected by the reaction. maleculﬁr wolpht
annlynis on the P-~eliminated material (Table V)
shows a reduction in the wolecular weight averages
both in the wholewcell eutimations and at vanishing
concentrations, The most notable docrease in
molecular weight is observed ot the moniscus where
Hin app pives a velue of 9.81 =z 1&3 daltons. This
Pigure is in direct agreement with the chain wedght
value whieh was estimated Lrom choemical data (Table

iv) and confirma that feelimination had occurred
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although not compleotely since values determined
ot the bose of the column wers Found to be
gimilar to The values reported for an untreated
sample. These resulis show that the heparin
chains ave liunked throuph an alkalise labile bond
to o hydeoxyamine acid(s) buried in the protedn
core and thet the conformation of the macromolecule
Gt bear some influence on the efficiency of the
Feaction. It may be counsidered that the xylosee
iinked seyine rooidue(s) are sitvated at the N or
Cwtorminal positions [Neubewger gt al., 1966],
however Netermlpnal analysis did not support this
vievi.

Moleocular weight agalysen of feaction H2b
which had bsen subiected to papsin and pronase
treatment suppert the wiew that in both instances
the protoin bockbhone ie cleaved since all moleculoar
wedpht values showed a moarked decrease when compared
with those of the parent preparation. in particular,
the Mn ppp value ot vandshing concentration fox

hoth experiments agress quits Lavourably with the




equivalent value obtedined from P-eliminotion
studies and chain welght deteprmdnations, This
evidence, althougl noet totailly conclusive, confiecne
the presence of covalently bound puolysaccharide
uwnite linked to a prolein structuve, Howsver,

it is worth aoting that enzymic degradation does
net go to completion since a proportion of high
melecular wadght materinl de still present at the
pase of the column after prolonged digestion.

{me could postulate that owing to the presence

of two hidghly charged heparin chaine in élosa
proximity the enmymic action is sterically hindered.

The "protein modety"” was isolated after Treatment
of H2b with nitrous acid or hoparinass.

(a) Treatment with nitrous acid at low
temperature results in the conversion of K-sulphated
but not of Neacetylated, hexosamine revidues toO
anhydromannose units with concoemitant cloavage of
the corresponding glycosidic bonds, The "protoin
molkety" was isclated by don exchangeo and high

voltage paper clectrophoresis and exhibited a




sliucosamine : servine molar yatico of 0,G§5,

(b) fleparinase treated 2L yielded a similar
glucosanine : serine molar ravico aftor the rospective
purvification steps. Specifficity of the enzyme
reguives the pregence of O-sulphate and sulphamido
groupe in the glucossamine residuss and derdvatives
conkadning free amine ov Nencetyl groups are not
subsirates For the enzyme.

The amino acdd composdiiions of the Yprotelo
modety? dsclated after these Two procedures are
showa in Table Vi, O compardson with the undegraded
sonple (Table II), very little deoviation in amino
acid content is observed. Asseeament of optimum
hyderelysis timee for glyccsaminoglycasn samples has
shows thaiy the recovery of serxine io dependent upon
the preconce of hexosamine in the sample, Althouph
on average apn hydrolysis time of 24 h is taken to
give optimum yields for most protedins, in the casc
of heparin and PP-IL, moximum recoveries for some
amine acids are obsgyved altey bnly hydrolysing the

somple Lor 16 he This sugpests that the preﬁanca'







DARISH VI

The amino acid values were corrected for
hydrolytic losses (see Table II), and are

expregsed as regidues per 1000 residues.




Andno aold analysis of Frachion H2h after anlbrous avid and

ARV

hoperinnge freatwent compared with ap watracted sunplo.

Amine acdd Untreated | Hitrous acid | Hepaerinase |
Hydrexyprolins Gald Gald Oald
Agpartic acld T2et 81.5 G4e8
Thraoning 3643 3845 4343
Serine 181,98 197.6 189:9
Glutamia agld 14,7 134 13445
Proliine 36.3 g 30,1 4441
Glyeine 223448 I 25547 27128
Alanine 837 f; Tla 6 8947
Valine 435 395 4043
Gyatine (&) e 0.0 Qe
Hethionine 00 0u0 0u0
Lgoloveing 2845 i 2447 2de3
Inuoine Tia3 484G 4546
Pyrosing Teags Pracs Teaoe
Phenylalanine 30.5 17.8 1ieT
Tydrosylyeino D0 O Qe
Iyasine 2440 18,4 13.9
Histidine 240 17.8 1249
Arginine 32+4 173 21e3

i



off the glycosaminoglycan chains beors some marked
effect on the cleavage of the peptide boud,

The "protein moliety" was tested for homogeneity
by two indepoendent procedures:

(a) N-terminal opaiyeis by the dansylation
technigque revesled alanine to be the only N-terminal
amine ackd residue preseaty this respult was supporied
by the observation that the slsnine content of the
hydrolysete fell markedly sfter treatment of the
proveln with dnueyl chlordde.

