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ABSTRACT
Avallable data c;n the general structure of glycoproteins
was reviewed and a subdivision into serum-type and epithelial-type
glycoproteins was suggested on the hasis of the polypeptide content
per carbohydrate prostheti.e group, the predominant type of linkage
between carbohydrate and protein and the type of sugar residue
involved in the linkege. o
The prineiple pf 1sptop§ dilution, as used previously for

the estimation of marmose in egg albumin, was applied on a greatly
reduced scale to the estimation of fucose, mannose and galagtose in
glycoproteins., Thé method :obvié.t;és ﬁhe lack of apeéiticity of
colorimetric methods applied to the intact glycoprotein and allows
the use of severe corﬁiﬁions of actd hydrolysi# for the release of

sugars without regard to destruction by acid of the released sugars.
From model experiments 1t appeared that 1n some situations the result
obtained may be higheyr than the true sugar content and means to avoid
this difficulty were suggested. The released sugars were well
separated by Celite chromatography which was also founl to be useful
for the resolution of anomeric glycosides. The release of mannose
from egg albumin in 2 N HCL at 100° after various times was deter-
nined by the radiolsctope dilution method and fourd to have a half-
time of 7 minutes. The destruction of mannose in 2 N HCl at mo‘c? in
the a.bsénce of air was fourd to be enhanced to a much greater extent
by free tryptophan than by the same amount of tryptophan in a protein.

Addition of ribose reduced the destructive effect of tryptophan.



(11)
A radloisotope dilution method was applied to the estimation
of glucqsamipe and gélactqsani‘ne in some glyco?rotgix;gl a.fter hydrolysis
‘ @er strongly acidic conditions which gave a quantitative yield of
| glucosamine from ,methyla Nfacetyl-nfélgcosamig&de; The hexosamines were

1solated and estimated as their naphthylisothiocyanate derivatives.
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1.

| I  INTRODUCTION |
1. Gene_ir-é.i Structure of Glycoproteins
(a) The occurrence of carbohydrate in proteins
Tt has long been known that carbohydz-ate is‘ 1ntimaté1y associated

with pme'm {n many blologlcal materials. A century sgo Eichwald (1865)
showed that on é.cid'hydrelysis of mucins from various organs‘,' a reducing
subsﬁance. then aasumed to be glucose, was released. lLater séma purified
serum and milk protein fractions were tound to s:lve a positive furfural
reaction arter treatment with concentrated sulphurde acid (Udranszky 1888)
Crystalline derivatives of D-glucosamine were isolated and identified
from the hydrolysis prodﬁéts of various purified proteins such 'as egg
albumin (Seeman 1898, Langstein 1900), bronchial muein (Miiler 1901) and
#erom;ﬁoid (Zanetti 1903). Much later D-mannose was 'iselated amd 1defxt1-
fied as the phenylhydrazone from l'wdrolysates of egg albumin (Frinkel and
Jellinek 1927) and from blood protein rra.ctions (Bierry 1929, Dische 1928,
Rim:lngton 1929). D-Ga.lactose. isolated as the metbylphenylhydrazone, was |
- alsoc found to be a component of the latter (Bierry 1929). Sialic acid was
 first isolated in crystalline state from submaxillary glamd glycoproteins
of various species (Blix 1936, Blix ‘et al 1956), and found to be widely
~distributed in the mammalian body (see Gottschalk 1960). It is present
in all vertebrates tested so far and in some 1nver£ebrates; the lowest
member in the phylogenetic scale, excluding bacteria, to contain sialic
acid is tné_ primitive platyhelminthe, Polychoerus cé.rmelensis (Warren -
'1963). Ll~Fucose was recognized as & constituent of blood group A subs-

tance by the isolation ot 2,3,4 trimeﬁhyl—-u-methyl—ﬁ-fucosi&é from the



methylated substance (Bray et al 1946) | »
| That carbohwdrate is attached to protein by chemlcal bonds has
been shown for mamf glycoproteins. In puritied subma.xinary muein
' He.marsten (1888) found the carbohﬁdrate to be rix-mly bourd to the
prote:.n. ‘In serum globulins the carboh.ydrate was considered to be
irrbegrai with the rotein s:lnee it oould. only he releaaed by strong
acid hydrolysis (Henitt 193&) Crystalline egg albumin, ‘containing
only about 3% carbobydrate, did not 1oae any sugars despite repeated
recrystallizations (Sorensen 1934. Heuberger 1933. He'uitt 1938) or
 ultrafiltration of native and. denatured material (Neuherger 1938).
Investigation or t.he oarbohydrate unit (or nnits) of glycoproteins,
by preliminary digestion with ﬁroteolytio enzymes mbegun with seroQ
mucotd (Rimington 1929) and egg albumin (Neuberger 1938), both of which
gave rise to polysaccharide material. In egg albumin the carbohydrate
(.. 8 suéar residues) was found to have a ﬁolecular wéight of about
1500._&:&1 thus was accoﬁnted for 1n-orjxe unit. A rough éstimé.te of the
slze of a saccharide isolated from alkalj.-t:eated urinary glycdprotein
suﬁaested that the caﬁbolwdrate ;)ccurred as many groups aﬁtached to the
'protem. rather than as one large piece (Gottschalk 1952) In the sub-
maxillary gland glycoproteins of the ox and aheep the carbolwdrate was
fourd to be present‘ as the diaaecharide, sialyl (2 —> _6) N-acetyl-
galactosamine, many hundreds of which are attached along the protein
chain (Gottschalk and Graham 1959, Grahém and Gottschalk 1960). By
analysis and molecular veight estimation of glycopeptides isolated from
enzymic digests the carbobydra.’c;e, in many glycoproteins has been shown
to exist in 'several units, of molecular weight up to about 4.'006 (see

Table 1).



Since many more methods have recently become available for the
isolation and purlrication or carbehydrate-pratein substances (such as
low temperatm ethanol rractionation, mn-exchange chromatography,

. gel filt,raticn{am .column electmphpresis) and for teating the homo-
. geneity‘of. ;;nﬁai'utiom oi’ @a.cromolqéule; (roi- instance gil electro-
p&oéesh; :imnmlectropﬁdreéié, amino actd terminal analysis, etc.,)
the preunoo of earbahydmte-protein comploxes, in almost all mmmalian

t.iasuoa and rluids investigated has bnn eatablished.,

(b) Classification and te of carbo rate-protein cogploxes ’
| | ) ‘. | 1n animals o

Unt:ll reeently general agreement on tcrminology and clasaiﬂcation
of carbohydrate-protein complexes haa been lacking: in 1958 1t was
' stated "there is no generally accopted definition of a mucopolysaceharide
(Morgan 1958).. Mamr classiﬁcatinns and derinitions have been proposed,
for example by Levene (1925), Mo;rer (1945,'1953), St:_acey (19#6),‘ Blix
(1951), Masamune (1955), Kmﬂ; and Whitehouse (1955), Montreuil (1957),
Winzler (1958), Bettelheim-Jevons (1958), Schultze (1958_), Jeanloz (1960),
Gottschalk (1962) and Schultze (1963), and the same names have been used
to desoribe different substances. The feature common to most classific-
ations ig the distinction made between the mucopoiysaccharidés” and the
glycoproteins . |

'I‘he‘ mucopolysaccharides are ‘Apolysaccharidea which cohtain hexosamine
and have ::a pepeating unit: examples vare chitin, hyaluronic acid amd
keratan sulphate, These subgstances have }. recently been given the generic
name of "glyconm_inoglyoé.ns" (Balaza amd Jea.nloi 1965). Of these the

polyaaechariden which contain uronic acid are called Mglycosaminoglyc-



b
uroq_ans" e.g. heparin hyaluronic acid, dermatan.sulphdte and chondroitin
4- and 6- sulphates. Most, if not all, of the glycosaminoglycans seem
‘to be bound by covalent bords ta. polypeptide in their natural state,
ks:lnce éztraction by mild. pﬁoc?dures at 1ow'temperatures,‘- avoliding the
| use of agents such as alka.li and proteolytie enzymes, produces material
which conta.ins ..Bome protem (see Muir 19621,)

Glyeoprotein was.a term used opriginally to denote Yeompourds of thc

; prote:ln molecule with a substance or substances containing a’ earbohydrate
group other than nucleic _acid" (Coumittee on Protein Nomenclature 1908),
a definition which covers. »all ':_ca.rbohydrato‘-..pr'btein‘ebmpl&xes. Cumnt
usege has excluded the glycosaninoglycans and greater knowledge about
the genepral 5tructu:fe of 'ca:bohydrate-protéin chmpiexes ‘has led to a
} bé;ter degoiiptien of glycoproteins "as conjugated proteins containing
as péosthst(ic group one or nﬁére _heteiosaceha.ride; with a relatively low
nuxber of sugar residues, lécking 4 serially repeating unit and bourd

covalently to the polypeptide chaln® (Gottschalk 1962, 1966). Implicit
.Vin f:hil definition is that removal Acizf all peptide material from a
glycqbrotein would result in sac‘eharidés of low molecular weight (up to
4000). Conversely, removal of all carbohydrate from a glycoprotein
would give a protein. |

. () Description of glycoproteins

The glycoproteins, as defined above, cover a great range of
natural polymers wheh can be widely different in physico-chemical
properbies, molecular might. carbohydmte cante‘nt. composition, 'dig-
tribution, biological activity and even ip the type of linkage betiween

carbohydrate and protein. TFor example, egg albumin behaves physically
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ag8 a protein, it has a molecular ue'ight_v of 45»,’,000 and its ciarbohydrate
content. of j.a%va,ox.wists of mannbse and N-acetylglucosamine only. The
carbohydrate occurs a‘s'a. single unit attached to .thie protein by a rela-
tively alkali-stable N-glycosyl-amide linksge which involves c, of an
N-acetylglucosamine residue and _the nitrogexi of an aapa.ragin& residue
(see Neuberger and Marshall 1966);_' By contrast, the glyc,oprotein from
sheep submaxillary gland gives viscous solutions, is vprecipita;ed by
- acetic acid and 1t has & particle weight of abom':'l_oﬁ. Tt conﬁ#ins 403
carbctxydfate made ixp of N—éeetylgalactasamim and. ;é;ialic_ acid. in the
férm, of a disaccharide, many hundreds of which are inmd: to the protein
in a very alkali-labile glycosldic linkage between C; of N-acetylgalace
tésamine and the hydroxyl groups of ‘the hydroxyamino acid (éee Pigman
and Gottschalk 1966, and Gottschalk and Graham 1966). |
‘ These two glycoproteins can be""c‘aken as gxtpeme, forms of the
general. sti'ucture of many glycoproteins whichv is n_ow‘a,.ppa’regt . . The
heterosaccharides are each Joined to the'peptidve chain by a single co-
valent bond which involves the reducing temﬁnal of the qa.rb‘ahydrate
and the functional group of an amino acid side chain. Tt appears that
more than one type of heterosaccharide prbsthetie group may be present
on the samé peptide chain, for example thyroglebulin (Spire 1963) and
bovine submaxillary gland glycoprotein (Tsﬁiki et al 1961). The
‘heterosaccharides, which have been studled up t111 now and which con~
tain more than twe sugar residues, appear to be branched e.g. egg
albumin (Clamp and Hough, 1963), oy -acid glycoprbtein (Eylar and Jean-
loir 1962), fetuin (Spiro 1964), y-globulin {Clamp and Putman 1964),
ovomucoid (Bragg and Hough, 1961), ard the bl_ood-group substances
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(Painter et al 1965) in contrast to the linea.r chain of the glycosamino-
glycans Althaugh there are some sugar aequcnces wh:leh oecur more than
once within a heterosaecharide, auch as aialyl-galacto;yl-N-acetylslucoz—
’ aminyl~ in for example ul-acid glycoprotein (Eylar and Jeanloz 1962) and
'fetuin (Spiro 1962), no simple repeating unit 1s evident as in the glycos-
' aminoglycans When prezent ’oo’ch sia.lic acid and fucoae occupy non-
reducing teminal positions in the molecule. |
' ’l’he pcsition of tha carbohydrate prcssthetic groups 1n1he protein
'chain 13 unknown for all glycoproteim sxcept for ribonuclcaao E where
Vthe asparagine residue a’t. position 31& is involved in the attachmnt or
the carbohydrate (Plummer and Hira 1964) The blood—group auhatancc
polypeptide appoars to be t'airly reaistant to the relatively specific
proteolytic enzymes ‘such as trypsin and chymotrypsin (Morgan 1963)
'suggesung that the proximity of carbowdrate groups sterically inhibits
the a;:proach of proteolytie enzymes to the polypeptide (watkina 1966).
It has been shown for ul—acid slycoprotain (Ya,maahina 1956) and for
ovino submaxillax'y gland glycoprotoin (Gottschalk a,nd Fazekas de St,
Groth 1960)that removal of sialic acid increases the susceptibility to
proteolytie enzymes. In the 1attex- glycoprotein thc numerous disac-
charidea appear to be fairly unifomly distributed. In r—globuun most
.of the carbohydratc 15 a.aaociatod with two of the four polypoptide chains
. t.he H chains (Presa and Porter, 1966) | |
| The blood-group subatances ha.ving a high carbohydra.te contcnt have
been referred to as "mucopolyaaecha.rides (Stacey and Barker, 1962,
‘Brimacombe and Webber 1964) and also &3 glycoproteins (Go‘c.tachalk 1966).

If, as Morgan (1963) has auggoated that in these matorials relativoly



short carbolwﬂrate chaim are attaehed at 1ntervala as branchea to a
conzon - peptide backbane" the bload-group subsnanees would be included
in the above definition of glycoproueina. ’Addijhionaly supportfor their
v»incluaion is as follows: .

'l. All the augars apa.rt rrom mannose which commonly occuy in
glycoproteinn are fourn in the blood-g;-oup substanccn. '

2. Some of the blocd-group substances show inhibitory activity
against the influenza virus haemagglutinin (Pusztai and Morgan 1961a),
‘ a property shotm by manw glycopro‘heim. l |

5. Othex- aubatances in cpithelial secretioms have similaritiaa
in“'éarbohydratg_,azx! amino a.gid compoaitiqn »to the bloed-group substances
e.g. 1éolated édmpamnﬁs‘ of cervical and Bronehial ﬁueua (Gibbﬁm and
Roberts 1963) and some of the animal submaxillary and sublingual gland
glyooproteina (Haahimoto and Pigmn 1962). | | _
it." The bovine suhmaxillary gland glyeom-otein has been ahown to
possess blood«group actlvity (Horowitz et al 1965).

(a) Some features of 5;zeoggoteins

' Sinco the term glycopmtain embraccs 80 mamr natural substances

from differam: sources and ‘since there m ‘such large differences bet-~

' ween_ aomevglycnproteins it may be useful to ggneralise and sub-classify,

at least roughly, these umﬁataﬁdes , even though rigid subdivisions may

not be péﬁsible. 'Variaug eriteria hafre been used by dit‘férent authors.
(1) .Thé acid naiture of the aﬁbatance has bben used in classifications
such as those of Meyer (1953) and Blix (1953,) ’Tﬁis*do@a ‘ndt j;ppoar to

be a uaeful buis for subd.ivision of glyceprotoim sinée ma.:;re/\groupa may

be prcsent ez sialic acid as in many glycoproteins (Gotischalk 1960),



phosphate as in egg albumin {Perlman 1955), sulphate as in sheep
colonic mucin (Kent and r«‘{é.rsaeh 1863), and a high &i’(‘:arb“oxylic amino
acid con’c.ent wi hout much amide preacnt as in ovomueoid (see Melamed
1966). |
. '(.ﬂr) Thé reiatiire» a'mm’mts} of carbohydrate and p;ptéin, as a
single criterién, is unlikely to be aatisra.étory, as the carbohydrate
content of glycoprofeix';s ra}ng‘eay froﬁ: 3.2% for egg albumin (Johansen et
al 1961); 10% for human thyroglobulin (Splro 1964), 20% for fetuin

| (Spiro 1960), %0% for uracid glycoprotein (Eylar and J‘eanloz 1962),

: 60% for poreine aubma.xillary glycoprotein (Hashimoto et al 1964) and up
to 85% tor blood-group aubstances {Pusztai and Morgan 1961b) Although
the al-acid glycoprotein pf: wgerun and the aubmaxilla.ry glamd glycoprotein
6f sheep have a simiiar carbohydrate content abéut'-hoﬂ,” the two glyco~
proteins have quite different physical properties. augar components and
" molecular weight.