(b) Acpylamide disc gel olecitrophoresis in
which samples were steined with coumassie blue
clearly demonstrated the presence of a single band
(Figure 10). The sample wipgrated with a marker
dye which suggests the presence of a smell unifornm
molecuisy specles,

Carbohydrate analyeis of the "protein moloty"
sevealed the presenve of neutral @uéara ang Ne
acetylhexosamines (Pigure 11). The latteyr
observatiaon ieg in égreemaﬂavwith the finding m@ﬂtianeé

eariier thai sulphate content decreases near the







Figure 10

Disc pel alegirophoreais mm of the "protein
moioty", obtained after frastion ¥2h had beon treated
with heparinase (4) and nitrous acid (B)e The gols
wore rua under identical conditions and s,t_aineﬁ using

the Counassie blue teohnique [Diezel gt al., 1972].
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Dirpra 11

Gag=liquid ohromabogran of the sugars
agsooiatad in the linkage of +the heparin chalias

to the protein backbono.
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potentially reducing end ol the heparia ¢hadn,
Hovvever, the main featuve of the gas chrohatagvam
in figure A1 is the presence of galactose and xylose
in a melar ratio of sbout two, which ds in agrceowment
with results recorded in Table I, and is consistent
with the linkage regions of the heparin chains still
heing attached to the "protein molety". Furthermore
the JLdentification from the monosaccharide profils
of a high molar ratic of glucuronate to iLdurcnate
together with a glucuronate : xylose molar ratic of
one indicates that these linkage regions are intact,
The chromptogram alse shows the presence of
Neoce tylgalactosamine in addition to N-acetylglucosami
The presence of the former hexosasmine, which constitut
Q.8 per cent of the parvent complex, conlirms the
poseibility of this undt bedng an integeal part of
the heparin chein neor the reducing end. Y€ would
therefore appear that the Pollowiang pentassccharide
may be preseat in the preporation:

{(Gle NAc;

- (Gal NA¢ Gle UA = Gal - Gal - Xyl -~ Protein

In order o deteprmine the point of linkage in



the protedn backbone, the "protein modety" ieolated
af tor either nitrouve acid or aftesr beoparinase treatment
wag subjectod o allkaline conditioms in the presence of
sulphite ions. The resction which was first described
by Simpeon gt al. {(1972) involves f-elimination of sube
stituted seryl snd threonyl residues followed by a-§
aucleophilic addition of suwiphite ions w© the correspondin
dehydroenine seide resuliing inp atn&ehi@m@trib formation
of thelr sulphonic acid derivatives: eysiedc acid and
Sepmino=-Jesnlphonylbutyric acid, vespectively. The
resulis arce presented in Table IV, Uafortunately cysted
aeld and Seamino-d-sulphonylbuiyrde acid are not resolved
on an automatic amine acid anslyser. AfPter f-eliminatio
the amino acidd analysie of Lrection HEb rovealed a decrea
in serine content (about BO residued per 1000 residues)
togethar with the appearance of 2 sulphosie acid derivati
Since no loss of thyreonine was observed the sulphonic aci
concentration was caleuvliated as ecysteic acld and a value
of 74.9 residucs per 1000 residues was obtained,.

The elegteon microscople appearance 0f the proteo
heparin complex (HSb) is shown dw Qigure 18. Although th
particies exbibited copsiderable variation in size, the

majority sre 3um in diameter, and are elther idsoclated ox

aldgned in short rouwe.







Fisure 312

Honolayer of protechaparin macronolecules (Ii2h)
spragad on to a oarbanﬂcoated-gria at a concontration
of Sug per ml. Thy bianuth nitraté aiaining tachnique
was used, Arvowa (a) indisate short rows of beaded
filaments composed of gaveral 3nm particles and arrow (b)

point to an isolatad nartiocla.