(111) The types of sugar present. Amino sugars .app.ear to be
présent in almost allv carbohydrate-protein eomplexos fourd in animals.,
The're‘ aré possible exce;ption's, for examﬁlo. collagén containg only
galactose and glucose (Blumenfield et al 1963). Uronic acid and sulphate
have been used as distinguishing features of the mucopolysaccharides
(Stacey 19%, Masamune 1955)., However sulphate has been found in glyco-
érctoins from sheep calonic : mucin {(Kent and Maraden 1963), from corneal
stroma (Robert and Dische 1963) and from gastropod iiver (Inoue and Egami
1963), all of which contain sialic acid. Uronic acid and sialic acid are
not usually found together in the one molecule but they are both present

in small amounts in a chondpromucoprotein from human cartilage (Anderson



1962), Stalie acid-containing mucins (sialo mucins) axia. fucose-
containing micins (quomuéins) vere 5uggested as giviﬁiqns (Blix 195¢,
0din 1958) but although these sugars do not séem to‘oéﬁur‘in great |
amount togethep, they are commonly present in the same molecule, e.g.
‘bleod group Led substance (Puaztai and Ebrgan 1961&) and «3-acid
glycoprotéin (Eylar and'Jéanloz 1962); Dische (1963) has poinﬁed out
_ythat”in a group}of glycoproteins from the same sdurceélauch as scfum or
 urina£& glycoproteins, the éialic acid and fuoose'éontents, when related
to either the hexose or hexosamine contents, bear a reciprocal relation
to eanh other, in that when the fucose ratio 13 rising in a series tho
sialic acid ratio is falltng. | -

However tha curbehydrate compositions of some groupa of glycoprotoinsv
are suffigiontly,differentxto be characteristic of the group. Glyco-
‘ prpteins from sgrum’contain the sugars L-fucose, Hfaceﬁy;neuraminic acid,‘
D-galactose, D-mannose and D-glucosamine, e.g. alnaoidbglycoprotein ,
{(Eyler and Jeanloz 1962), and y-globulin (Rothfus and Smith 1961). D-
Galactosamine 1s present to & small extent in fetuin (Spiro 1960, Graham
1961) bgtv 18 usually sbgent from serus proteins. A

Ih the blood~group_subatanees I-fucose, N~a¢ety1nsufamin;c acid,
D-ga;actbse,'D-glucogamine and D-galactosamine oéqur; D-mannoae being
absent (Morgan 1963). A similar compoéition'eiintb_ih the glycoproteins
of the submaxillary and sublingual glands of édme.animalé'd.g. bovine,
canine and porcine submaxillary glands, and bovine sublingual gland
( Pigman 1966) ard in -the bovine cewical g'lycoproteins (Gibbons and
" Roberts 1963).  The submexillary glend glyeoprotein‘of sheep has prac-
ticaliy cnly N-acetylneuraminic acid and D-galactosamine as its cons-

tituents.
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Egg albumin (Johanson et al 1960) and ribonuclease B (Plummer and
Hips 19647) contain only D-mannose and D-glucosamine; thyrotropin
contains these two sugars and much amaller amounts of fucose and
galaotosamine (Carsten and Plerce 1963). In these three glycoproteins
the carbohydraie is present as one unit.

(iv) The type of linkage between carbohydrate and protein. Two
types of linkage between carbohydrate and protein have been demonstrated:
(1) An N-glycosyl-amide linkage, which involves a bond between C; of an
'N-acetylglucosamine residue and the nitrogen atom of the amide group of
an asparsgine residue, waé unequivocally deménatrated in egg aibumin by
identification of synthetic l-(L~B-aspartamido-)-2-acetamido-l,2-dideoxy~
D-glucose (see Fig 1) with a compound isolated by aoid,lwdrolysis from
egg albumin glycopeptide (Marks et al 1963, Yamashina et al 1963, Bogdanov
et al 1964, Tsukamoto et al 1964, Marshall and Neuberger 1964). Various
pleces .ot evidence suggest that the same linkage probably oceurs in ovo-l
mucoid (Montgomery and Wu 1963), in aj-acid glycoprotein (Eylar 1962,
Satake et al 1965), transferrin (Jamieson 1965:), v-globulin (Rothfus and
Smith 1963), fetuin (Sp;i-b 1963), thyroglobulin (Spire 1963), and inter-
stitial cell-stimulating hormone (Papkoff 1963). The N-glycosyl amide
linkage is more stable to alkaline treatment than acetamide (Marks et
al 1965). N-Acetylglucosamine is the only sugar so far found in this
type of linkage. |
(2) An O-slycosidic linkage, involving Cj of a sugar and the hydroxyl
group of a serine or threonine residue, (see Fig. 2) has been fourd in
bovine and ovine submaxillary gland glycoprotein (Hashimoto et al 1963,

Anderson et al 1964, Bhavanandan et al 1964, Tanaka et al 1964, Harbon



11.
CH,OH

O Q@ . NH
H /Y NH-C-CH5 CH-COOH

HONOH  H/H

H ITIH

C-=0
CH,

Fig. 1. 2-Acetamido-l-B-(L~B-aspartamido-)-1,2-

dideoxy-D-glucopyrancse, the compourd
which incorporates the linkage between
carbohydrate and protein in egg albumin.
and prcbably many other serum-type

glycoproteins,
CH,OH l |
2 o R NH R NH
HO /H O-CIZ—CH C=C
H I I |
c=0 H C=0
H\OH H/H ' oh o |
+
H I\IIH N-ACETYL-
C=0 ' GALACTOSAMINE
]
CH,
Filg. 2. The linkage of 2—acegamido-E—deoxy-B-D-galactopyranose to

the hydroxyl group of a serine (R = H) or a threonine
(R = CH,) residue in epithelial glycoproteins, and its
breakdodn by B-elimination in the presence of alkali.
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et al 1964)amd in blood group sixbéi:anceé (Arxil_e:son et a.l 1964, Adams
~ 1965b). v'l‘he sugar found"up t111 now in t!;is linkage 1s N-acetylgalac~-
,tbsaﬁiyx;e_ (submaxillary gland glyqéproteins and probably'the blood grmip
siAbSta.ncés). * The same type of linkage has been,f§um inthe glycos~ |
aminoglycans, chondroitm sﬁlphate (Meraén et al 1963), kefatcsulphate
(Apﬁeragn et al 19611) a.ndvhebarf;n (Lin_tiahl_ amd Roden '19634)'.‘» Xylose
seems to be the sugar .glyéosidically}attach_ec‘l‘» to the hydroxyamino acid
residj.;e_s in these compounds. A chafaqteri@pf.c pr&party' of this type of
linkage }s’eems to be its ,consi{dgfable‘ lability in all‘sali., its breakdown
‘oceurriyng‘ by a proeesé of B-eliﬁination (aée rig.'a)." it probably |
‘ accounts for some of ‘bhe easily-—split” 11nkages between carbohydrate
. and protein referred to as "ionic or saltulike in some classifications
_ (e.g. Meyer 1953, Hinzler 1958 a.nd Jeanloz 1960) |
Anotl;er‘ type of 11r:k_age, namely a 5]:.ycosidic. estér involving N-

| acetylgalaetqgami;ne a,x_:d: the w f@?"bml;sm‘?l?s. of aspartic and glutamic
‘ .‘acic;, has been suggesj;ed eaﬂier 1.;1 gubﬁaiillary gland g;yeoproteins of
 ¢3: and anéep, on the basis of the LiBH, reduction of the side chain
~oarboxyl groups of the dicarboxyue amino acid .residues in t;he glyco-
_proteins (Gottschalk a.nd Murphy 1961, Murphy and Gottschalk 1961).

. Release of the carbohydrate gz-oups by alkali and mrdroxylanine appeared

‘to be in a.acor_d\with this conclusion (Gr._'aham_et al 1963). Howaver. some
of th_/evdata. is explicable in Ztez"ms ot an Q-g‘lyco'aidli‘c linkage to serine
a,.,;d;,thrgpnine, but.’ ..sime later. resultp, which were obtaihed ﬁsing
_material rrom;old-yer animals, are not in acchd with the ‘:origin;al work,

.‘ 1t has .be‘en aﬁgéésted._ that some ester ‘11ms_:ageva may be present in young
animals (Best et al 1965). Unequivocal evidence is required before a

linkage of the ester~type can be considered to be established.
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(v) The amino acid composition of glycoproteins. The amine acid com-

position of submax;llary ‘and sublingual gland éljcopm’céiﬁs has been
compared with those of the cervical gl&céﬁrot_eiiis ‘a.nd' the blood-group
substances (Hashimoto and Pigman 1962). An miefesting"feature 1s that
these g]\.&éoproteins‘a;re ;'Sgrticularl’y‘ rich in serine 'axx:l threoﬁine, which
together make up 40 to 50% of the amino‘a’.cid”resiéue’s. Oh“this basis it
was suggested that they might be called “rhreoglycoproteins”. The |
" proline and alanine contents of all these .glyc‘oprdtei'hs‘ "a're aléq high.
A' cha:aéteristic feétuzfe of the sﬁbm#xillarjf glafﬂ Ql&coéﬁoﬁeins of the
species so far investigated ’(1.e‘. shéep, ox.‘ dog and pig) _:is that glycine
" is the most abundant amino acid present (Haéhimd'to amd Piéﬁxan 1962,
‘Hashimoto et al 1964). The aromatic and sulphdr-oontéining émino acids
are either absent or present 1z§,rirery low amounts.

(e) A subdivision of glycoproteins

- The vardous properties of glycoproteins, which have been considered
above, show quite marked differences between two typés of glycoprotein,
exemplified on the one hamd by the glycoproteins from pylaéma and on the
other by the glycoproteins from epithelial secretions. They are referred
to here as serum type and epithelial glycoproteins i-eépéctively. As
referred to above the latter glvchprotéins‘ have often not been clasgified
in the same aategdry as glycoproteins of the serum type‘ (e.g. Schultze
‘19613) and have been called "mucopoljréaccharideé” (e.g. Mbrgan 1963,

| Gibbons and Roberts 1963) and "mucins" (e.g. 313‘1963. Hashimoto &tial (1963)
~ due to their vviseous nature, high carﬁolz&drate ﬁontent é.ni their high
gontent of threonine.' The data avallable oﬁ some propérties of repres-

entatives from the two typea of glydcproteins has been outlined in
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tableg! ands  The serum-type glycoproteins temd to have a lower
molecular weight and less carbohydrate than the epi’sheiial glycoproteins,

| although there are exceptions. ﬁoﬁéver' there »doe's appear to be a dis-

" tinctive difference in thé numﬁer of hetéfosaccharide gi-oups per mole

and 111 the density of the earbohydrate units on the protein chain as
-shoun by the polypeptide ueight per earbekwdrate unit. . The het,erosaa-
-charide deasity is very high in the epithelial t-ype glyeoproﬁeins .

| pai'tiedlérly for the blood-group substances, where practically all of
the serlne énd threonine residues, which make up 40 to 50% of the number
'of amino acld residues present must be substituted by carbohydrate groups.
o On presem; information the type of linkage betueen carbohydrate and
protein and the amino sugar involved in the linkage appear to be charac-
" teristic of ea.ch type of slycoprotein. In the glycosaminoglycan-—protein
complexes, xylose seems to be the suga.r uhich Joins the glycosaminoglycan
chains to the protein by glycosidic linkage to ‘ser;ne and threonine,

. of interest 1s the difference in stablility to alkall of the two
types 'of.‘ darbchydrate';peptide linkage. In glycopeptides from ovine sub-
maxillary gland the O-glycosidic linkages to serine and threonine are

©split in 0.5 N NaCH at 22° at a rate of about 10~ min"} (Carubellf et
al 1965). The N-giyeoaidic amid.eilinkage in egg albumin giycopeptide
16 cleaved in 0.2 N NaCH at 100° at a maximum rate of 7.2 x 1073 min"1
(Marks et al 1963). Since the bovine cervical glycoprotein is readily
degraded by ﬁxild alkali to low molecular weight material which gived a
strong coléur with Enrlich reagent (Gibbons and Roberts 1963) it seems
iikely that the type of linkége involved is an O-glycoside to the

hydroxy amino acids. The blood-group substance fo;i which there is
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‘evidence of this type of linkage, also behave similarly 1:1"&11;&11
(Am:lno!‘f et al 1952). |

‘ - A smnma.ry ef the pmpex-ties characteristic of the twc types of
»glycoproteim is outlined in table 3. The glycoaaminoglycan-protein
~ complexes have been incluled for comparison. Since detatled knowledge
about most glycoproteins 1s still fragmentary there will probably be
‘excep’cians in one or more of the dritexfip; shown here and even if
further stuly demonstrates a aerieé of glycoproteins with a grédation
iﬁ'properties between the tw&‘types, it does &emhstrate the widely
differing substa.nceé‘ covered by the term "glycoprotein®. |

Liltt.lev;s Xnown about the mechanism of bioéyntheais of glyco-

proteins such as whether any sugars are attached to any of the amino

acid residues before thé_:attér are 1ncorpcratéd in the peptide chain, |
| or whether the sugars are added singly or in heteroaaacha.ride units
after the pmtein has been synhhesi‘.ed. In either case, the mechanism
!‘or the attacbment of sugar to ammo acid residue in the case of the
gem—-type glycopro‘ceim, which have few of such linkages, is likely
to entail cons‘iderable specificity, in comparison to’ the eguivalent
process in the epithelial glycopmteins, whsre most of the appropriate
amino acid side chains become attached to carbuhydrate (aee Gottschalk
and Neuberger 1966).



TABIE 1. SOMP._FROPRRTIES OF SERUM-TYPE GLYCOPROTEINS
Molecular 'Carboﬁyd'mte Munber of car- | Polypeptide  Type of carbo- Sugar residue
Glycoprotein weight content % bohydrate units welght per hydrate-protein in lirkage
‘ x 102 '  per mole earbohydrate linkage '
L . | unlt x 1077

Fgg albumin o I5 3.2 1 4y | amide (1) GNnel
Ovormucold - 28 24 3 T : - amide® GNic”
dy-Acid glycoproteinkl ot 5-6 5 amide (1) GRAcO6
Fetuin 48 22 3 12 " apide’ GNACS
Transferrin 90 5.2 2 43 . amide?
_ Ceruioplasmin 150 7.9 9-10 1h amide 0

Haptoglobin 85 15.8 7 w0t

y-Globulin (IzC) 160 2.7 212 50" asp. aNAcl
Fibrinogen 330 2.5 714 46 amidel®

Urinary glyco- 28 26 215 10

protein monomer '

Thyroglobulin 660 9.8 257 24 anide’

Thyrotropin 28 i.2 116 24 &
ICSH 16 Tl 2 7 asp. 17

"Ribonuclease B 4.7 9 1 18 amt dels



(amide (1) - N-acetylglucosamine-asparagine compound was isolated.

(amide
(asp.

corrected for water of hydrolysis

- ammonia was released from aspartioc acid containing glycopeptide:.
~ aspartic acid was the main amino acid of the glycopeptides.

* the light chains were excluded since they contain very little carbohwdrate .

1.
)“o
T,
’ 100
1>.
15.

18.

Neuberger and Marshall 1966b 2.
Eylar and Jeanloz 1962 5.
Spiro 1963 8.
Jamieson 1965a - ' 11,
Rothfus and Smith 1963 14,

. Maxfield and Stefanye 1962 16.

Plummer amd Hirs 1964

Montgonery and Wu 1963 , 3,. Tanska - 1961

Eylar 1962 - 6. Yamashina et al 1965
‘Spiro 1964 9. Jamieson 1965b
Cheftel et al. 1965 . 12. Clamp and Putnam 1964

Mester et al 1963, Cynkin and Haschemeyer 1964
Carsten and Pierce 1963 17. Papkoff 1966



TABIE 2.  SOME PROPERTIES OF EPTTHELIAL GLYCOPROTEINS

. Molecular Carbohydrate . Nurber of car- = Polypeptide . Type of carbo- Sﬁgar resi-
Glycoprotein weight( x 1072 - eontent bohydrate units weight per hydrate-protein due in

% per mole ~ carbohydrat linkage: = . linkage
unit X 10~ ‘

Submaxillary gland = \ o o i
¢#lycoprotein of = 1,000 41 R 83 - . 071 - - O-glycoside - GalNAe
Submaxillary glamd 4,000 . 57 3,300 - 0.52 . O-glycoside®>’ . GalNAe
glycoprotein of ox . . o o L L
Human colloid breast = 56 o o 028 O-glycoside’ - GalNAc
carcinoma mucin’ ' : - S : ' C - :
Hovine cervical 4,000 78 - R " labile (to"f'
nucins . o ' - o o o - alkall
Blood=-group 500 & 350 021 O-glycoside , GalNAe _

substances

#* isolated by digestion with pepsin so the peptide chain was probably frmented.

1. Bhavanandan et al 1964 2. Tanaka et al 1964 3. Adams 19654
4, Givbons 1959 S 5. Watkins 1966 - - 6. Anderson et al 1964
7. Adams 19¢Sb :

A1



TABLE 3.

Serum-T

‘Epitheliai

- COMPARISON OF THE PROPERTIES OF TWO TYPES OF GIVCOPROTEIN

Glycosaminoglycuronan~
_protein complexes

Main sources.

Viscosity in water
Molecular .iveight

Carbohydrate content

Number bf‘ carbohydrate

units per mole

Welght of polypeptide

per carbohydrate unit

Type of linkage

Anino acid involved in
‘linkege

Sugar residue inwived
in linkage

Amino acid compositlion

Blood plasma, egg white
and tissues

" 'Most are not viscous

Most less than 1 x 107
2% ~ 40%
1l to25

5,000 to 50,000

N-glycosyl amide

aspartic acid
N-acetylglucosamnine

Similar to non~con,jugated
proteins

Epithelial secretions

Often viscous solutions

Greater than 102 and of

the order of ZI.O6
40% to B5%

300 to 3,000

- 200 to 700

O-glycozsyl :

‘serine or threonine

N-acetylgalactosamine

Rich in serine and tlieonine,
very little S-containing or

aromatic amino acids.

- Body f‘luids argd . tiasues

Viecous ‘soluti ons

0.3 =10 x 10°

 50%

: Oog'lyeosyl' type2

serine®

‘xylosej

81




1.

Muir, 1964.

Chorndroitin sulphates: Muir 1958; Anderson et al 1963, 1965; Gregory et al. 1964.
Heparin: Iindahl et al. 1965.