DIBCUSHI ON

Although a number of workers have claimed,

E: [Lloyd et al., 1967; Spralini-Pracassini and Durward,
: 19687, and in 2 number of cases dismissed [Lindahl,
1973 %gren and Lindahl, 1971] the possibility of a
protecheparin complex existing in thavnative state,

it is Pirmly established that the biosynthesis of the

glycosaminoglycan chains occurs in the presence of an

endogenous protein acceptor [Grebner gt al., 1966].

The existence of free heparin c¢hains waich have
been reported by Lindahl (1870) to be present in bovine
liver capsule may result from the protecoheparin being
degraded within the mastecell granule immediately after
synthesis or, alternatively, when ite physiological
iife-span has elapsed, In the Iptter case it should
be possible To obtain the complex in its native state
if precautions are taken to avoid cngymic degradati#n
during ieclation pince it is known that heparinase (s)
and trypsin-, chymotrypsin-like protesses are present
in mast cells [Jogques and Cho, 1964; Benditt and Arase,
1969; Lagunoff and Benditi, 19637, The oxtraction

procodure developed during the course of this work was




designed to mindmise the effects of these enzymes
thyoughout all extraction and purdilication stages.

Infrared spoctroscopy as well as chemical
studies support the view that the glycosaminoglycan
isolnted in this work was heparin ﬁincg they all
revealed the presence of Nesulphated glucosamine
unitea. The preparations were alao susceptible to
nitrous acdd treatment and heparinase activity.
Chemicnl evidence (see Table I) also shows that the
heparin chains present in the respective preparations
woere intact, since all fractions were found to conteain
supgars known o be involved in the linkage region, in
a concentration corresponding to a chain weipght of

about 8.0 x 10°

daltens for the pglycosaminogiycan,

The poasibility of these neutral sugars being
congtituents of contaminating glycosaminoglycans

can be digmissed, since fractions Hi and l2b contained
practically no galsctosamine. lforeover even in the
case of Praction [H2a% the amount of this amino sugar

wos too low to account for the high concentration of

xylose estimated in the sample. Furthermore chain




wedghte of the plycesaminoglycans estimated Lrom
both chemical and phyeical chemical data are in
agreement with the values reported for single heparin
chains from the same seurce [Lindshl, 1970]. It
would therefore appear that free heparin chaias
lacking an intact linkage region [Lindahl, 1970]
are nant true constituents of bovine liver ¢apsule,
It spoms quite proboble that these degraded
giycosaminoglyecan chains (only one in eight were
estimated to contein a xylose residus) had arisen
during the course of the isolation as products of
protease (s) and pelysaccharidase(s) activities,

ALL preparations were found to contain appreciable
guantities of protedin ranging Pfrom V.6 to 10.7 per cent.
Diveet compariscon ¢f the amino aseid composition of
Practions Hi and H2D was difficult owing to the low
vields of the former fraction and, as a rveselt, accurate
correetions for hydrolytie losees could not be made.
Hevertheloss the two profiles did appear to be sdmilap

altbough the presence of hydeoxyproline in fraction Hi




indicated the possibility of collagen contamdnating
the preparsation. Comparison of fraction [2b with
i2a° is probably meaningless since the latter
preparation contains & relatively high proportion of
gainctosamdne which bas been interpreted as indicating
the presence of dermotan sulphate as a contaminoting
glycosaminoglycan, Furthermorq,the iow molecular
wedght svesrages, together with a Lower overall protain
content, suggest that thia preparation may be a
degradation product of the parent compound.

The awmino acid composition of fraction HRAb, and
of its protein core isolated after treating the sample
with nitrous acid and heparinasce are particularly
intercoting. Analyses were carcvied out on ihree
separate preparvations in order o Ltest and correct
for any contaminating material, and the respective
profiles sare shown in Tobles VI and VII. Resulis
roeported dn Table VIL are expressed as the number of
asine acid residues present in the "protein wmoiety"”
when the wvaluves £or proline and threonine are taken

as one. On this basis the “protein modety"” of the
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TARI

Amino aeld Untroaied Bitrous asid Hepavinags
Bydroxyoroline 0.8 3.0 ; Guld
Aspartie asid 240 109 ’ 2,0
Thraonine 1.0 (349 1.0
Sorine e 4e G Aa7
Glutenle aold 32 3082 3.1
Proline | L0 Ca'l Ll
Glyoine ; Ga 640 Gyl
Alanine | Ze3 Le8 Z2el
Valine g 1e2 049 B9 !
Syptine (1) 0.0 0.0 0.0
Hethionina 0a0 040 040
Isclensing § On'f S Qe
Teueine | 240 e s
Ty posing 0u0 0e0) 0.0
Prenylalanine % Dl Qud : Uad
Hydvosylyning | 040 0u0 0e0
fraine L 0 Oudh 03
Higtidine Ua'f Qud E 043
Avginine 0uY Oudl | a3
S o "

he number of anine acid residucs preseut iu Fhe protecheparin
sample (H2b) before, and after nitrous acid and heporvinapge Greaimen




undegraded prepsvation, which contains a siagle
Neteprminal amino acld yresidue, was found to comprise of
a maxinuwn 0f twenty-eight amige scides and consequently
o bave n wmolecular wedght of 2740 daltons, Values
for isoleucine, phenylalanine, iysine and hietidine
gxhibited raties which were somewhnt lower then unity,
and ge o result these amins acids may repredent Crace
contaminants wihdch are bound electfaatatica;ly to the
heparin chain, owing to their overall basic properties.
On the other hand they may reprecent The proesence at
the Ce-torsdnal end of & poelypeptide sequence which ie
particulavly cuscepitible to proteclytic attack, The
theoretical molecular weidpght of a compound containing
such £ polypeptide linked %o two hepsrin chalne would
be 8.1 X 104 when molecular weighte of L.7 x 104 and
1.4 % 103 are assigned to the heparin maiﬁty and the
linkage regions reepectively. This value ie in
agreement with the average moleculsr wedght estimated
by ultracentrifugation, |

The amino acid profiles of the protein moiety




after nitrous acid and hepardnase treatment of

the proteoheparin spmple show that the same number

of regiduesn appearsto bs prosent Loy the majority

of amino acids, However, the comparison of the

vesidue composition of such preparations with that

of the pontreated sample olearly elbows that one

lpucine residue is loet and a sharyp reduction in

phenylalanine, lysine, hisvidine and arginine also

oceurs, The foot thet in both instances heparin

chadns hove been elimipated and thet the purificetion

of the Yerotedin modety® by high voltage elecirophoresis.

had yielded only o single species appears Lo substeantis

the view fthat these odd aminoe aeide may boe an integral

part of the polypeptide. Suabh a r&ﬂncﬁiug in amino

acid content might reflect lability of the region at

the C-torminal towsrds acid and protoases which may

contaminate the heparinsse prepavantion. ’
Bxemdnation of the sugar content of the isolated

protedn molety revealed the presence of twe intact

linkage regiong for polysaccharide atiachment and s8¢

it seecms probable that i the methods used for




isolating this heparin-free fraction have no adverse
effect on this region. While fBe-elimination of the
parvent compound was rather slow and incomplete,
treatment of the “protein molety™ with slkali in

the presence of &uléhit@ ions resulted in the produgiion
of cysteic acid, Bince this suiphonic acid derivative
ropresented 37.85 per cent of the seripne molar content
prior to alkali treatment, the imvolvement of two

serine residuevs from & possible five dn the linkage

of the polysaccharide chaine to the polypeptide backbone
appesars to be confirmed.

The data 80 far discussed, together with tThe
results from ultracentrifuge analysis, appear to agree
with & moedel in which the polypeptide, contaﬁning
twenty-eight aminoe scid residues, is covalently bound
to fwa hepardn chaine through two seryl residues,

Information s¢ far available comncerning the
structure of this complex does not allow postulations
o be made regarvding the actual lecation of these seryl

residues invoelved in the linkage, but it would appear




thot the protein corve Lo burded within the macro-
molopular domain of the glycosaminoglycan and is
consogquently protected rgalnsit attack from protede
iytic enmywes, In fack treatment with pepain aund
pronase was acot a tolal succees gince c¢leavage of
the protein backbone 4dd pot yield single monomeric
units.