Both serine and threonine appear to be involved in the carbohydrate-protein linkage
in the glycosaminoglycan, keratosulphate (Anderson et al. 196%).

Gregory et al. 1964; Iindahl and Roden 1965.
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2. The Estimation of Sugars in Glycoproteins

(a) The sugar componentscof glycoproteins
Several types of sugars have been found in glycoproteins: the

hexoses are represented by D-galactose and D-mannose, the 6-deoxyhexoses
by L~fucose, the 2-amino-2-deoxy-hexoses by D-glucosamine and D-galactos~
amine and also present in many glycoprbteins of diverse sources uis
sialic acid, an accylated 5-amino-3,5-dideoxy-D-glycero-D-galacto-
nonulosonic acid. The sialic acids‘ or acylated neuramin;g acids are
derived from N-aocyl-D-mannosamine which is joined in aldol fashion to
pyruvic acid to give the deoxy kéto sugar acid with characteristic
properties, i.e. its ready rele;se by acid from glycosidic linkage and
its lability to acid after being released (see monograph Gottschalk
1960). D-Glucose is occasionally fournd in glycoprdteins e.g. ichthyocol
(Bluménfield et al, 1963), glycoprotein from the fat/plasma interface
of cows milk (Jackson et al 1962), bovine aorta glycoprotein (Berenson
and Fishkin 1962, Radhakrishnamurthy et al 1965), pregnant mare serum
gonadotropin (Bowrrillon et al 1959), haptoglobin (cheftal et al 1960)
and glycoproteins in normal human urine (Bourrillon et al 1962). IL-
Rhamnose has been found in several glycoproteins, e.g. pregnant mare
serum gonadotropin (Bourrillon et al 1959).

Although the sugars from a number of glycoproteins, notably the
blood-group substances, egg white proteins and some of the submaxillary
gland glycoproteins, have been completely identified by characterization
of crystalline derivatives there are still many glycoproteins in which
the component sugars, particularly the non-amino sugars, have been

identified by such techniqueé as paper chromatogmaphy which does not
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distinguish between the D~ or L-forms. D»Ma.tmose has been identified
by formation of the phenylhydrazone in egg albumin (Fx'iinkel and
Jellinek 1927, Neuberger 1938) in ovemucoid (Chatterjee and Montgomery
1962) and in bovine seromucoid (Inazawa 1951) and as the p-bromophenyl-
hydrazone in egg albumin (Neuberger 1938). D-Gélactvose has }been con-
verted to variously substituted phenylhydrazones after_.iaolation from
the blood~group substances (Annison and Morgan 1952‘a,b, Gibbons and
Morgan 1954) from ovomucold (Chatterjee and Montgomery 1962) and from
bovine seromucoid (Inizawa 1951). Further confirmation of the D-isomer
has been obtained from the identification of crystalline saccharides
such as D-galactosyl-p-(1— &)_—Nf—acetyl-b-giucpsaminq isolated from the
blood-group substances (Kuhn and Kirchenlohr 1954, C8te and Morgan 1956)
and from o)-acid glycoprotein (Eylar and Jéanloz 1962). L-Fucose was
identified in blood-group substances as the 2,3,4-trimethyl-L-fucose
(Bray et al 1946) and as the diphenylhydrazone (Annison and Morgan 1952).

The amino sugars D-glucosamine and D-galactosamine have been
identified as crystalline hydrochlorides after isolation from glyco-
proteins such as seromucoid (Zanetti 1903), frog spawn mucin (Folkes et
al 1950), and submaxillary gland glycoproteins (Blix et al 1952), as
erystalline Schiff's baée derivatives of variously substituted aryl
aldehydes (Neuberger 1938, Jolles and Morgan 1940), and as the dinitro-
phenyl derivatives from blood group substances (Annison and Morgan
1952a, b). N-Acetyl-D-mannosamine has heen obtained by the action of an
aldolase on N-acetylneuraminic acid (Comb and Roseman 1960). The D-
mannosamine was identified as the hydrochloride and also converted to D-
arabinobenzimidazole by ninhydrin oxidation followed by reactionmwith
O-phenylenediamine.
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The sialic acids, which ditfe:' only m their aeyl aubstituents,
~ have been obtained ina crystallme state n'mn many glyeoproteins (see
Gottschalk 1960) |
'me specifieity of action of purif;!.ed enzymes has been employed
in the identification of sugars. _Neura;nini,dasg "has often been used to
. split gtf the terminal aqylated D«mnfam;mQ_ %Giﬁ’;s fpoga glycoproteins
, (Qof._t;scha,lk 1960 - ). An a-fucosidase xa.g,irxiuced; in Klebsiella
_aerogenes by the uj-acid glycoprotein ‘_(B,‘ari:evz- et al 1962, 1963). A
,p‘m;fiedl p-galactosidase ‘freﬁ Dip iécgcqus pneumontae has been used to
release D—salactpée‘ from 'ar-acid glyqoprqtei_n‘ (gugheg ‘and Jeanloz
" _19643.)'.} _‘ Simi;arly a.n Nsacetylfﬁob~81UQosam1n1§a§é fy‘rom‘the same source
- released Njacetyl—D~glucps@m from an aj-acid giycpprotein derivative
N which had been treated wﬁ;h neutja:xinidgsa télloyed by ’galactdsidas.e‘
(Hughes and Jeanloz 1964b). D-Galactose o:;»ic‘iase (Avigad et al 1962)
"wa.é able tb ox;di;e pgalé&tése nory—reduginé terminal ,residues in
~slallc ev;oid-free'al—acm glyoopmtein (Barker et al 1962), ‘and in
~ tropocollagen (Blmenﬁém et ,av.1'196‘3).’ D-Glucose oxidase was found
to oxidize D-glucose rrom tropocoliagen (Biumenﬁem et al 1963).

(b) The colorimetric estimation of non»amino sugars in glycoproteins

: without prior gdrolysis :

¥

. Many methods, which have been described for the estimation of
sugars in polymeric substances, involve heating the gubstance, in con-
eentrated mineral acld to give products such as 2~furfura1dehyd§s,
ﬁhi_oh produce coloured complexes y;@h certain reasents, for example,
phenoli;; compounds (a-fnaphthoi, orcinol, resourc‘i‘nol, phenol), nitrogen~

contalning aromatic compounds (tryptophan, diphenylamine, indole, pyrrole,
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carbazole) or thiol compounds (cysteine, thioglycolic acid) (for

reviews see Winzler 1955, Dische 1955, 1962 and Ashwell 1957). ‘The

colour intensity is compared with that given by solutions of free sugar
of known concentration. ' Although such methods are usually veproducible

- and easlly applied the results ma& be ,opeﬁfto some doubts, It is not
certain ‘t‘;hat sugars in glycosidic linkage will always give the same

colour yield as that from free sugars. For instance, a mannan and
dexi:ran fin‘the‘ orcinol-sulphuric acid reaction required a longer heating
time to give the same colour yield as the monosaccharides (Vasseur 1948).
‘When different s‘uéara are j:resent, as in glycoproteins, the contributions
~of each sugar to the colour produced has to be assessed (Sp:lk’ and Montreuil
1964). When the material to be assayed contains a high proportion of |
protein, amino aoids, Buc'h .as cystelne or tryptophan, may react with sugar
derivatives to an extent not insignificant in comparison with that of the
reagent (Hormamn and Gollwitzer 1962, Marshall 1964). It 1s difficult to
~ obtain é. true "blank" value. Tb correct for colour produced by the
reagents the aésay sélution ean be replaced‘ by water but then non-specific
_ colour gliven by the protein part is nbt corz-eetéd»for.. Blanks obtained by
omission of the reagent ‘from the sulphuric acld reaction mixture does not
allow for the possibility that the substances which ‘oth‘e’x'wise’react with
thé reagent now can react with other substances present, e.g. tryptophan
amd cysteine.

. (¢) The acid-catalysed hydrolysis of glycosides in glycoproteins

For the identification or estimation of the individual sugars
occurring in a glycoprotein, it is necessary to liberate them from their

glycosidic linkages, since practically all the chemical reactlons used to
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‘distinguish the monosagcharidgé makes use of the reactivity of carbon
.atom. 1 of the reducing,sugar. Many methods fdr the determination of
. sugars are based,uponlthe ébility o: moﬁpsgcghariﬁgs ﬁn reduce compounds
‘_in'alkaling‘sqlution,ror,e;égple, the reduction of ferriqyanide to
ferrocyanide (Hagedorn and Jensen 1923), of eupric,aglfs:to copper oxide
(Somogyi 19}7), of hypolodite to icdide (Willstatter and Schudel 1918) and
of 2,j,5~tripheny1tetrazolium chloride to triphenvl formazan (Faiﬁbridge
et al 1951), In the ‘estimation. of glucose by glucose oxidase the glucose
~must be in freg form ard 1n‘the,pfgnqmeri¢ cqnfigqratign‘(see Bentleyﬂlgéj).
Many colorimetric methods, which involve heating of the sugar or its glyco- |
side in stropgkm;neéa;‘acid‘1n_the presenggvo:&arraagent,,requirea cleavage
of the gly_c':osidvic‘ linksge prior to the couyérs;on of the sugars to 2-

. .furaldehyde‘derivativgg whicp,‘by coupling with the reggent, form coloured
.hcomplexes.j The amino sugars are also determined only when they are free,
by such methods as thax of Elson and Morgan (19}3) for the unsubstituted ,
amino sugars, Morgan and Elson (1934) for the N-acylated amino sugars, and

‘the~Am1noff‘(1961) and‘Warren (1959).methods for the siallc acids.

. However, galactose residues 1n‘non-redugihg terminal position of a
- saccharide may be estimated without hydrolysis by galgctose oxidase which
.oxidizes the hydroxylvgfpupvat>c 6 to an‘aldehyde-groupﬁ(Avigad et al 1962).
The sialic acid content may also be estimated by titratlon of its carboxyl
group. In a glycoprote;n the titration resulta_arg_compared with that.
. obtained when the stalic acid residues have been enzymically removed
(Popence and Drew 1957, Spiro 1960). o |

The release of sugars from their glycosides is usually effected bp

agueous mineral acid, since alkall is not effective in cleaving acetals
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except 11; certain cases such as the glycosides of phenols, encls amd
_ hydroxyl groups _wh_i‘oh are in B-position to a negative group (Ballou
1954). Also the use of alkall is undesirable since by initial attack.
~on the reducing part of a sugar, .a.lkalr.'i brings sbout extensive degrad-
ation and rearrangement of the sugers (Pigman 1957). ' Although sugars
are much more stable generally ;n acid‘tha,n in alkell they are slowly
degraded in acild cdmttions‘ necessary for the gleavage. of their bglyco-
sides. Different types of sugar vary greatly in the e‘as‘ev with whioch:
~their g;ycosides are hydrolysed by acid ard in their,‘s_tability to acld,
two properties which are related. For example, methoxy sialle acid is
completely hydrolysed at pH 3 and 80° in 45 minutes, and in 0.1 N HC1.
at 100° sialic acid is slowly de_stroyéd since after 1 hour it gives
only 60% of the colour in the thiobarbituric reaction (Karkas and
Chargaff 1964).

(d) The mechanism of the acid-catalyzed hydrolysis of glycosides

‘Studies which have been carried out on the acid-catalysed hydroé
lysis of simple glycosides give some information sbout ‘the pqgsible
situations which may ococur intthe hydrolysis of the carbohydrate groups
in glycoproteins. The mechanism suggested for tﬁe reaction of most syn-
thetic glycopyranosides is shown in Fig. 3 (E‘dw#rd 1955). The first
step 1nvolves a rapid equilibrium-—contrclled‘ protoné,tion of the glyco-
sidic oxygen to give the conjugate acid II. In thé rate-determining
step, the conjugate acid undergoes unimolecular decomposition to the
~aleohol and a cyclic carbonium ion III, which is thought to be stabilized
by conjugation with the ring oxygen atom and to exist in the half chain-
form IV (Edward 1955). The subsequent rapld addition.of water gives -

glucose and a hydronium ion,
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CH,OH - ©
+_H
HO HO O‘Me |
i
‘lSlovv
CH,OH O
HO v +
it
Fast \LHQ_O
GLUCOSE

Fig. 3. The mechanism of the acld-catalysed hydrolysis of some glyco-
pyranosides (from Edward 1955)
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Evidence for the unimolecularity of the acid hydrolysis of many
alkyl- and substituted pk‘xervhglyvcox)yrariosides has been based on
linearity ot“ the 1ogar1thm of the reac;’#:ion rate with Hammett's acidity
function (Bunton et al 1955, Armour et al 1961, Timell 1964, Semke et
al 196)&) and on the large poéitive values found for the entropy of
activation (Capon and Overend 1960, Overend et al 1962, Timell 1964,
Semke et al 1964) a characteristic feature of unimolecular mechanisms.
In the case of a furanbsid&, ethyl-ﬁ-l%ga.iaatofuranoside, the entropy
of activation was found to be negative suggesting a bimolecular reaction
(Overerﬂ et al 1962). = |

Cleavage of the hexose-oxygen bornd rather than the aglycone«
oxygen bord wés shown by isotopic examination 61‘ ﬁhe products of hydro-
lysis of the methyl and phenyl glucopyranosides cafried out in 180
enriched water (Bunton et al 1955). A further indicétion is the form-
ation of thiophenol‘ and ethanethiol from _phenyl and ethyl £hiéglucoaide
(Bamford et al 1962). This type of bond rupture occurs similarly in
'vthe .lflxydrolyais of acetals (O'Gorman and &cm 1950). An example of
glycoside hydfolyéis where alkyl-owgen. fission only has been shown to
occur is in the hydrolysis of t-butyl ﬂ—Dégluoopyranoaidé (Armour et al
1961) which ocours with great ease (1600 times the rate of methyl B-D-
glucopyranoside in M HC1l0, at 25°)._‘ The d:lfférent hydrolytic pathway
is due to the great stability of. the tertiéry alkyl carbonium ion. Tri-
ethylmethyl ﬁ—D-—glucbpyranoside was hydrolysed at an even greater rate,
due to the more stable triethyimethyl carbonium ion and possibly also to

the greater release of steric strain on hydrolysis of the glycoside

(Timell 1964).
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An alterna.tive mechanis:n of glycoside hydrolysis imrolving
protonation of the ring oxygen, open:lng of the pyranose r:lng 1n a rate-'
limiting step, and rapid reaction with Water to give the produets was .
also considered by Bunton et al (1955) Asainst this mechanism are the
following data (Banks et al 1961) Acid-catalysed methanolysis of
phenyl 2, 5.4 6—tetra-0~methy1—ﬁ~D-glucopyra.nosides and of phenyl a- and
ﬁ-D-glucopyranosides has been found to prcceed with predominant inver-

vsion at c 1 which would not be expected 11’ rins opening occurred Acid
hydrolysis of metbyl a-D-glucopyranoside has been associated with an
oxygen 1sotope etfect which 1s expla.mable only if the glyeosidic oxygen
13 involved 1:1 the ra‘bu-limiting step.‘

(e) The effect or subst.ituents of gg@osides on the rates of their acid
| : gy_gro;xsis |

The main factors which are invo:ked to explain the widely differ-
ent ra.tes of acid hydrolysis of different glycosidic nnka.ges may be
roushly classified 1nto steric and ‘eleotronic effects (Shaﬁzideh 1958
Capon a.nd Overend 1960, Reichstein and Weiss 1962, Neuberger and Marahall
1966"“ Overend et al 1962) Steric efteets are mainly eoncerned uith the
strain associated with the sugar ring, due to 1ts size, conformation,
and to the size and spatial position of groups attached to 11;. Eleetronic
effects are concerned with the efrect of groups in the glycoside on
(a) the protonation of the glycosidic oxygen and (b) the cleavage of the
bonrd link:lng the glycosidic oxygen to t.he anomeric carbon atom.

As with the cycloa].kanes, the 6-membered sugar rings are usually
‘more stable a.nd thus less readily hydrolysed than the 5- and 7-membered

rings. For example, the rates of hydrolysis of methyl a-D-galacto-
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septanoside and methyl a-D-mannofuranoside is of the order of 100 times

- greater than their corresponding pyranosidés‘réé.peeﬁivé’ly in 0.01 N HC1
at 1000 (Shafizedeh 1958). The ready hydrolysis of the furanosides has
'beer_l”attributed to the relief of internal strain due to decrease in non-
bonded interaction in the furanoside on formation of the carbonium ion

(Reichstein“and Weiss 1962) in analogy to the reactions of the cyclo-
pentanes (Brown and Borkowski 1952). However the effect of substituents
'in the ring can also predominate. Highly strained aldopyranoside rings
‘such as methyl 3,6-anhydro-2,4-di-0-methyl-a-D-mannopyranoside can be
‘hydrolysed even more rapidly than the coffeépérﬂihg"fﬁranbside (Foster
‘et 'al 1954). The furanosides and pyranosides of fi‘uét'gaé; which are very
easily hydrolysed, differ by relatively little in their rates of acid
hydrolysis (Heidt and Purves 1944). | o
| ‘The C] conformation of the chair form is the most stable arrange-
ment for most of the D-aldohexoses and it was sﬁoﬁx‘:‘that the order of
the éase of acid hydrolysis for the methyl‘D—aidoﬁexopy‘r'anosides (1dose
>altrose >galactose > mannose > glucose) is parallel to that predicted
from instability factors arising from the position of functional groups,
such as axial substituents and proximity of oxygen atoms (Reeves 1950).
The rates of hydrolysis of some methyl glycopyranosides in 2 N HCl1 at
1009 are given in table 4. | |
| The oyelic carbonium fon postulated by Edward: (1955) in the
mechanism of hydfolysis of glycosides was considered to be stabilised
by conjugation with the ring oxygen, and for this to be so C2, C1, O
and C5 must lie in one plane making a half-chair structure. The con-

version, which will be hindered by opposition of substituents at C2

‘rélative to C3 axd C5 relative to ‘CIL, would account for the order of
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TABIE &

The Rate of Hydrolysis of Glycosides in 2 N HC1 at 100°

k" x 102 o
oside - min=} Activation Ene;g
- kecal mole
Methyl a~D-fucopyranoside - 210 33.9
Methyl a-D-galactopyranoside S ' 34,0
Methyl ﬁ-D-»ga].aotopyrahoaide - . 60 | 32.3
Methyl a-D-glucopyranoside . 1w 34,1
Methyl a-D-mamnopyrancside ‘ ‘ 25 51.9
Methyl N-aoetylo‘m-ne-glucosaminide '  28.4¢
Methyl a-D-glucosaminide 0. ‘ 36,01

* caloulated by Neuberger and Marshall (1966) from the data of
Overend et al (1962)

.
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stability- heptopyranosides > hexopyranosides > 6-deoxyhexopyranosides
S pentopyranosides. and partly for the lability of the deoxy gluco-
pyranosides (Edward 1955, Overend et al-1962).
The greater ease of hydrolysis of methyl}l)—giycohyranosides
“compared td tﬁe d-anomers ‘hasg begn ,Ascr’ibed to the higher free énergy
of the‘iﬁ;anomérs caused by 'repQISive interaction between the glycosidic
and ring oxygen a.toms, a situation which will be removed on protonation
(Edward, .1955) For more bunqr agl;yconas the steric effect of the a-axial
- group will predominate. S
... The electronic effeéﬁs of the 'sugér sﬁbstitue‘nts on the réte of
hydroljéis will be ‘,to‘ affect the protonation of the glyoosidic oxygen amd
the hetez;olysis of the conjugate acid in the same way ’(Ovéx-end et al 1962).
‘ The great difference between the rates of hydrolysis of variously
'2~subst1tuted methyl glucopyranosides has been explained in terms of an
inductive effeot and correlated with the effect of such groups on the
hydrolysis of diethyl acetals (Shafizedeh 1958) and on the dissociation
constants of substituted agetié' aclds (Marshallk _1963). The replacement
of a hydroxyl‘ group by an amino group on C2 in ;nethyl glucoﬁyrandside is
~ to reduce the rate ot‘vhydm‘)lysi‘s by over 100 times (P{bggridge and
Neubergef 1938). In this case the positively.-charged amino group will
‘providg ‘an electrdstatie shie’ld;ng effect against protonation of the
. 8lycosidic oxygen. In methyl a~D-glucosaminide, the amino groﬁp is
closer to the glycosidic oxygen, than 1s the casé with ﬁethyl B-D-glucos-
aminide and therefore the a~:.compound is less readily rwdi'olysed (Neuverger

‘and Pitt-Rivers 1939). Aocetylation of the amino group gives a rate of acid
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hydrolysis comparable to the methyl glucopyrancside. Overend et al
(1962) have compared the rates of hydrolysis of the various methyl
deoxy-~a-D-glucopyranosides with methyl a-De-glucopyranoside. The rela-~
tive rates for the 2-, 3- and 4-deoxy compounds are 2090, 20 and 40
respectively.

The effects observed with the 3~ and B-deoxy compounds together
with a part of the effeot in the 2-deoxy compound have been ascribed to
a steric effect in the conversion of the chair tom of the glycoside to
the half-chair form of the carbonium 1on. ' The 4-substituent would have .
a larger effect since 1t is m opposit:lon to the more bulky 5 hydroxy-

" methyl group. .

The substituent at C5 has a small effect on rate of hydrolysis.
For example the rate of hydrolysis ot methyl 6-deoxy a-D-glycopyrano-
’sides is sbout 5 times that of the fully kwdroxylated glycoside and about
the same as that of methyl a-D-xyloside (Overend et al 1962, Timell 1965).
Timell (1965) has invest:lgated the efteet or marw different substituents
at C5 on the rate of acid hydrolysis anr.i conclvded that neither the
inductive effect nor steric effects alone could explain the different
rates obtained. Methyl 6-amino-6—deow-a-n~gluooside was the most
stable to acid of ‘those 6~substitgted glucoéi&es tried, peing 12 times
more stable than methyl a-D-glucoside. The greater sté.bility of the 6~
| amino compound was attributed ‘a.t least partly to the electrostatic
shielding effect of the ammonium ion. The substitution of a carboxyl
group at C5 usually has a stabilizing effect oh the glycoside in acid
but in some cases it hardly affects; arxi in other cases even enhances,

the rate of hydrolysis (see for example Semke et al 1964, Timell 1965).
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The great ease of hwﬂrolysis of the glycosides of sialic acid is
predictable from its struoture as a a-deoxy a.nd alao a ketc sugar. The
mechanism of acid hydrolysis was suggested by Neuberger and Marshall
- (1966) to proceed predominantly through 1ntemed1ates .'m which the
carboxyl group (pKa 2 6) is ionised since (a) the uncharsed carboxyl |

' sroup would 1nh1b1t protonation of the glycosidic oxygen, {b) protonation
o of the glycosidic oxygen will reduce the pKa or the carboxyl group amd
(c) the 1eav1ng aroup will be released more easil:y froa the doubly

| , charged glycoside. This would explain why the es’cer glyeoaide is less
' eastly hydmlysed Karkas amd. chargaff (1961;) origma.lly suggested the
| difference was due to an intramolecular catalytie effect 1nv01ving
romation of a bond between the carboxyl hydrogen and the glycosidic
oxygen. }

’I'he effect of the aglycone on the rate of aeid hydrolysis of a
g],ycoside ia small for the alkyl a.nd substituted-&lkyl compounds (Timell
1961;) The phemrl glyoosides have a greater rate than the alkyl com-
pounds but substitution of the phenyl group doea not have a great effect
(Hath and Bydon 1951; , Hall et al 1961, Semke et a.l 19614) The rates of
' hydrolysis of reduc:lng disaccharides deperds on the nature of the
glycone and its a.nomery and to some extent on the partieular hydroxyl
gfoup substituted in the_ aglycone reeidue (Mde'lwyn-m:ghes 19é9. Timell

The rates of nydz?elysis of some disaochafides »and' some ’polysac—
charides, are 1iated in tables 5 and 6 respeets.vely In the glucose~
containing dlsaccharides and polysaecharides. the gaccharides having

1——96 linkages are hydrolysed a.t an appreci.a.bly lower rate than the
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ccrresponding 1—>4 linked saccharides. This 'ditferende is not "

observed with the two gala.ctosyl disaccharides shown. The 1-—>3
'linked residues of 1amarin are hydrolysed at a similar rate to the
a-linked polysaccharides. The »non—reducing terminal sugar residue
seems to be x-eleaaed more rapidly than residues in non~terminal position.
The 1—>4 slycosidic linkage of ma].tose is hydrolysed j times more
;rapidly than those of sugar residues in non-terminal positiona in the
| polymer chain but maltose may not be an aecura.te model for the two non-
. redueirg terminal residuea bound in a polysaccharide. Honever the rate
'of hydro]ysis of a polyaaccharide 1ncreased as the reaction proceeds
| (Szetjli 19650)
TBIE 5

’Rate of h}&rolygis of some ‘d‘i;saceﬁa.rides 1n OV.S“M sﬁlphuric acid at 80°

Disaccharide kK x '4105 sec~1
Glucosyl a(l— 4) glucose | | 9.1
Glucosyl - B(1—>1&) glucose ' o 4.0

. Glucosyl p(1—>6) glucose - ' 2.2 '
‘Mannosyl a{(l—>4) mannose - | 6.8
Galactosyl B{(1—>4) glucose : o T.8
Galactosyl B(1 — 6) glucose ‘ ‘ 8.8

Data from Timell (1964).



TABIE 6

Rate of hydrolysis of some polysaccharides in 1.2% N HCL at 100.8°

Folysaccharide Sugar and 1inka£e ok x 107 sec-}
~ Starch : “ - ' -vglueosé ‘a(l%h)‘ B ‘2.4
Dextran - o ' ><-glucose ; a(l——>6)i | S 0.8
. 'Laminavx_-in’ O - 'glucose | ﬁ(l—ej)j," 1.8
l'zAllgixiic‘acid S 'uronic aeid 8(1——>4) o R+ )8 8

* mainly mannuranic acid, aome guluronio a,oid also.
Data. from Sze.]tli (1965a,b,c,d)

(f) The release of sggars rrom g_ycopro’ceins by acid

The release of a sngar from & glycoproiein by aeid will depend

‘on the. type of sugar am ‘the number axd ‘nature of 1ts substituents.
of the various types of sugar sialie acid is the maat readily released
from-its glycosidic linkage. As it seems to be almost invariably in
tha non-reducing terminal posttion in glycoproteins it can usually be

| specifically released by very mild acid e.g. for fetuin 0 025 N HoS80y,

‘800 for 1 hour (Spiro 1960) for blood-group Lea substanee pH 2, 37° for
B 24 h (Puszt.ai and Morgan 19619.) and for al-acid glycoprot.ein 0.04 N
| ‘}12804, at 80° for lh (Eylar and Jeanloz 1962a) o
| ‘, L-Fucose, 6-deoxy-L-galactose, is more easily released from its
glycosides t.han galactose and since it ‘oceurs 1n terminal position in
Iglchproteins its coxnplete hydrolytic release requires f‘airly mild con~
ditions e.g. for blood-group Dea substance N a.cet.ic acid at 100° for 2k

hv (Annison and Morgan 19520) and for al-acid glycoprotein N HCl at 100°
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for 15 win (Winzler 1958) For £ibrocystic intestinal mucoid 0.1 N

HpS0, at 80° releases abou’c jo% 1n 1.5 hr (Johansen 1963) " In blood group B
substancc. ; only 75% of the fucose is split off by N acetic acld at 100°
I‘deapite prolonged treatment (Gibbons and Morgan 1954) - In the triohloro-
acetic acid«-precipitated rraction of serum the optimum coxxiitions for the
’relea.se oi‘ fucose was 0.6 N H,80, at 100° for 1 h (Gyork.v and Houck 1965).

The neutral sugars D-galactose and D-mannose require stronger con-
| yditions of hydrolysis as their glycosides are 1ess readily hydrolysed than
| those of fucose and as they are often substitubed by other sugars thus
| needirg 2 glycosidic linkages to be broken for their release. Also the
glycosidie 1inkages within a .chain are hydrolysed less rapidly than those
| of sugar residues in non-reducing terminal position. In graded acid hydro-

‘lyses of serum proteins galactoseappears before mannose, ag 1ts substituents,
| kfucosve and sialic acid, are easily split off and since galactosides are
cleaved a little more readibly than mannosides (wmz_bler 1958, Graham 1961,
Spiro 1962, Fylar and Jeanloz 1962a), Where the hexoses have N-acetyl-
hexosaminyl substituents, any hydrolysis of acetamido groups whioh occurs
prior to hydrolysis of the N—aeeﬁylhexosaminides, will result in acid-stable
saccharides containing hexosaminidic linkeges (Moggridge and Neuberger 1938.
Kent and Whitehouse 1955, Gottschalk and Ada 1956 amd Foster et al 1957).

A similé.r sltuation 15 also likely to oceur whgn an amino group is
adjacent to a glycosidically-substituted hydroxyl group. Such a structure
may be formed during the éoid hydrolysis of glycoproteins contalning 3-0-
glycopyranosyl-N-acetyl-hexosamine. Disaccharides of this type have been

isolated from, for example, blood group substances (see Morgan 1963). The
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amount of hexose not determined due to these causes will depend on the
nunber of hexose residues with N-acetylhexosaminyl substituents and on
the relative rates of'cleawage‘bffthe amide and glycoside. The latter
‘is a‘canQQuehce'of the eonditioﬁs-employed for the«hydrolysis.' High
’témpe#atufes and concentraxed.acid_weré'considered to favour gl&coside
"~rather'i§an,amide hydrolysis: (Johansen et al 1960) but the hexoses are
‘deStroyed at a grester rate ugderlmore severe corditions.  In practice,
the conditions employed for the release of hexoses=from'a-siycoprotein,
‘are determined experimentally on the basis of-maximuﬁ yield. Typical
"acid‘ccncentration and times of hydrolysis is at 1oopygiving optimum values
"forihéxoSes are; al-acid-giycoprOtein 1 N H;80y for 6 h (Eylar and Jeanloz
1962, Michon and Bourrillon 1961), fetuin 1 N H,80y, 8 h (Spiro 1960), egg
albumin 2 N HCL, 1 h (Francois et a1’1962), thyroglebulin 2 N Hésou, 6h
(Spirbmd Spiro 1965), for blood~group. ‘substangeso.s N'HC1, 18. h (Annison
and Morgan 1952a, b), and for sevéral giycoproteinS'O.ES N’Hé804 18 h
(Gottschalk and Ada 1956). | |

The quantitative rclease of hexosamine from glycoproteins by acid
hydrolysis is likely to be prejudiced by thevres;stance{of hexosaminides
to cleavage by acid even more acutely than in the case of the hexoses.
For example, the hexosamine residues, which are glycosidically linked to
the protein through the amide N of asparagine, are probably released at
a lower rate than those glycosidically attaohed to other sugars For
egg albumin‘glycopeptide, the N—glycosylamide bord in N HCl at 100° is
cleaved at a rate of 8.2 x 10 " min™t (Marks et al 196)) 1n comparison
to a rate of 63 x 1077 min‘l for methyl N-acetyl-a-D-glucosaminide

‘(thansen et al 1960). Also in some glycoyroteins, at least, there occur
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two N—acetylhexosamine residues linked together e.g. r-globulin (Rothfus -
and Smith 1963). - |

'l‘he hydrolysis of metmrl N-acetyl-a-D-glucosaminide wag studied by
Moggridge and Neuberger (1958) and shown to proceed by the two pathways

1n t‘ig. 4. To achieve qua.ntitative recovery of glucosamine hydrochloride

: PATHWAY I
- / ‘N-acetylglucosamine

- ‘Methyl « - - Coo Glucosamine
N—acetylgluoosaminide . hydrochloride

Methyl
glucosaminide
hydrochloride

PATHWAY II =

" Fig. 4 Alternate pathways for the acid hydrolysis of methyl N-
- - acetylglucosaminide (Moggridge and Neuberger 1938).

the hydrolysis must vprocee‘d via pathway I as the a.cid conditiohs required-
for oleavage of the glucosaminide in pathway IIX will degrade the product
to a sonsiderable extent. Predomina.nce of glycoside to amide hydrolysis
oceurs with increase of boﬁh temperature and acid ooncehtration as the
activation energy of hydrolysis of a-methyl-N-acetylglucosaminide (36,000
k cal/mole) is greater for hydrolysis of' the amide (19,000 k cal/mole) and |
1nc£easo in acid concentration causes a greater increase in the rate of
glycoside hydrolysis than of amide hydrolysis (Moggridge arnd Neuberger
1938 Johansen et al 1960)

The recovery of glucosam:lne from & series of N—aeylglucosaminides
after hydrolysis in 1. 16 N HCl1 at 100° varied from about 70% to 100%

depending on the particular glycoside tested (Foster et al 1957, Francols
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et al 1962). In the analysis for hexosamine in egg. albumin (Johansen
et al 1960), ovomucoid (Marshall and Neuberger 1960) and fetuin (Spiro
1962 ) :l"c‘ has been shown that the optimum acid‘cbncex:itra;’bilbh for hexos-
amine analysis is 4 N HC1 for_vj to 6 h at 100°, lower values being .
obtained with 2 N KCl. In a hexosemine-containing polysaccharide Smith
and Zwartoww (1956) showed mcreased yields of hexosamine with increased

acid concentration.

(g) The destruction of s% by acld .