If the proposed structure of this complex is
coprect, then the majority of the proiegoheparin species
present in bovine liver cepoule wopld have 4 macro-
swlecular orvgandsation similar to that of bovine
naeal cartiliapge proteoglycan which contains chondroitin
sulphate chains located on its protedn cove in a -
reguleyr fasbion. The overall moleculsr weight of
this proteoglycan complex vardes from 1L -~ 4 x 306
daltonn., The chondprodtin sulphate chadns are located
in pairs which are covalently bound o seryl residues
sepurated by ften smino agdds and coenstitute what is
rofaryed %o as & doubletv [Mathews, 18V1].  Although

there is o wmorked variation dn these two mecromolegular

s Fo s "



comploxes it is of intersst to podnt out thaﬁ
protepglycans of a molecular weight lower than
ix 1ﬁﬁ have been observed in porcine cartilage
[ Bimpson and Davidson, 1972; Woodward gt al,, 1972],
and in rabbit asricle cartilage [Serafini-Fracassini
and Stdmson, 1971]& Sim;;%gly it is worth noting
that recent work in our 1éb§rat0vy has shown thet
bovine nasal cuftiiaga protaoglycan veprosents 2
gyt tem of'ﬁelf»aaaaciaﬁing anbuznite in wﬁich ageregates
Porm, probably through hydesophoble interactions of
the respective protein moieties. The size of these
subunite is less than & x 105 daltons and their fiae
structure is at present still sunder investigation,
Thers is evidence that some damage of the
protein corve may have gccurred durdng the iesclation
" of the sqmglai?ﬁiking it impossible to assess whether
the 8 x iﬁﬁ mdélecular weight species represent the
pative prntaoglycaa O agé»adaﬁian products of larger
macromolietules, However 4% i worth noting that

dpte from ultracentrifugation anrlysis is not in




keeping with this view, since an Hz vaine of

.89 = 16% deitons at the base of the coluan

was reocorded. This value may omly have been
obtained if macrnmaiecular éééraﬁatiam had boen
suoeeasfully complated, Tt shouid alse be
gomdlderad that duve o their intracellulany locations,
thess magromclecnles are probably more exposed o
engynic degradation than Vhe correeponding interw
cellular glycosaminoglycens, and that it saend
probable that protesiysis nay start lamediately
after death of the asnimal due to the releasa of
proteases rom the lysosomes.

Lf the doublet structure of protooheparin ic
the true repreocentation of the native complen, it
would be iatereﬁtiag o componra ite éinm struciure
with that of extrscelivlar proteoglycans in pavticulnr,
aa fay os the location of tho seryl residues iun the

protein backbone is concerpede




BIBLIOGCGRAPHY




BIBEXGOGRAPUY

Angderson, B., Hoffman, . and Heyer, K., (1966)
Jo Biodl. Chem. 240, 156
Antonepoulos, G, (1962)
Acte chem, scand., 36, 1821
Baker, J.R., Roden, L. and Yamagata, S. (1871)
Biochom. J, 128, 9dp
Bariow, G.H., $anderacn; N.De and MeNoill, P.D. (4961)
Arch. Biechem, Biophys. 54, 510
Bonditt, B.P. and Arase, M. {(1956%)
J. Exp. Med, 1i0, 451
Bontley, J.P, angd Rokosova, B. (L990)
Biochem. J. 116, 328
Dhatii, T.,-Chﬂmb@wﬂ, R . #ad Clamp, J.R. (1870)
Biochim. Blophys. Acie 282, 399
Bitvor, T. and Mude, I, (1962)
Anal, Diochemn, é, B30
Brandt, K.D. opd Muir, H. (1969)
Biovhem. J. ji4, 871
Brandt, K.D. and Meir, H. (1971a)
Biochem. J. 121, 264
Brandt, K.D. and Muir, H, (197ib)

Biochem, J. L1233, 747

e



Casassa, B.F., and Gisenberpg, H. (1964)
Adven. Protein Chem. 18, 287
Ceesd, C. and Piliego, F. (1860)
Bdochem. J. 27, 5OH
Charles, A.P. and Scote, D.A. (1938)
Biochems. Jo 80, 193¢
Chepvenka, C.H., (1970)
Anal, Bdochem. J4, 24
Cifonelili, J.A. (1968)
Carbouyd. Rews. 8, 233
Cifonelii, J.AH. and Dorfman, A, (1962)
Giochem. Biophys. Res. Commun, 7, <43
pPandohelsky, Y. ond Steiner, H. (1968)
Biochim. Biophys, Acts 101, &7

Dawson, R.M.C., Elliet, D.C.B., Biliox, HW.il, and
Jones, L.M, (L969)