' Different types of su.ga.rs are destroyed by ‘acids a.t d:lfferen’c rates.
In glycopmteins, sialic acid sis the least stable, gugar ‘and the hexos-
amines are the most stable. The Stabinty to acid of the ‘6-deoxyhecxoses
and hexo’ée's lie between the two exiremes. N-Aceﬁylneufaminic acid, when
heated for 1 h in 0.1 N HCl, loses 17% of its colour at B4° and about half
at 100° when assayed by the thiobarbituric acid method (Aminoff 1961°,
Karxaé and Chargaff 1968). In2 N HCL at 100° 23% of mannose is destroyed
in 5 hours (Francois et al 1962). In & N HC1l at 100° 6.6% of glucosamine
is degrédgd in 15 hours (Boas 1953). It is generally considered that
sugars, bound in glycosidic linkage, a.re not destroyed by acid (or alkali)‘
withoﬁt first rupture of the glycosidic bond. Hqﬁever the carbonium ion,
formed as an intermediate in the ac;d-catalysed hydrolysis of glycosides,
may well be more feactive_tha.n free sugars in solution_(Neuberger_ani
Marshall 1966). Some evidence for this is that acid reversion occurs more
readily with glycosides than with free sugars (Overend et al 1962). The
reactivity of the carbonium ion may also account for the obséz_vation that
free sialic acid degraded in N or 2 N HCl gives up 22-25% of its N as NH;

whereas under the same conditions the sialic acid bourd in glycoproteins
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ylelds about 50% of its N as NH3 (see Graham et al 1963).. Consequently

one would expect less side reactions if hydrolyses :af'é carried out in
© aflute solutions,

The effect of the presence of amino acids on jtile destruction of
sugars in hot acid is ;31:111- largely unkﬁovm. The loss of mannose in 2 N
HC1 at 100° for 5 h'amoun'ts to ’about 234 as xvneaswed. by recovery of the
phénylhydra.zone,“ but 1f in addition cystéme is’ presérit at a concentration
of 1 M the loss of kmanno‘se is gréétly increased td'i:&é'% '(Francois et al
1962). The increased acid destruction of some amino acids in the pz-esence -
of carbohydra’ce 1s well known (Martin and Synge 1945) and if this is
" brought about by.direct reaction with the carbom;drate the latter 1s also
likely to be partl& destroyed., Tryptophan, cysteine arxi meth:lone suffer
‘ considerable losses when hydrolysed in large amounts of carbc!wdrate, even
in dilute solutions (Schram et al 1953). Under similar conditions the
other amino acids are not simnai-zy affected (Dustin et sl 1953). Hydro-
 lytic conditions empioyed for carbohydrate estimation are much milder than
those necessary for amino abid analysis so the released sugars will be in
the presence of many peptides. If the amino acids react with sugars
differently 1n,pept1de linkage, correct1§ns for loss of sugar by this
Process wi.ll‘ be difficuit to oﬁté.in‘. | |

Oxygexi éauses increased destruction of sugars during acid hydrolysis.
‘Glucosamine and galactosamine when heated in 2 N HC1 at 100° for 10 h in
sealed tubes, chowed a loss of 5% There was no loss 1if the tubes were
flushed with nitrogen pﬁor to selaing (walborg and Ward 1963) If the
acid hydrolysis of proteins is ca.rried out in evacuated sealed tubes clear
solutions are cbtained (Smith and Stockell 1951;) However, tryptophan,

which normally contributes to humin formation, is still destroyed.



40
EXMIFEI@AL

1T ‘ THE ESTIMATION OF GALAC"“OSE MANNOSE AND FUCOSE IN GIXCOPRGI‘EINS

BY ISOI‘OPE DILUTIOH

1. Introduction

'I'kixemethod of estimation .‘by ‘zjadio iséotope dilﬁ'éiox} ‘in’volves
additio_n to the assay mixture ;;:'a compound which contains one or more
radioactive atoms in its structure e.nd which is identioal ‘with the subs-

_ tance to ke eetimated.‘ The dilution of radioactivity foun:l 1n the
compound after 1soletion gives & measure of the amount of that compound
present. The eonditions which must be met are that complete mixing
occurs and that there 18 no: 1sotope efteet either durirg isola.tion or
in any side reactions, such as degradation, tha.t ma;y occur.

The 1sotope dilution method is not usually any uore sensitive tha.n
direct me’chods of assay ‘beoa).use, a.}.t.hough by _a@ditionof the radioactive
compourd, the amount available for assay is increased some of the oompoﬁrxl
is required for radio assay. The isotope dilution method is often less |
accurate, as further possible errors are introdueed in the measurements of
radioe.etivityf The method ha.s found many applications(E.g. Broda, 1960).

The amounts of glucose and fructose, present in mixtures of sugars
obtained during studies on the Lobry de Bruyn and Alberda. van mcenstein
rearrangement was determined by an isotope dilution method (Sowden ard
Schaffer 1952) Two components 1n "hydrol®, glucose and sentiobiose, were
deternined by the dilution of the L. labelled sugars added to the mixture
(Sowden and Spriggs 1954). The methad,wl;ioh was oeveloped for the estim-
ation of mannose in egg albumin (Frangois et al 1962 ). involved addition

of radioactive mannose to egg albumin before acld hydrolysis so that as
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mannoge was released from the glycoprotein it mixed with the radiocactive
mannose. After acid hydrolysis, manncse was isolated as theé insoluble
mahnose phenylhydrazone, which was recrystallized and counted at infinite
thickness. From the difference in specific activity of mannose phenyl-
hydrazone before arnd after hydrolysis the mannose content of egg albumin
was calculated to be 2.0 + 0.06% which is equivalent to 5 moles of mannose
per mole of egg albumin (45,006 g). This result was considered to be
close to the true mannosé content of the glycoprotein for the following
reasons.

1. Careful application of 2 modifications of the orcinol-sulphuric acid
method, that of Johansen et al (1960) and Hewitt (1937), to egg albumin
showed a mannose content of 1.83 to 2.02% (Johansen et al 1960). The
absorption spectrum of the colour producéd by egg albumin was identical
to that produced from manncse.

2. Other colorimetric methods of assay such as the phenol-sulphuric acid
method (Montgomery 1961) gave similar results.

3. Glycopeptide prepared from egg albumin was found to contain 5 moles
of mannose per mole of aspartic acid present (Johansen et al 1961).

k. The molecular weight of egg albumin glycopeptide is only compatible
with 5 moles of mannose per mole {Kaverzneva and Bogdanov 1962, lee et
al 1964, Fletcher et al 1963).

5. The greatest yield of mannose isolated as the phenylhydrazone from
egg albumin was 1.77% which must represent a minimum value (Frangois et
al 1962). |

6. A consideration of the relative rates of the reactions involved

suggested that the amounts of radioactive mannose, preferentially
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destroyed before dilution with most of the mannose released from egg
albumin, was unlikely to be significant (Francois et al 1962). From
~the increase in reducing power of egg albumin glycopeptide in 1.5 N HC1
at 100° (Neuberger 1938, Nuerke and Cunningham 1961) it was calculated
that the halfelife of mannose bound in egg albumin in the presence of
2 N HC1 at 100° was about 10 min. - The rate of destruction of mannose
was assessed from the decreasing amounts of mannose phenylhydrazone
i1solated from hydrolysates of egg albumin after the maximum liberation
‘of mannose had taken place in 2 to 3 h. A value for the half-life of
" mannose was about 120 min in 2 N HC1 at 100°. The ra,tio‘ of rate of
~1liberation to rate of destruction therefore was about 1l2. Any prefer-
ential destruction of radioactive mannose wlll give too high an estimate.

The same method was used for the estimation of the ﬁanmse
remalning after periodate oxidation of egg albumin glycopeptide (Fletcher
et al 1963). Colorimetric procedures such as the orcinol-sulphuric and
anthrone~Ho0) cannot be used for the estimation of remaining hexose in
‘periodate-oxidized carbohydrate as the products of oxidation give a
colour compareble with that of the original material (Eykr and Jeanloz
1962b). The amount of egg albumin used in each experiment was about
2 g. and the minimum weight of mannose phenylhydrazone required for
counting of radioactivity was about 25 mg. The aim of the present work
was to extend this type of procedure to the estimation of other neutral
sugars, such as D-galactose and L-fucose, in glycoproteins amd to

reduce considerably the amount of glycoprotein required for analysis.
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- 2, Colorimetric Methods for the Estimation of Reducing Suzars

Of the many methods described for the assay of reducing sugars,
one procedure seems to have certain advantages.

(a) Tne o-aminodiphenyl method (Timell et al 1956)

_ This method, which consists of heating a sugar with c-aminodiphenyl
~in glaciel acetic acid requires only Eone_reageni;,, .;s, fairly sensitive,
gives a stable colour, has a linear colour response from 20 to 500 pe/ml
and avoids the use of concentrated sulphuric acid. . All the hexoses
. tested gave a green colour with the same molar extin_eticn_coefﬁcient
(4,635) at 380 ms, the absorbance maximum, The 6-deoxyhexose, L-rhammose
gave slightly lower molar extinction %,535.  Keto sugars such as fructose
gave very little colour. Disaccharides, ‘trisaccharides and also methylated
_sugars gave colours which differed in intensity and time of maximum
development for each substance. A suggested mechanism of colour conform-
~ation is a gondensation between free sugar and amine _to give an equili-
brium mixture of a glycosylamine and the corresponding Schiff base
(Timell et al 1956). The method was found to be useful for estimating
sugars eluted from paper chromatograms. In the method .u_sed' here the
- volumes _of all solutions were usually reduced to one half. The time of
heating was extended from 45 to 50 minutes to ensure complete reaction
(see Fig. 5). The procedure is' as follows.

6—Ammod1pheny1 was obtained from L. Light & Co. Although the
material was recrystallized twice from agueous ethanol using activated
charcoal (BDH) the product was still coloured. White crystalline
material was obtained if the c-aminodiphenyl was recrystallized as the
hydrochloride from aqueous ethanol and then reconverted to the free

base by the addition of sodium hydroxidemp 49.5 - »5(9 .
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Acetic acid glacial. Laboratory reagent giaciai acetic acid was dis-
tilled from 2% chromium trioxide, the fraction bolling between 118° and
119°c (uncorreeted) was collected (Orton and Bradfield 192&)
Procedurea To the test solution (0.5 ml containing 10-200 ue of sugar)
" in ground gla.ss stoppered teat tubes was added freshly prepared solution
‘ of 0.4% o-amimdzpneml in glacial acetic acid (2.5 ml). The tubes
were stoppered and inmersed in a boiling water bath for 50 minutes. The
‘tuhes were cooled and the absorbance at 380 myu of the solutions was
measured in 1 om cells in a Unicam SP 590 spectrophotometer. |

| A distilled water blank in the assay gave an absorbanee va.lue of
'aboiz’c 0.007 when measured against water. The response ot galactose and
‘fucose is shown in fig. 6. | . |

(b) The ferricyanide assay of reducing sugars

As some glycoproteins contain less than 1% of .a.‘ péi'ticular sugar
component, the amount of material required for assay cvou‘lldv be considerably
reduced by a more senéitife method for estimating sugar. The most sensi-
tive method avallable appeared to be that which involves the reduction
of ferricyanide. Park and Johnson (1949) described a pfécedure which
estimates sugars in the‘range of 1 ~ 10 yg/ml. The maln disadvantage 1s
that 1t 1s not specific anl considerable care has to be taken to ensure
reproducibility. Their xjrocedure was used here with minob changes.

Consistent results tiere obtained with this assay only if certain
precautions were taken. ASaay tubes wére cleaned with sodium dichromate
in concentrated sulphuric ‘ac‘::ldlafter use. .(t waé foufxi necessary to
increase the coricentra.tion of'suip‘huric acid‘rrdm 0.05 N ﬁo 0.1 N in the

ferric amonium sulphate reagent to prevent the solutions from becoming
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Fig. 5. Development of colour with time in the o-aminodiphenyl
method. A solution (1 ml.) containing galactose (55.8
ug.) was heated at 100° with 0.4% O-aminodiphenyl in
acetic acid (5 ml.).
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Fig. 6. Standard curves for L-fucose (F) and D-galactose (G) in
the O-aminodiphenyl method (Timell 1956).



46
turbid. ’_I'h'evvolum'es _of all solutioos were usually r‘educed‘ oy a half.
Sampleé were assayed in triplicate since olco’osiiona.ily o tubevgave an
anomalous high value due pmsu&ably to contomipantreducing substances.
Solutions 1. Potassium ferricyanidev (Analar, Hopkins and Williams),

0 5 8., was dissolved in Water and made to one utre.
2. Sodium carbonate (anhydrous, A R., British Drug Houses ),
. 5 3 g., and pota.ssium cyanide (A R. British Drug Houses) 0. 65 g., were
. di..,solved in water and ma,de to one 11tre. _ | |
3., I‘erric amonium sulphate (A. R., Br.ttish Drug Houses),
.5 8 and sodium dodecyl sulphate (L R., British Drug Houses ), 1g.,
‘were dissolved 1n 1.1. of 0.1 N sulphuric ac:ld.

To a solution (0 5 ml.) containing from 1 to 5 ug sugar, was added
solution 2 (0.5 ml) followed by solution 1 (0.5 ml) The tubes were
stoppered with ground-glass stoppers and heated in boiling water for 15
minutes. The tubes wore cooled e;m solution 3 (2.5 ml)_ was added. After
50 minutes the absorbance of the solutions wore measured at‘690 mu in a
Unicam SPS00 spectrophotometer. ‘I‘he" reading g'iv.en by water alone was
‘a.boot 0.055. Control tubes ta_ken from tgeé(,fctolum(ice—gtgieg)readlims usually
about 0.005 higher.‘ Standard curveé for glucose, galactooe, mannose and

fucose are in fig. 7.

Estimate of Variation : The variation in the average value obtained

from replicate measurements has been expressed as the standard error of

2 (zi- 2 ]VZ
D

Yo where n is the

the mean value, 1l.e.
number of values, x3y is any value and x 16 the mean of the values; The
signmificance of this paréuneter 1s that sﬁch mean values will lie between

the limits of + 2 standard errors with a probability of 95%.
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Fig. 7. Standard curves for sugars in the ferricyanide meéthod (Park and

Johnson 1949)
Glu -~ D-glucose; Gal - D-galactose;

M - D-mannose; F ~ L~fucose.
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75.‘ Conditions of Aoid Hydr ﬁ;l_.ysis of Glycoproteins for the Release
- of Hexoses
| Various times and acid concentrations have been used in the

‘hydrolysis of glycoproteins for the relea.se of‘ hexoses but the tempera—

1 ture of 100° is almoi.‘c always used., For plem'omuooid Bourillon and
Michon (1959) found N HCl for 6 h to be optimum. Foz' the similar ay-
acid glyooprotein of serum, maximum values were obtained for galaetose
'with 2 N HC1 for 2 h and for mannose 2 N Hel for 5 h (Montreuil and
Scheppler 1959). The hydrolysis of thyroglobulin in 1 N HQSOA for 6 h

| or 8h,: or in2 N Hasou for 6 h or 8 h is common (Eylar and Jeanloz 1962,
Chatter.)ee and antgomery 1962 Spiro 1960 Walborg and Ward 1963).

For egg albumin Franeois et al (1962) considered that half the

' mannose would be released in about 10 min. 2N HCl at 100°, or 98%
in the first hour. Their.results from isotope dilution experiments over
a time oeriod remained constant for periods of bydroi&eie of 2, 3, 4 and
6 hours. The cholce of 2 N HCl was a compromise between effective hydro-
lysis and destruction of the sugar, particularly at the start of the
rEa.ction before release of mannose from the glycoprotein had occurred.

To minimise conditions whereby ‘the acetamido groups might be preferentially
_cleaved the radioactive sugaraad glycoprotein solution were heated to 100°
before addition of acid (Franoois et al 1962).

Effect of heatigg galactose in HCl at 1oo°

Solutions (0.5 ml) of N or 2 N HC1 containing galactose (1.22 ng)
were heated in sealed tube in a boiling watep bat.h for various times.
The tube contents were made to 25 ml and allquots were assayed in dupli-

cate by the o-aminodiphenyl method.
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Time _ N HCL 2 N HC1 o
0 hour - 0.200 | 0.207
o ©oag8  0.206
e o oagr 0198
50 . oa0e - 0.1%5
| Averag_é standard error;r_ 004 S+ 002

"It appears that galactose is fairly steble in 2 N HCL at 100°
for up to'3 h, although the acld degradation products of galactose may
also react with O-aminodiphenyl. 'This criticism is probably even more
valid when applied to the estimation by the anthréne‘-éulphﬁric acid
method of galactose destruction in 4 N HC1 (Hasb and Anastassiadis 1961),
‘which showed a loss of 3% in 'l h and 14% in 2 h. The formef value 1is
compatible with that found here. However these comditions wére not too
destructive of galactose to be used with an isotope dilution ﬁethod.

4, The Removal of Acid from Hydrolysates

The methods most commonly used for the removal of HC1 from hydro-
lysates employ anlon exchange resins. Weak anlon-exchange resins have
been used in various forms such as the hydroxyl form (Frangois et al
1962, Chatterjee and Montgomery 1962) carbonate form (Pusztai and
Morgan 1961a) and acetate form (Roberts and Gibbons 1966) and strong
anlon exchange resins have been used in such forms as the carbonate
form (Eylar and Jeanloz 1962a) and the formate form (Spiro 1962).
Reducing sugars are not quantitatively recovered from strong anion
exchange resins in the hydroxyl form (e.g. Roseman et al. 1952).

In the first part of this work the hydrolysate was neutralised
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with Amberlite IR-4B, “OH form and passed through a Dowex 50 H' form
‘column to remove positively‘-cha?ged material, such as amino acids,
peptides, amino sugars, inorganic cations and any soluble basic
‘substances released from the anion exchange resin., The effluent was
concentrated to dryness in a rotating flask under reduced pressure in
" a water bath of about 40°C. |

' The recovery of sugars from lon-exchange resins -

Since low recoveries of radiocactive sugars wer'e; observed the
recovery of neutral sugars from ion-exchange resins ‘was ’investigated‘.

' Each resin was regenerated by washing it into a’ ¢olumn and passing
through it in succession sev'eral‘ column volumes of‘2 N NaOH, water amd

2 N HCl. ' The column was then washed with a 2 N solution of the compound,
- used. for conversion of the resin to the form desired, until the effluent
was free of the ilon being removed. After exhaustive washing the resin
was ready for use. ‘

(a) Recovery of galactose from Amberlite IR-4B - hydroxyl form

A solution (0.5 ml) of 2 N HC1 containing galactose (1.12 mg) was
applied to a column of Anberlite IR-4B hydroxyl form {1 cm x 19 em).
Water was passed through the column and fractions of 25.0 ml wepe
collected. Samples (0.5 ml) of each fraction were assayed by heating
with 2.5 ml of O-aminodiphenyl for 50 min and reading the absorbance at
380 mp:.

A solution (0.5 ml) of galactose (1.12 mg) was applied to a Dowex
50 - H" form column (1 x 4 cm) and washed with water. Fractions of 25

ml were collected and assayed in duplicate as above.
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- Absorbance 380 mu Recovery &%
Galactose qr;gina.l_ solution : Q.24 |
Water o ‘ - 0.010
- Anberlite 1ﬁ-4B fra.cti§n 1. 0.180 o 85
. r ow e | 0.0M B 15
o " " 5 ook 16
Doweic 50 ., lfraqi.'.i_gn 1 o - 0.214 ‘ 100

o noo, 0,008 | 0o

As a large volume was required to wa.sh the sugars from the
' Amberlite 1R-l}B resin and as othex' material Waa washed from the column,

alternative amon-exchame resins wepe tx'ied.

(b) Recovem of mannose. from Dowex 2 - agetate .

A solution (5 nu) of 2 N HCl eontaining mannose (1 79 mg) was
applied to a column of Dowex 2 (x8, 200—400 mesh)-acetate form. Water
was passed‘through the columnvand fzjaci}iqxxs_ of 25 ml were Ieollected amd
aésa,yed by Q-axnihodiphexwl method . -Mannose (71.4 p.g/ml) ih 0.4 N acetic

acid was t.he control.

Absorbance at 380 my  Recovery %

Water | ‘ o 0.008 + .001' |
Frection 1. 06T+ .02 101
Fraction 2. o 0.016 ol .003 | 2
Control | _‘ O 365 | -

(c) Recovery of mannose from amino acids: by passage through ion exchange

resing
A solution, containing mannose (1.14 mg) (6.3 pmole) and a standard

mixture of amino acids (0.4 umole of each as used in amino acid analysis)
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in 2 N HCl, was neutralized‘withhnowex 1~bicérbohate form and passed
through small éouﬁled coiumns of Doﬁex l-bicérbonaﬁe am Dowex~50-
hydrogen form. The columns were washed with water énd ‘the combined
effiuents wére concentratedliovdﬁynéss on a'rotary eﬁapofazor at a
temperature of lesé than 40°,  The dried residue was made to 250 ml
and compared with the original mannose solution by the ferricyanide
assay. method. The mean and standard errors of triplicate absorbances

measured at 690 my are given. (

, Water , . Q. 011 + O OOl
Assay . - .628 + 0. 005
Sta.rﬂar‘d . 0¢65° + 00006

As the recoveny of mannose was about 97% this procedure was used for
removing ions from hydrolysates.

5. The Céunting of Radioactive Sagples

Isotopes which emit B~partic1es, such as 140, can be directly
counted with a Geiger counter by Spreading the samples on planchets.
The two main difficulties encountered in such a method for quantitative
purposes, are the need for the symmetrical placing and even distribution
of the samples on planchets and the problem of the absorption and
scattering of the emltted ﬁarticles by the sample itself (Calvin et al
1949, p.27). ‘'fhe first difficulty is overcome by reproducible pro=-
cedﬁres in placing the samplee aﬁd, if in solution, in cleaning the
planchets and in evaporation of the solvent. The effect of self-
absorption may be overcome in several ways. If the sample-is sufficiently
thinly-spread on the planchet self-absorption 18 nagligible("infinitely

thin samplq) Fbr 140-coniaining compounds, ™thin® samples of 0.1 or 0.2
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mg per cu® have been suggested (Calvin et al 1949}, This method was
applied to the counting of mc-la.belled glucose and fructose in
amounts of 0.2 mg per om® dried on metal dishes (Sowden and Schaffer
1952). The response was linear for dilutions of the radioactivity by
up to a factor of 5. For the assay of 1uc-labelled sterols up to 0.06
mg per em® was used (Donna et al 1957).

Fopr vsamples of known thickness self=-absorption corrections can
be applied. Glucose-l—luc was counted in uniform films of known amounts
of sodilum O-(carboxymethyl) cellulose and corrected for self-absorption
(Isbell et al 1960).

The third method involves the use of samples which are so thick
that the number of particles emitted from the surface is indeperdent of
the thickness, "infinitely thick" samples. This method was used in the
assay of l"(:‘--la.t;elled mannose iséla.t.ed as the phenylhydrazone (Frangois
et al 1962) ard requires large amounts of material. A modification of
this method, whereby the radiocactive sugar was counted in a solution of
the non-volatile solvents, ethylene glycol and formamide, had a
counting efficiency of sbout 1% )(Schwebel et al 1954).

The first method was used here as the need was to count small
amounts of pure sugars.

mc-00nta1n1ng Monosaccharides

(1-¥c) L-Fucose was obtained from Calbiochem, lLos Angeles,U.S.A.,
(1-1%¢) D-mannose and (U-1%#C) D-mannose, (U-1¥C) D-glucose and (1-1Y4c)
D-galactose were obtained from The Radiochemical Centyre, Amersham.
Redioactive sugar (25 uC) was diluted with cold sugar (250 mg) in

aqueous solution which after standing at 4° overnight was concentrated
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to a syrup. Methanol and iso-propancl were added and crystallization
occcurred at 4° over several days. The sugars were dried at 78°, in
vacuo over P205 i‘or 1to2 h. |

- untigg of radioactive sa.mples at infinite thinness

Aliquots (O 5 ml) in triplicate or quadruplicate, of an agueous
solution ot the sa.mple were placed in the oentre oi‘ metal planchets
which were eilther flat or which had oonoentric raised rings. The latter
: simplified synnnetrical placing of the 1iquid. The az-ea covered was about
2 cm2 Planchets were washed with ethanol:acetone (1:1, by vol.) and
wiped dry. 'I.‘he samples were dried undex- reduoed presssure either at 70°,
or at room temperature in the presence of H2804 and solid NaGH. The
planohets were counted in a Nuclear-Chicago D47 gas flow Geiger counter
with a Micromil window operating in the plateau region and fitted to an
automatio sample-changing devioe. The gas used was 1 5% butane in
heuum.' The effioiency of the counting was sbout 25%. Counting of
samples was continued on each sample for usually much more than 104
counts nhioh represents a relative standard error ot‘ + 1%.

Counting of radioaotive samples a.t inrinite thinness imuplies no
self-absorption by the sa.mple and ao a linear rela’cion should exist
between the qua.ntity of sa.mple applied and the number of counts recorded.
Three aliquots (0.5 ml) each of dilutions of [1-1%] galactose in water
were dried on flat ‘aluminiun planchets at 70° lin vacuo. The mean and

standa.rd deviations are given.
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[1-4¢] Galactose Aetivity*  Specific Activity
-4 ‘ cpm S.E, ¢
28.1 L0235 o a7.0
46.8 2,80+57 6.6
| 9.6 w370 +£25 a6
140.4 o 6,3140,}_24 R T

% pean of triplicate corrected for béckgréimd of 20 + 1 cpm
. A-solution of [U-1%C] mannose (45 pg/ml was diluted with an
equai volume of water amd an _e,q'ua.l_\‘rolum 6f‘fa .solutién 6f nar'x-rédio-‘
active ‘mam':os,e of the same concentration. Duplicate samples (0.5 ml)
of the three solutions were dried in vacuo at 70%, counted and corrected

fbr background.

[y-2%¢] Mannos Activity Specific Activity
pg , cpm epm/ug
22.5 1,223, 1218 53.3
1.2 618, 611 5k
11.25 + 11 pg mannose 611, 609 54.0

A solution of [1-%¢] glucose was diluted with water or with
.solutions of non-radioactivé galactose and aliquots (0.5 ml) were
placed on aluminfium planchets having raised concentric‘rings and
dried in a desiccator at room temperature and ¢S%%%¢8ﬁ°with flat
aluminium planchets the linearity between the counts obtained and
the amount of sugar applied was usually more reproducible than that

obtatned with ringed planchets. The flat planchéts were usually used.
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[1-1%] Galactose  Galactose Activity” Specific Activity

HE - S cpm __epm/ug
22,25 0 : 1306, 1301 | 58.7, 58.5
e225 . 229 . 12%, 1258 . - 55.6, 56.5
‘n1 . o 664, 680 .. . 59.7, 61.1
11.13. . 145 . 670, 677 - . 60.2, 60.8
C11.13 . 22,9 . 657,669 - .. 59.0, 60.1
556 .0 . 3%, MWL .. 60.3, 61.3

. 5.56 B3 . 338, M3 .. . 60.8, 61.7
5,56 S 3,0, 36 . 55.8, 62.2

* corrected for baekground 22 epm,

| Bach of 12 planchets, giving neasured counts of between 1,000 and
2,000 epm was counted 6 times for 20 000 counts each time. The
theoretical standard error for the total count of each planchet is
| 120,000 = 346 or O. 29% The average pereentage standand error,
calculated from the counts obtained from the 12 planchets was 0.34%.

| The amount of radiocactive sugar added ’c.o the glycoprotein before

' hydrolysis was about the sa.me amount as that expfi‘ctpd 1n ‘the glyco-
protein. The addition of radioactive sugar in amounts greater than
that present produces much greater errors in the fina.l results, cal-
_culated from percentage errors in the specific activities determined
However it 1s deslrable not to have too small amounts of radioactive
sugar in the presence of acld and glycoprotein at the beginning of the
hydrolysis as the preferentia.l destruction of the added sugar is

likely to be greater on a percentage basis.
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6. The Chromatography of Sugars on Celite Coj_l.ﬁmnﬁs

Celite columns developed with organic solvents haye been used
to separate sugars and their derivatives (see review by Demieuxa 1962).
In comparison to cellulose, Celiie is readily ‘packed in columns, it
‘ gives' better resolution, and fagter f-léw rates. It does not release
" ’reduoing substances which can happen with starch or cellulose columns.
' 'Celite can be packed into columns elther as a 'slﬁz"ry‘in the
' 6‘rga.‘n‘ic{ phaée used foi later developwent (Neish 1950) or:in portions
as a dampened powder, ‘each portlion being tamped down with a plunger
(Hall 1962a, 1962b). The latter method was used for the work described
" here as it was fairl& rapid, ‘convenlent and gave 3&0:1 resolution. Hall
- (1962b) has shown that good separation of rhamnose, fucose, wmannose and
glucose can be obtained on a column of Celite~545 (50 'g_.)

Preparation of Celite

Cellte-545 was a product of Johns-Manville, New i’brk. and was
‘purified largely according to Hall (1962a). Celite was slurried in 6 N
HCl, poured into a large column and washed with 6 N HC1 until the
 effluent was colourless. The acid was waghed from the column with a
large quantity of distilled waﬁer. The celite column was then washed
vwith absolute alecohol followed by purified ethyl écetate. The Celite
was dried in an oven at 110°. o

The two-phase solvent system used by Hall (i962b) was used:
ethyl acetate, n-propanol, water (4:1:2, by vol.). Ethyl acetate was
purified as described by Vogel (1954). It was washed with an equal
volume of 5% sodium cax;bonate, then with saturated caleiugy chloride

solution, It was dried over anhydrous potassium carhonate and dis~

tilled through a Dufton column.



n-fropanol was refluxed with sltannous chloride and dise

tilled through a Dufton column.
Prepa.ration of Celite oolmnns
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Celite 545 (10 g) was thoroughly mixed with the lower phase

(4 1+ ml) of 2 well-equilibrated mixture of ethylacetate-n.propanol-
wa.ter (ll:l 2. by vol) The damp mixt.ure was firmly tamped in small
portions into a pmcision-bore glass column (l em wide) using a close-
fitting machined Teflon plunger (2 cm long) located at the end of a

long s»a 1nless steel rod. The column had a Water Jacket maintained at
a constant temperature which was close to that of the laboratory. The
material to be chromatographed was dissolved 1n 1ower phase (usually

0. l ml),mixed with dry Celite (200 mg for 0.1 ml of lower ‘phase, or in
the same ra.’cio) ani the mixture was tamped onto the top of the column.
Upper phase was run onto the 'hop of the column from the resevoir which
| was si‘buated to give a.bout 6 feet head of liquid Thin teflon tubing
was used to oarry the solvent as 1t was not atta.cked by the etbyl acetate
, in contrast to oth.er plastic tubing tried. F‘ractions of J.O ml were
collected by an orga.nic solvent siphon, by drop counting (400 drops) or
bz{ timing. Aliquots ot the fractions were drled on plgnchets and counted
in a gas flow count.er. | | | B |

Chromatom of galactose, mANnose and fucose

Columns were freshly packed for each experiment since resolubion
was considerably decreased on a eolumn used for the second time.
Resolution of the suga.rs waa also poor ir the chroma.tograp}w was carried
~out at 40, For example a miyture of L-fucose (>. 36 mg), D-galactose (3.41
ng) and D-—mannose (3 39 mg) 1n 0. 32 g. moist Celite were chromatographed
~ona column of Celite (6.25 g) at 4° The fucose and mannose peaks

overlapped although the galactose peak was separate.



In order to gauge the applicability of the method to sugars

isolated from a glycoprotei_n hydrolysate, a mixture of L-fucose (2.43
- mg), [2-¥¥¢) D-mannose (0.97 mg), [1-1%c] D-galactose (1.13 mg), and
egg albumin (51 mg) in 2 N HCL was heated at 100° for 2 h, de-ionised
and dried. The residue in moist Celite (0.4 g dry) was submitted to
chromatography on a column of Celite (10 g) jacketed at 25°C. Aliquots
of 1 ml from each fraction were dried at 60° ur#er reduced pressure and
assayed using the o-aminodiphényl method . The results. g.?e shown in fig.
‘8. Paper chromatography of dried 1 ml alviQuot‘s of each secord tube in
the same solvent showed the presence of fucose only in tubes 20, 22,
mannose only in: tubes .30, 3R, 34 and galactosg only in tubes 48 to 54
(aniline hydrogen phthalate spray).

In order to deterdiine if the Celite columns could be used for
several chromatographic runs Le-fucose (1.35 mg), D5MS6-1-11‘C (1.36
mg) and ‘D-galactose-l-luc (1.31 mg) was applied in the same way to the
same Celite column used for the above experiment. Tubes 14, 16 and 18
‘showed, by paper chromaﬁograph_y, the presence of mannose and tubes 22
and 24 the presence of galactose. Tubes 1 to 25 were dried in vacuo
at 60° and 2.5 ml of water was added to each. . Aliquots (0.5 ml) were
taken from each tube, one for O~aminodiphenyl assay and ano’cher for
counting. The results are shown in fig. 9.

The recovery of L-fucose and D-mannose was about 95%. (Much
of the D-galactose was lost due to a fault in the fraction collector).

The more rapid elution wit_h eonsequent decrease in resolving
- power of the column indicated that columns should be freshly-packed for

each experiment. FProbably the flow of solvent slowWly removes water
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from the ‘aqueous stationary phase, particularly as the ethylacetate
could evaporate from the loosely-covered resevoir giving a less hydro-
phobic developing solvent,

} Chmmatogr@m of radioa.ctive 5UZars.

~ [1-3%¢] D-Galactose (1.2% ng) and [U—»n‘C] D-mannose: (1.55 ng)

in Celite (0,2 g) were chromatographed on a Celite column (8 g).
~ fractions (about 11 ml) dried in vecuo st 70°, were dissolved in 2.5 .
ml ofe‘.wa.ter and aliquots (0.2 ml) from each second ‘tube were dried on’
planchets and counted, - The result is shown in fig 10. The contents ..
of .appropriate tubes were pooled and the specific activities compared
with those of ﬁhe sugars before chromatography, see Table 7.-

~The above experiment was repeated in a similar fashion except
for the addition of L-fucose (205 pg). The results are shown in Table 7.

The change in specific achi viiy of the mannose and galactose
was small and reproducible.