In: Dpte for Biochemigal Resonrdch
pe849 (OxPord Press)
piotrdch,. C.P. (1968)

Biochem, J. A08, 647
Dhetrich, C.P. (1969)

Biochemistny 8, 209




Diemal, W., Kopperschlager, G. ond Hofmann, B, (1972)
Anal. Bicchem. 40, 617

Dische, Z. and Borenfreund, H. (1980)
Jo Bicl. Chem, 184, GAY

Bison, L.A., and Morgen, W.T.J. (1933)
Diochem, J. 27, 1834

Byring, B.J. and Yang, J.T. (1968)
Je Biol. Chom. 24§, 13006

Grebner, B.%,, Hall, C.W. and Neufeld, B.P. (1966)
Avch, Biochem. Biophys. 416, $94

Groen, J.¥., Day, M. and Roberte, M. (196G1)
Jde Pharmacol. 182, 68

% Grogory, J.De, Lauvent, T.C. ond Roddén, L. (1964)

J. Bioi, Chem, 239, 3318
Grose, J. snd Kirk, B. (1958)
Jo Biol. Chem. 234, 368G
Herdistry, R.Ns and Ingram, G.I.C. (1968)
In: Bleeding Disovders p, 330
{(Biackwell Scientific Publilicatiocns,
Oxford)
Hascall, V.C. and Sajdern, S.W. (1920)
J, Bial; Chem, 248, 4930
iaseall, V.C. and Riole, R.L. (1972)

J. Eiﬁlu Qhﬁ;‘mc 24?. “:}529




Heinegard, e (1972a)

Bi¢ohdm, Biophys. Acts 286, 481
Hednegard, D. (1978L)

Blochim. Biophys. Acta 2885, 193
Helting, T. and Roddn, L, (1968)

3, Biol., Chem, 246, 5448
Helting, T.. snd Lindahl, U, (1878)

Aetn Chem. Seand, 26, S646
Herbert, J.R. and Masiod, H.A. (1963)

Biochemdstey 2, 11031
Hironoe, S. (1972)

Int. J. Biochem. 4, 6Y7
Hjertquist, S.-0. and Begfeldt, B. (1967)

Actn Path, Microbiol. Scand. 187, 20
Biertgudst, S.-0, and Hasteson, ) A (1972)

Crle. Tien. Res. L0, H4i

Hoffman, P, Mashbuors Jr., T.d,, Heyer, K. aod
Bray, B.A, (1967)

Je« Biol. Chem. 242, 3799
Hovingh, P. and Linker, A, (1970).

Jt Biﬁlt ﬁ}h@m. :2"‘&5' &170




Howelld, W.H. and Holt, H. (1918~19)
Am, J. Physdel. 47, 328
Hranisavijevid, J., Simpson, D.L. and Davidson, H.A.
R - Biochomistry 4ii, 2988

Hvidt, A., Jobansen, G., Linderstrgm-Lang, K. and
Vaslow, ¥, (19864)

GCompt. Rend. Trav. Carleberg Ser. Chim.
28, 429

Itezahoki, R.F, and Gill, D.M. (1964)
Annl. Biochew, 9, «01
Jaques, LeB., Honkhouse, F.C, and Stewart, M.Jd, (1.949)
J. Physiol. 109, 41
Jagques, L.D. aad Cho, M.H. (1954)
Blochem. Jo BB, xRV,
Jagues, L.B. and Bell, H.J. (1959)
Biochim. Biophys. Acta 12, 133
Jones, A.S. {1953)
Biechlm. Diophye. Acta L0, 607
Jorpe, Jede, and Dergstedm, S. (1956)
%, Physiol. Chem, 244, 263
Kao, K.¥eTs, Hitt, W.H. and Leslic, J.G. (1972)
Bdochim,., Blophys. Acte gV8, 431
- Korn, B.D, and Payes, AJH, {1956a)

Biochdm, Blophye. Acta 20, 596




Korn, H.D. and Payza, AN, (1966D)

Jo Biecl, Cham. 223, 369
fotoke, T., Yoslzawa, %. and Yemancehi, V. (1967)

Arch. Biochom. Blophye. ABO, 553
Legunoff, U. and Warsen, G. (1968)

Arceh. Biochom., Bdophysn. 88, 3906
Laguaoff, D, and Beaéitt, Be¥Pe (1963)