7. The Estimation of Galactose and Mannose in Rabbit y-Globulin by

‘Radioisotope Dilution

The hexose content of rabbit y-globulin, prepared by salt

~ precipitation or DEAE-cellulose chromatography, was reported as 0.6%
in the aﬁthrone-ﬁesoumethod using glucose as standard (Porter 1958).
: A'value of 0.67% of galactose and mannose, in a molar ratio of 1:2,
and 0.05% fueosé was obtained with the orcinol-H,80y method after
correctilzxg for the relative amounts of the different sugars (Nolan
and Smith 1962). A hexose content of 1.23% was estimated by the
orcinol-Ho80) method using mannose as stan:iard and measuring the

absorbance at 505 my instead of 540 my (Fleischmann et al 1963)..
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Change in Spécific Activity of ,Hca-labelled Sugars on Chromatograph‘[
Absorbance x 107 Sugar Activitg! | ‘Specific  Change in
Sample at 380 mu pe cpm activity Specific
K B o o cpm/pg  Activity
. 3
o ,E@é'eri‘mentl‘.‘ |
‘Sugars hefore
chromatography
" Mannose W3+5 0 38.86° 2,011 + 14 54,3
Galactose’ AT+3 0 3. 1,615+ 40 518
From colum | | U -
Tuves § - 14 Bl
' Tubes 25 32 (man) 34 +5 35.60 1,885 +8 52.9 - 2.6
Tubes 46 - 50 (gal) 248 + 1 2460 1,284+ 8 52.2  + L.k
Tibes 70 - 73 ks 2 | o
Experiment 2
' Sugars before
. chromatography S
Mannose 1,358 + 3 154.3 7,1}7,1‘ + 54 48.5
Galactose 1,068 + 25 1246 5,817 + T4 46.5
V_szor‘x_lcoluﬁjn S | |
Tubes 2 - 8 %5+0 , o :
Tubes 19 - 28 (man) 1,283+ 6  14.6 6,689+£5 kTl 29
. Tubes 31 - 4§ (gel) 994+ 6  111.7 ,‘ 5,_2893___ 121 §7.2  + 1.5
| Tubes 53 - 65 Bl A

* va.verage of triplicate amd corrected for water blank of '0.008

+ average of triplicate and corrected for background of 20 cpm
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For most of this work the prabbit y-globulin was kindly provided
by Miss E.M. Press, Department of Immunology, St. Mary's Hospital
Medical School, London W,2. It had been prepared by precipitation with
sodium sulphate according to Kekwick (1940) and contained about 15%
NaCl. On‘starch gel electrophoresis at pH 8.6 (Smithies 1959 ) foilowed
by staining with Amido Schwarz reagent or Epiochrome Black T, the
preparation gave a single broad anodic band near the origin, The amount
of protein present was determined by measurement of the absorption at
278 mp (the wavelength of maximum absérpﬁion) of a solution of y-globulin
in 0.01 N HCl. To comvert the absorbance to the weight of y-globulin the
value of 13.5 for a 1% solution of the protein (Crumpton and Wilkinson
196%) was used. -4

Rabbit y-globulin (52.06 ng) was dissolved in 0.01 N HC1l ami made
up to 10 ml. Dilutions of 0.504% ml to 5.0 ml and 10.0 ml gave readings
of 0.543 and 0.273 respectively,corresponding to 76.6% and 77.1%,
average T76.9%. |

A hexose value for this prepardtion of rabblt y-globulin was
estimated by the orcinol-HpS0y method described by Svennerholm (1956)
with mannose as standard. The test solution (1 ml) was cooled in ice
and a pre-cooled solution (2 ml) of 0.2% orcinol in concentrated H,S0y
was added slowly. After standing in an ice-salt mixture for about 15
min. the tubes were shaken and heated at 80° for 20 min. After cooling,

absorbance of the solutions was measured at 505 me. (See Fig. 11).



Sample Absorbance at 505 mu
Water 0.060 + .001
Mannose (35.7 ug) 0.638 + .007
(59.5 ug) 1.007 + .006
(89.3ug) 145+ .02
r-globulin (2.02 mg)  0.515 + .003

Therefore the "mannose” value of y-globulin by this method is
281pg/aoengor 1.39% o |
| Method of hydro];xsis

A solution conta.ining a weighed amount of glycoprotein (up

to 100 mg) and known amounts of radioactivé.smonosaccharides was
heated with shaking in a ground-glass stoppered t.ubé ih é. bolling
water bath until the temperaﬁure of the solution was at least 95°.
A sufficlent amount of redistilled hydrochloric acid (6.65 N) was
added to make the final concentration 2 N (or 1 N in some experiments) |
in a volume of 5 ml. The tube was flushed with nitrogen, stoppered and
‘he'ating ‘uas continued for 2 hours. The solution was éooled, filtered
1f necessary, and passed throvgh a column of Amberlite 1R-4B -OHT form
éoubled to a Dowex 50 - H' form column. The colums were washed with
water and the effluent was concentrated to dryness or near-dryness in
a rbtating flaskv un'ler‘ reduced pressure with a waﬁer Eé.f.h temperature
:ﬁ‘ 1eéé than 45"'. The residue was washed from thé fl#sk with a small
aﬁxbunt of water which waé then taken to dryness in a small vessel in
vacuo over HyS0y and NaCH. | |

' The dr:led residue was suhmit’ced to chromatography on a column
of Celite (8 g. or 10 g.). Fractions (about 10 ml) were collected and



v

2:0
1-5F

10

08

06

05+

04

03

ABSORBANCE

02}-

01

66

' Man.

1 | | . 1

26

Fig. 11.

24 22 ; 20 18
cmr”

The absorption spectra of mannose (Man.) and rabbit
yv-globulin (y-G) in the orcinol method (Svennerholm 1956).



67
taken to dryness at 70° in vacuo. Water (2.5 ml) was added to each
| tube and ..aliquots (0.5 ml) taken fof aséa,y and ‘conn"t;.iﬁg.  Fractions
comprising most of each peak were pooled and assa,yed colorimetrically
by the O-aminodiphexwl methud an:l by counting at 1nf1nite thinness.
. The readings taken in a typical experiment (number 4 below)
. are é.iven in detall in the ta.ble. The elution cur-ve is given in fig.

12. 'I'he results of 4 experiments are sununarized in table .

Sample. = - Absorbance® x 10° Sugar . . Y,Act‘ivit‘.y Specific
' at 380 ma ug - cpm - activity
. SN, cpm/ug
Galactose (28.07 ug) - 254 + 3 .7 1516+ 8 54.0
Tubes 48 - 54 31304 2 CAM37T . BE2 + 4 30.8
Mannose (22.53 ug) 206 £ 2 R 1194 + 12 55.0
Tubes 28 - 33 . 3+ 2 4%0.8 . 1058 + 10 25.9

* mean of triplicat.e corrected. for uaterblank ot‘ 0.006.

The pean and standard errors for the estimation of the galactose
~arx1 mannose contents of this prepa.ration of rabbit v-zlobulin were
2.2 + 0.2 amd 4.3 + 0.2 mole per 105 g. respectively ‘The maximum
variation from the mean was 0. 66 for galactose and O. uj for mannose
:respectively. The values obtained in the experiments 2 and 3 where 1 N
HCI wéé used for hydro]ysié; appear to bé higher than those found using
2N HCl bu’c the variation 1s too greax. for any real significance to be
established. If it were so0 1t may mean that the rate of destruction of

sugar 1n oomparison with that of glycoside hydrolysis is favoured for
the mose dilute a.eid.
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TABIE 8

ESTIMATIONS OF MANNOSE AND GALACTOSE IN RABBIT y-GLOBULIN

Experiment  Protein  Suger added Specific Activity  Sugar  found
Number taken (mg) : Mg - Initial . Final ug  mole 10%g -
- cpn/ug _opn/ug ' A
‘1 . 22,5 © man, 2115 53.2  30.2 161  3.98
2 | 519 man. 451 54.2  27.1 451 4.3
o gal. 281 51.5 27.5 247 - 2.37
|  gal. 281 54.0 30.3 220 2.2
- . man. 1,015 54,7 7.2 W77 K02

Hydrolysis was carried out for 2 hr. at -106° with 2 N HC1 (experiments 1 ard 4) or
with 1 N HC1 (experiments 2 and 3) in a volume of 5 ml., except for experiment 4 where

the volume was 25 ml.
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8. The Estimation of Mannose in Egg Albumin by Isotope Dilution
The radloisotope dilution method was appiied.to the estimation

of mannose in egg albumin, Egg albumin, five times crystallized from
ammonium sulphate, was provided by Dr. R.D. Marshall of this department.
He estimated the me.nnose content to be 1. 96% by the orcinol-Hesou method.
Egg albumin (90 6 mg) was h.ydrolysed in 2 N HC1 (25 ml) at 100°
for 2 hr. in the presence of (U- c) D-mannose and (1-7C) D-galactose
(1.24 mg). The hydrolysate was cooled, filtered and de-ionized on
columns of Dowex l-acetate and Dowex 50 - H" form. ‘1"he effluent was

taken to dryneas and submitted to chromtography on Celite (Bg) The '

results are shown.

: Mannose Activity = Specific activity
Samp:l_e_ ug/0.5ml cpu/0.5 ml_ cpny/ug
Tubes 24 - 34 (man) 85.9 2,155 25.06
Mannose. 71.85 5,943 | 54.88

From the above values the mannose found was 1.832 mg or 2.01% of the

glycoprotein.

9., The Fstimation of the Sugar CQntent of Rebbit r-globulin after

Performic Acid Oxida.tion
Since both tryptophan and cysteine have been 1mpl:lcated in the
destruction of sugars under strongly acidic eonditions it. was thought
that the oxidation of these residues by performic a.cid might consider-
ably reduce or éliminate this source of sugar loss. Pefformic acid
oxidation of protein results in rapid oxidatioxi of the tryptophan to
a number of products, one of which is kynurenine, and less rapid oxid-

ation of the cyst(e)ine to cysteic acid (Toennies and Homiller 1942).

Methionine is converted to the sulphone. As cysteic acid and methionine



T
| sﬁlbhdné can be satisfactorily determined in the presence of carbohydrate,
-(Sehram et al 1954, Moore 1963), it does not seem 1likely that they react
with sugars.

| ‘Prior performic acid oxidation of egg albumin, fibrinogen and
fibrin has been used to"pre'fent 1ntei-ferenee by tryptophan in the

- anthrone~Hy80), reaction for the estimation of ‘hexose (HBrmann and Goll-
. witzér«1962, '19635). Hexose values fourd a;fter' oxidatioﬂ agreed with
- ’-those ob‘aa.imd from reading the anthrone colour as a wavelength when
tr'yptophan did not _1nterfere.' Thus it appears tb.a.t the oxidation
products of tryptophan do not interfere in the colorimetric reaction and
are probably less deirimental to any sugars present. It was reported that
performic acid oxidation of fetuin at 0°C does dot result in any loss of
the 'ca.:;bohydrate components '(Spir?o 1963Y. To confirm this finding two
glycosides wére treated wi'th performic acid at 0O° and assayed for sugar
by the orcinol procedure. .

Performic acid was prepared accordiﬁg to Moore (1963). Hydrogen
peroxide (30% v/v, 0.25 ml) and formic acid (99%. .35 ml) was allowed to
stand for l'ﬁour at room texﬁperature A feuw drops of methanol wag added
| and the solution cooled ﬁo ~2°, The mixture (0.2 ml) was added to each
~ of methyl-a-D-glucopyranoside (2. 28 me,) and o, a -trehalose (1.63 mg) and
left at 0° for 4. 5 he
The acid was removed with Dowex 1 (bicarbona.te form) and the

effluent was taken to dryness in a flask in vacuo. The residues were
each dissolved in 5 ml of water and aliquots (0.5 ml)‘were taken for
assay by the orcimol method (Johansen et al .1960‘). The readings at

505 mp corrected for a water blank of 0.05 were
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Treated Untreated.
methyl a~D-glucopyranoside 1.10 - 1.09.
-trehalose . 0.759 o 0,755

Uhder the conditions used the two glyuosides investigated do

"not appear to be hydrolysed, because it is likely that any free sugar
formed would be oxidized by .the performic aeid and become unavailable
for colour formation.

The loss of tryptophan and cyst(e)ine from giycoproteins by performic

acid oxidation
| Rabbit y-globulin after oxidation at 20° for 1.5 hr was not
compietely soluble in 0.01 N HCl. The scluble material gave no colour
in the tryptophan assay (OFrienska;Blauih 1963) and‘ﬁhe absorption |
rspectfum lacked the £r§ptophan "shoulder" at 289 mu. Carbohydrate was
shown'td be present in both the4solublé énd insoluble material by the
Moliséh test. | | | |
| The change in absorbance of p-chloromercuribenzoate at 255 mp
(Boyer 1954) was used to determine the sulphydryl groups in egg albumin
after performic acid oxidation followed by borohydride reduction (Moore
et al 1958). | |

Since glchproteins are not completely soluble after performic
acid treatment the egg albumin was treated with pepsin before oxidation.
p-Chloromeréuribenzoate (15.64 ng; purified according to Boyer (1954))
’was dissolved in 0. Oi M aéeﬁaﬁe buffer ét bH S | The abéorbance at 234
my (0 547) gave a molar extinction coefficient of l 67 x 104 compared
to the value of 1. 7; x 104 found by Boyer (1954)
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An egg albumin solution was heated at 100° for 5 min, the pH

of the solution was brought to pH 2.5 with formic acid and pepsin
added. After allowing digestion to proceed for 16 h at 40° the clear
solutiion was freeze~dried. The dried material was treated with
performic acid at 2° for 4 h, ice-cold water was added and the solution
freeze-dried.

The treated egg albumin (15.8 mg)‘was dissolved in 5% NaBHy,
soluﬁion (2.5 ml1) and kept ét 50° for 1 h., Hydrochloric acid (0.33 ml.
of 1 N) was added to make the solution pH 5. In two sets each of two
cuvettes (No. 1 and No. 2) the following solutions were added.

Cuvette 1: 1 M acetate buffer pH 4.6 (0.9 ml), 0.1 mM p-CMB solution
(0.45 ml) and water (1.65 ml).

Cuvette 2: 1 M acetate buffer pH 4.6 (0.9 ml), treated egg albumin
solution (1 ml), and water (1.1 ml).

One set of cuvettes was placed in the reference holder of the SP700
recording spectrophotometer and the other set in the sample holder.
After running a base line, the contents of the sample cuvettes were
mixed and the absorbance, measured at 250 my, was allowed to reach its
maximum value (in about 5 min). The difference spectrum was run. It
showed a maximum absorbance of 0.38 at 248 mp. Boyer (1954) found
absorbance maximum at a wavelength of 255 mu and a change in molar
absorbance of 6.2 x 10° for cyste_ine. Using this value, it would mean
that about 1.5 of the 7 potential sulphydryl groups of egg albumin
(Neuberger and Marshall 1966) were not oxidized to cysteic acid by this

treatment.
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The estimation of galactose and mannose in performic acid-oxidized

rabbit y-globulin N

Freeze-dried rabbit r-globulin (55.0 mg. ) containing 93%

glycoprotein by ultraviolet absorption measurements, was freed of

_ sodlux}n‘chlozfide‘by dissolving in water (1 ml.) and precipitating
vﬁth aoetone [§ ml. ) The preeipitated material w‘asv washed with

,‘ acetone-methanol (1 1 by vol ) and dried in vacuo. To asséss the
loss of glycoprotein the combined supernatants were taken to dryness
,and the residue was dissolved in 0.0l N HCl. The absorption at 276
m Was 0. 01}5 corresponding to O 17 wg. of r—globulm.

The dried r-globulin was treated with perfomic acid (2 ml.)
for 4 hr._ at 2° giving a light purple-brown solution. Ice-cold water
(about 30 ml.) was added, ‘the solution was frozen and taken to dryness
from the frozen state. | ‘ | |

(1-140) Galactose (237 pg), [1-140] mannose (382 pg) and the
dried, oxidized »r-globulin were made to 25 ml. in 2_ N HCl_ and hvdro-
lysed fof_ 2 hr, in a.boiling water bath. The hydrolysate was filtered
through sintered-glaéé, de’—ionised and takeo to‘dz-yness as before.
The residue was submitted to chromatography on a Celite 545 (10 g.)
colun_m,and the sugar solutiotxs obtained were assayed for radioactivity
and for reducing power by the ferricyanide method. The results are
shown in the table. The galactose and mannose values, 1.96 and 4.30
x_nol¢=.~/105 g. respectively, found in thls expgrlment are similar to the
average values of previous expeflments, 2.2 and 4.3 moles/105 g,

respectively.



TABLE 9

 The Estimation of Manngie and Galactosé Ain-'Perf“omg.cc Acid~Oxidized Rabbit y-Globulin

Suygar content

© Activity

Sugar content

Sampie' Absori»’a.nce - Specific
'- o ST pg  pg/0.5m* cpm activity ug  mole/
‘ ' ) ' — cpm/pg : ' 10éé'
Water 0.081 1»_'-.'003' 21 +1 o o ¥
Tubes 5 - 15 0.103 + .001- | B2 .
40 - 48 0.570 3»_1".095 6.60 16.5 488 + 3 ’k 27.5 . 396 %.30
 76-8 0.511+ 002 545 8.56 286 + 0 29.3 180.4 1.96
Mannose 0.516 + .004 6.15 19.2 1096.‘1 11 56.0 |
476 25.8 1248 + 14 51.6

Galactose 0.370 + .00l

* adjusted for dilution -
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10. Experiménts Designed to Assess the Radlolsotope Dilution Method

In these radicactive dilution experiments the rate of destruc-
tion of addéd free wc-labelled }sugar during the course of hydrolysis
of 'a‘glycoprotein is not knpwn Qith any accuracy and whether such des-
tructio_n} has an appreciable effect on the values obtained from radio-
isotope &ilutzqun expériments is not certain. | The_ré -are two methods
whiclfx.may be used to assess this effect. (a) One method is to determine |
dur;ng tﬁ_e hydroly.éis of a‘glycoprotein both the rgtél' of‘, release of the
sugar and the rate of destruction of the released sugar. If labelled
sugar 1s added at the start of the hydrolysis and the specific activity
and total amount of the free :sugar‘ present 1is meésured at different time
intervals and plotted against time the rate o‘f_relea.se'ard the rate of
destruction of ‘i;he sugar at any particular time can be obtained from the
curves, The 'kinetics of similer sysf.ems has been worked out by Neimann
(1958) and used for such purposes as the identification of intermediates
- in the oxidation of methane and the measurement of the formation and
consumptglon of aldehydes 1n cyclopentane oxidation (Horscroft 1963).'
(v) Another method is to employ an internal standard. Hydrolysis of
the‘glycoprotein is carried out in the presence of a mi);_tﬁre of a ll"C--
contgining sugar, which does not occur in the glycoproteln, and a known

glycoside Of. the sugar. The amount of sugar,deterh;ined by 1sotope
dilution can then be compared with that originally added in the form of
the glycoside. A criticlsm of this procedﬁre is that unless the rate of
: hydrolysis of the glygqside and the rate of destruction of its free sugar
are comparable to theequivalent fates assoclated w:_Lth the sugars
occurring in the glycop;rotein, the’ rés\élts‘ will not be applicable to the

estimation of the sugars ih the glycoprotein.
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" (a) The rate of release of mannose from egg albumin in 2 N HC1 at 100°

The application of the first method to the estimation of mannose
in egg albumin was attempted. In this experiment the solutions obtained
after different times of hydrolysis were frozen in alcohol-solid C6p and
stored at -129, Tt was later found that at this ‘temperature partial
" thawing occurréd resulting in significant destruction of the free mamnose
present 5o that the total amount could not be estimated.’ I‘I&wever‘ the
‘specific activity of the mannose was obtained over various time intervals.