Ane N.¥. Acad. Sci, L08, 138
Lasker, S.B, and Stiveals, S.5. (1968)

_ prch, Blochem. Biophys. 11§, 360

Lau&ént, ToCo {1961)

Avch, Biochom. Blophys. 92, 224
Lindahl, U. (L966)

bioghim. Bivphye. Acta 1380, 968
Ldndahl, Y. {1969)

Biochem. Jo A1J, 869
Lindahl, Ue {(1970)

Biochom. J. 136, 27

Lindakl, U., Cifonelli, J.h., Lindahl, B, and
Roden, L. (1866)

I:g‘ 35-@1: Cilé’.‘il’t. Q“ﬁ’ 38;&?




Lindahl, U. end Boddn, L. (L968)

J. Biol, Chem., 240, 2821
Lindahl, U. and Hodéwn, L. (1966)

Jo Biol. Chem. 244, 2443
Lindhal, U. and Azelsson, O, (49741)

Je Biol. Chen. 246, 74
Linker, A. and Hovimgh, P. {(1968)

Je. Biol., Chem. 240, 3724
Linker, A. and Hoviugh, P, (314873)

Bia&hemiatéy 43, 568
Lioyd, 4.G., Bloom, G.D., and Bolaze, H.4, (1967)

Bivchem. J. 104, YEp

Loewl, G. {(L953)

Je Path, Dact. 6§, 81
Luscombe, M. and Phelps, C.F. {(1987)

Biochem. J, 108, 3110 |
Lyous, H. snd Sisger, J.A. (4971)

J. Bhol, Chem. 246, [V

Manlenn, Jo (1916)

Am, J. Physiel. 44, 260




Mardiae, J.P., De Wir, J.L. ond Quicke, G.V. (1966)
Anal, Bioches, LB, 473
Mathews, M.B. (1971)
Blochem., J. 125, &
Mothews, M.B, and Lozmeityte, L. (LO5S)
Areh,. Siochem. Blophys. 74, 188
Millor, G.i. and Crosk, J.MaG, (L96C)
Anal. Blochewm. L, V8
Mude, He (29B8)
Biochem. Je 09, AUE
Muir, H, and Jacobs, S. (1967)
Biochom, J. 203, 367
Hevherger, A., Gottuchalk, A. and Morshall, R.D.
(1966
In: Glycoproteing p.287, od. CGottschallk,
4. (Biservicr, Smeterdam)
Ogren, $. and Lindahl, U. (1971)
Biochem. J. 125, 1419
Oenstedn, L. and Davies, B,J. (4964)
Ann. N.¥. Acad., Sci. 121, 321 and 404

Payzn, A.N. and Koen, B,D. (1956)

Jo. Biol. Chem. 228, 853




8 s

Porlin, A8. and Sanderson, G.R. {(19270)
Carbohyd, Bews 18, 183

Porlin, A3+, ME. Ying Ein, N.M8. k. and Bhattacharijee, 8§,
{1972} ' #

Can, Jd. Chem. BG, 2437
Eaﬁhakﬂiéhnamurtgy, B, and Berenson, G.8. (1988§)
| &rch; Bdochem, ﬁiﬁ?hy&; i04, do0
Riley, G., Turnbuil, J.H. and Wilson, W, (4967)
Jo Aute Chem. Bec, 79, 1373
Rodeén, L. and Armand, G, (1966G)
Jo Ddol., Chem. 244, 68
Rodén, L. and Smith, R, (1966)
3. Blol. Chom. 241, 5949

Rosenberg, L., Hellmap, ¥W. and Kleinschmids, A.K.
(1990a) _ ’

Jo Biol, Choem, 248, 4139

Roseanberg, Le, Pal;, 8.; Hedéile, R. and Schubert, M.
{197Ch)

J. Biol, Chem, 248, 4312
Snjdern, S.W. and Hescsll, V.G, -(196%)

Jo Biol. Chom. 244, 77
Sopniey, G, (1963)

Jo Am. Chem. Soc. 86, FBHS




Sehatton, J. and Schubsrt, M., (L964)
Jo Blol. Chem. 2&1, B46

Schiller, S., Glover, G.h. and Devfman, A. (1964)
J. Biol. Chem. 2846, 0983

Schulman, H.od. angd Meyewr, K. {(L890)
Dldochewm. J. L20, G689

Heott, J.b. (AD60)
Mothods Biochem. Anal, $, 146

Seott, J.l., Oardelld, 5. omd Niloson, I.M. (1987)
Bhochens Je 7, Yp

Sepalfini-Fraocassind, A. and Smdih, J.H. (1966)
Proc. Re Soe. Blob, 440

Sevalinl-~Fracassini, A., Petosrs, T.J. and Floreani, L.
(41567) '

Blochom. J. 108, BOY
Bt e ]
Serafini«~Feacassind, A. and Duswspd, J.J. (1968)
Blocham. J. 109, BG6E

Berofini-Peecassini, A., Dupward, J.J, and Crawlord, J
(1969a)

3 - Eltl‘ﬂ.ﬁﬁruct. Eﬂfﬂo 23, S-E.

Apigtertare.




1€

Sopafini-~Peracassinl, H., Durward, J.J. and Plozeani, L
(19680} :

Biochem. J. 2312, 167

Seraflui~Fracaseind, A., Durward, J.J. snd Floreani, L
{3.970a)

in: Chomistery and Molecular Biclogy
0f the Intercelluler Matrim, ed, H.A.
Balaze, Vol.3 p.98i (&caﬁ@mic Prene,
London, New York)

Sevafini-Fracpsaind, A., Wells, P.J. and Smith, J.W,
(L970h)

In: Chemistey asnd Molecular Diology of
the Intercellular Matrix, ed., H.A.

g Balaga, Vol.2 p«l04 (Academiec Press,

X London, Mew York) .

Serafini~Tracassini, A. and Stimson, W.H. (3972)

REBS Letters 26, 336

Sharp, A.he, Hucell, B., Solzman, B8, and Thorup, O,
(1964) b7

in: Thrombosis and Anticoungulant
Therapy, p.«88, ad. W. Walker (¥, & 5,
Livingstone, Litd,, Hdinburgh)

Silbert, J.B. (1968)
Je Biols Chem., 238, 3842
Silbert, J.0. (1970)

In: Chemistey and Molecular Bioclogy
of the Intercellular Mateix, Vol.2,

pe99i, ed, E.A., Balgzs (Academic Press,
Londen, New York)




o
-

Simpoon, J.L. and Doavidoeon, D.b. (L972)
Biochemlatry il, 1666

. A o . 4 - I » ~y - of 0
Simpson, Dek., Hrandsaviijewvle, J. and Davidoon, T.4.
(1972)

Biochamistry ii, 18549
0 .
Simunel, &. and Muix, H, (1972)
Biochem, Ja. 186, 8106

Spindvasan, S.R., Radhakrishononurthy, B., Dsifeves, Ji

Beite and Dovoenson, G.S. (L970)
Apald. Blochom. {8, 396
Stdmson, Well. (1.994)
PERS Letters L4, 47
Stoolmiiler, A.C., Horwiis, S.L. and Doxfuan, A, (1972
Je Bicl, Chom. 247, §626

Sumeoloy, L.Co, BDentley, R., Makdta, . and Wells, W.i.
(1968)

J. Ame Choeme. Soc. 85, 2497
Toiganos, C.P. ond dHuir, . (1966)

Anal. Blochem, 17, 495
Podpanos, C.V. and dModir, He (1967)

Blochem, J. 104, 26
Poidgoncs, C.P. and Muedy, H, (1969)

Biochew. J. 1135, B



Teiganos, C.P., Hardingham, T.%. and BHuir, H. (1971)
Biochim, Biophys. Acte 229, 6529

Wasteson, a. (19741)
Biochem. J. 128, 477

Uasteson, K., Lindahl, U, and Halldm, A. (1972)
Biochem. J. 130, 229

Wells, P.J. and Serafini-¥racoosini, A. (1973)
Nature, London (In press)

Helfrom, M.L., Weisblat, D.I,, Kerabinos,,J.V.,
rclNeely, W.ll., and ticl.ean, (19435

Je. Am. Chem. Soc. 65, 2077,
Wolfrom, M.L., Honda, S. and Weng, P.¥Y. (1L969)
Carbohyd. Res. 10, 28Y
Woods, K.R, and Wang, k-T (1967)
Biochim. Biophys. Acta 133, 609

Hoodward, C.B., Hranisavlijevic<, J. and Davidson, L.A,
(1972)

Biochemiatry 11, 1169