Egg albumin was'rec}jsiallized for this éxpéi'iméhf. It was
dissolved in water. MNaterial, insoluble in 50% saturated ammonium sulphate
at pH 7, was removed and brystaiiization.imﬂatéd’ﬁf adding sulphuric acid
" to .pH 4.8. The solid material ivés recovered by céntx;if‘ugé.tiéh and dissolved
{n water. The solution was dialysed three times at 4% With stirring and
freeze-dried. Since in hot acid solution egg albumin quickly becomes
insoluble forming lumps in which the “heterosaccharide may not be as
" accessible to acid as in solution, the glycoprotein Was first denatured and

treated with pepsin. Egg albumin (494 mg.) was dissolved in 20 ml. of

| water; the solution ias brought to pH ‘7 .5 with ammonia and heated at 85°

" for 8 min. (Neuberger 1938). Formate buffer pH 2.5 (5 ml. of 2.5 M) and
pepsin (1.7 mg.) were added to the opalescent solution which was then kept
at 37° overnight. The solution was clarified by further treatment with
pepsin (3.8 mg.) for & hours, and was then made to 50 ml.

Oreinol Assay (Johansen et al. 1960). Aliquots of 0.5 ml. were mixed with
4 ml. .of 0.19% oreinol in 53%% sulphuric acid and the solutions were heated

for 15 min. at 80°., The egg albumin solution (0'.5 ml) gave an absorbance

of 0.463 at 505 mu dompared to'0.216 given by 41.35 pg of mannose,
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'~ correspording to a mannose content of 2.01% of the e‘gg_‘a'li.buminv.

- Hydrolysis Aliquots (5 ml.) were mixed wifh a solution of [H—l“_*c]
- mannose (5 ml. co_nta.ining-‘b,s‘.j ug ma.nnose) in stépperéd iest tﬁbes.._
"I'he, ft_.tbgs we_fe_ heated k‘in apoiu‘ng water bath to over 95° when 4 N

HC1 (10 ml), heated similarly, was added. Thé tubes were flushed with
" nitrogen, the stoppers were taped on and heating continu’ed., 'I‘ubes
' were withdrawn at. various times,:cooled in 1.iuva.ter-, ’,ﬁ_"o'zen»in;»so_lidv 002/
alecohol mixture and kept a£ -12°. The tube contents were thawed and |
madé to a volume of 25 ml. An aliquét (10 ml.) was de-ionised with
Dowe# 1 (bicarbonate form) and Dowex 50 (H' form), evaporated to drgness
and submitted to chromatography on a celite (8 E.) (eoluinnas described
préviously. . ”

The release of mannose with time is shown in teble /0 and
figure 15, From the figure it can be calculated -that the time required
far reléase of 50% of the mannose from egg albumin is about 7 min. and
for 75% release aﬁout 13,.‘5 min.. This value is comparab,_le to the haif-
time oi‘ 10 min. for the release of‘ reducing ’groups,’from egg albumin
(see Frangois et al 1962);. First-jorder reaption kinetics are not applic-
able to.the data as the hydrolysis would proceed through intermediates
such as oligosaccharides of mannose and of mannose wﬁ:h N-acet.ylglucos-
amine. .

(b) The estimation of glucose in methyl a-D-glucopyranoside

Methyl a-D-glucopyranoside was used as a model substance by
estimation of the glucose content by isotope dilution. In 2 N HC1 at
100° the half-life of hydrolysis is about 7 min, which is similar to

that for the release of mannose from egg albumin.
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TABLE /0

.o - The release of mamicse-'from egg albumin in é*N Hci:at 100°

Hydrolysis Time _ Specific activity (epm/ug) ~ Mannose released
o min, Recovered mannose  Standard mannose . - g

e .éo;ﬁ ,‘ | .
5 o0 | o g4 %8
0 s 'i' |  ' e  _:- 662
15 o 28;é;_"l o | 75.3 , ~ B 760
20 26.2 7;.61_, ilil -

30 29 w2 859
60 a5 616 97T
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Fig. 13. The release of mannose from egg albumin in 2 N HCL at 100°

]0 [ ‘ [ ol
c.) ./
£ /

0-8t /' -
5 o
Z
w O6F
Y
[»'4
Lt
o
Z 04r
Z
<
<

02t

0 20 40 60

TIME MIN,



81

(1) The specific activity of [1-%¢] D-glucose after chromatography
on Celite 545

[1 -'“*c] D-glucose (O 621 mg.) was applied in Celite (200 ng.
‘to a column of Celite (10 g). Aliquots (O.2yml.)fof,each second
fraction (10 ml.) were counted and the results shown in Fig. 14,
Fractions were pooled as in table below and iaken t}o ‘d.:v:'y.ne‘s_s. ‘The
res‘i_dues' were dissolved in 3 _ml,.‘ of water. Aliquots k(0.5_m1.)‘ in
v triplicate were ta.ken for- counting at inf‘inite thinness, and after

dilution for assay by the ferricyanide method

Sémple" ' ibsorbance® Gluéose:37'?Anﬁivity* Spééifié acti-
: at 690 my- pe/ml | cpm vity. cpm/pug .

Glucose {31.5 ug) 0.51é + 006 51.5 755 + 9 24.0 + 0.3

Tubes 30 - 42

Tubes 60 - 63 0.400 + 001 24.6+ .38 567 + 6  23.0 + 0.4

Tubes 64 - 67 0.576 + .006 5.5+ .49 83+ 10 25.8 + 0.4

Tubes 68 - T2 0.461 + .000 28.4 + .65 635+ 6 22.5+ 0.3

# corrected for blank value of .067

t backgrourd of 21 counts corrected.

’Glucose, obtained from the central part of the 'peak from the
column, had a similar specific a.ct.ivity to the original ma.teria.l. As the
fractions at the outside gave a lower Bpecific activity, in subsequent

experimen’cs only the main fraction was taken.



(11) The estimation of glucose in methyl a-D-glucopyranoside

Hethyl a-n;glizeopyz=anoszde (D 166—1680)"‘was prepared in this
1aboratory. Methyl a—D-glucopyranoside (2.15 mg) and [1-Y%¢] glucose
(l 25) mg ) was heated in 2; ml. of 2 N HCL at 100° for 2 h. The
solution was debnised with Dowex l—bicarbonate and Dowex 50 - H" form,

| c.oncentvated to dryness a.nd the residue was subJected t.o chromtograpl'w
~on Celite (8 g. ) Contents of appropriate tubes were pooled, taken to
dryness and the residue was dissoived in 5 ml. Aliquots ‘(0'.5 n_ll) were

taken for counting and after dilution for assay of reducing power.

‘ : Specific

. Sample . . Absorbance .. Glucose : »Activity* activity

, at 690 mu p/0.5 ml cpm cpn/ug
Water 0.130 + .005 ) |
Tubes 39-43 1.170+ .002 1245+ 2.0 1,170+ 6  9.33 + 0.22
Tubes 60-90 0.162 + .0OL 7

(biank) : e
Standard 0.807 + .015 20,9 509+ 4 24,35 + 0.19

t  corrected for" background of 20 counts/min.

The amount of glucose founi in 2.15 mg. of metiwl'a-D-gluco-
24,75 + .19

pyranoside is 1,253[ .- l] © 1.985 + 0.080 mg. compared

9.35 + .22
to the calculated value of 1.976 mg., i.e., 1017 with a standard
error of + 4 0%

(111) The estimation of glucose in methyl a-D-glucopyranoside in the

_presence of egy albumin

Egg albumin (99.3 mg. ), methyl a-D-glucopyranoside (1.908 mg.)
 and [1-1401 D=glucose (0.621 mg.) were heated in 25 ml. of @ N HC1 at
100° for 2 hr. The hydrolysate was processed as before and the neutral
substences were submitied to chromatography on Celite (10 g). The

result is shown in Fig. 15.
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e ’ . S T e Specific
Sample - Absorbance Dilution Sugar . Activity* actlivity
L -~ 690 mu- - - faetor & pg/0.5ml °  cpm epny/ug

Tubes 5-20 (blank) 0. 001+.001 | 19.7 , L o 1
Tubes 41 - 55 O, 300».008 19.7  BL25¢1.2 . 2460.1  5.96% .19
Standard glucose 0.542:«_.006_ 331 1251, R 3 25.9 + .2k

"% values corrected for water bisrk of 0.120'4 .005
t values édrrecied for backgrourd of 22 epm, | _ G M
The total amount of glucose present is [ 5.96 ]621 = 2,06 +.09
'mg compared with 1.77 mg of glueose added as the méethyl glycoside, and
representing an overestimate of 18%.  The overeétimate: obtained here
suggested that the added [1-1401 'glucose was destroyed to a greater_ekteht '
t‘.h:_é.n i:hé glucaose releaéed from‘ the glycoside by‘ an émounﬁ of about 13%
(calculated on the specific activi’ty of the regévered é;lueose). If the‘
standard error of the method is about + l}% the overesﬂmate is unlikely
to be due to chance. The ratio‘of proteih to a&ded sugar in the hydro-
lysate is about 160 to 1 by weight in this experimeﬁt which is nearly 3

times that of the usual ratio for the estimation of mannose in egg albumin,

(1v) The estimation of glueose and_mennose 1n a mixture of wethyl

a-D-glucopyranoside and perfor-mic acid—oxidized egg albumin

If the observed preferential destruction of added [1_1%] glucose
in the presence of egg albumin is In some part dué 'to the interaction
between free sugar and tryptophan and/or cyst(e )ine. oxidation of the |
glycoprotein with performic scid would be expected to reduce the destruc-
tion. Consequently a simllar ekperiment was carried out 1n the presence

of performic acld-oxidized egg albumin and at the same time the mannose

content of the egg albumin was similarly determi‘ned.



‘Perfornic acid was made according to Moore (1963). Hydrogen
percxide (308 v/v, 0.25 ml.) and formic acid (99%,‘ 4.5 ml.) was 2llowed
%o Stard'fori'ﬁ min. at room 'témp'erature then cooled to 4°C. Egg
albumin (128.5 5. ) was dissolved in formic acid (1 ml. ) at 4°C con-

” 'taining a few drops of methanol and performic a.cid (3. ml. ) at 4° was
added. ‘After standing 200 min. at 0°C, icewcold water was added, the
' solunion was shell—frozen and freeze—dm.ed. To the protein was added
‘ methyl-a—l%glucowranoside (2 135 mg. ), [1-140} D—glucose (1. 2;33 mg. )
| and D-mannose (2.28 mg.) and tke mixture was heated 1n 2 N-HC1 (25 ml)
at 100° for 2 hp. The clear slightly yellow hydrolysate was treated

as befors and submitted o chromatography on a Celite (10 g.) column.

. Specific
Sample. Absorbanceal Sugar content A_e._t:h,ri.ty’t activity
' at 690 my- ug/0.5 ml . cpm epn/ug
Tubes 38 - 41 0.675+ 7 46.17 1,263 + 8 27.4
Tubes 57 - 63 1.102 + 7 - T70.7T 628 + 15 8.88
Mannose standard  0.562 + 5 - 19.24 1,083 + & 56.0
Glucose standard 0.654 + 6 . 20.92 ) 520 .+ 3 24.86

% the standards are corrected for weter blank absorbance of 0.070, and
~ the column samples for a blank of 0.079.
+ corrected for background of 22 cpm.

The value obtalned for Vglucose was 2.22 mg. which, relative to
the calculated value of 1.98 mg., corresporded to 112,5 The mannose
content was calculated as 2.38 mg. or 1.85% of the original egg albumin
taken. The value obtained previocusly wes é.Olka. Therefore the values

obtalned for glucose and mannose in this experiment are lower by 5% and



‘8% respectively than the values obtained previously from separate
experiments using unoxidiged egg albun;in. The decrease 1n the glucose
value may be ascribed to (a) the removal of interference by those amino
acid residues, in the glycoprotein, which are oxidizable by ‘pez-formic
acid; (b) the greater amount of reducing sugar present in comparison
with that of the glycoprotein (i.e. a ratio of 1 to 37) which may

[}

decrease their relative destruction..:.. {0 “io Zoovs woilo 107 Lo )

s

~

oty ein onoeeann-. The lower manmose content, if not due to
errors in the method may also be ascribed to the first two fé,ctors.
There is also the possibility that some of the mannose is destroyed by
performie acid oxidation. ”

- 13. The Estimation of Fucose and Galactose in Human Blood-group Substances

Introduction

Since the isbtope dilution method, as used é.bcve. for the deter-
mination of neutral sugars was not very reproducible when applied to
glycoproteins containing small amounts of carbohydrate, the method was
applied to the estimation of neutral sugars in human blood-group substances.
These substances contain up to about 85% carbohydrate which 1s made up of
L-fucose, D-galactose, N-acetyl-D-gluooéamine, N-acetyl-D-galactosamine and
N-acetyineuraminic acid (Morgan 19635). The latter component is usually
only present in small amounts but a2 blood-group 122 substance isolated
from a human pseudomucinous ovarian cystadenoma contained ‘18% N-acetyl-
neuraminic acid (Pusztal and Morgan 1961a). Blood-group A, B and H
substances have a simllar carbohydrate composition. The compositions of

some blood~group substance preparations are given in Table 11l.
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TABLE 11. Published Analyses of Some Blood-group Subst.a.nces
Co ' ~ (Values are expressed as g./100g.

Constituent - A68) © B(376) - 1e3(350)
L-Fucose o a 170 T S B
D-Galaét'ose' R T . 28.8
. Hexosamine® 296 33 266
Stallc aetd 22 24 17.9
Reduction as glucose?  52.0 59 . 513
v 50  sx8 " us
mspartio acta 055 0L 040
- Threonine .3.9‘7 S . 5.66
| Serine | ' | 2.20 _2.61 | ‘ - 1.69
| Glutamic acid - 0.80 : | 0.99 o | 0.59
Proupe 190 | 2.1 i1,66
Glycine | 0.57  0.61 | 0.55
| Aianine_ 1.10 126 105
Cystine/2 0.07 - 0.11
Valine 0.69 0.75 0.69
Isoleucine 0.40 o 0.357 | | - 0.351
Teucine  0.50 | 0.35 10.69
Tyrosine 0.12 000 0.3
| Phenylalanine . 0.28 ‘0.1_8‘  0.69
lysine 0.35 0.39 - 0.14
Histidine | 0.74 0.4 o
Argnine - 0.72 0.67  0.48

# Data was taken from Pusztai and Morgan (1963), except for carbohydrate

analysi§ of A (Pusztal and Morgan 1961b) and B (Pusztal and Morgan 1961a
+ After hydrolysis with 0.5 N HCl for 16 hr. at 100°.
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The polypeptide part, which accounts for about 15% of the
blood-group substances, is rich in threonine,_seb}ine, prgq‘line and
alanine which account for over half of the lamino,aqi;ls_(?usztai and
Morgan 1963). Aromatic and sulphur-containing amino acids are either
~absent or present in very low amqu,ntst This includes tt;e amino acids
- which have been implicated in contributing to the desiruction of
- reducing sugars in acid _sglution. notably ,tryptophan a.rd oyst(e)ine.
Consequently the extent of loss of radioactive sugar, in the presence
of such glycoproteins during ,aci;l hydrolysis is I.L‘il‘crel‘.y_to be small.
Also since all the carbohydrate components, apart from sialic acid,
~are present in large amounts the weight of added ;ugg;r ‘relative to the
weight of glycoprote}in_ will bg guitg high arxi any @gstruétive
influence of the glycoprotein on the sugar should not be appreciable.
Rurther, since the L-fucose 1s very easily relea;éed, ,radioactive sugar
will be diluted with L-fucose very early in the hydrolysis.

The other source of error, i.e. the incomplete hydrolysis of
glycosidic bonds due to hexosaminide fomatiovn,‘ w;ill probably only
.affect the release qf D~galactose since IL~fucose is‘ in nqn-reducing
terminal position.

Experimental

Radioactive sugars: The n‘c sugars were those used previously. Chrom-
atography of a large amount of each sugar on Whatman No; 241 paper in
ethylacetate/n-propanocl/water (4:1:2, by vol.) revealed a single intense
spot for each of mannose (Rg 1.5), fucose (36‘2'5) and glucose (7 cm.
from origin); for galactose, in addition to an intense spot (R; 0.8),

there was also a faint spot near the origin. Therefore, the sugars were
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each submitﬁed to chromatography on a large cdljllkhn‘qf Celite 545 in
the same solvent. | ) | | 7

(1 1l*c[ D-Galactose. (117 ng., Mm.p. 168-1690) was dissolved
in the aqueous phase of the ethylacetate/n-propanol/ngter‘f(!}:lza)
solvent (0.66 ml.), the solution was mixed with v(‘:e‘lit_.e 545 (1.5g.)
and the mixture applied to a column of Celite SI&S (12 g;). The
| ‘ ’colmnn was de{reioped in the ﬁsual way amd aliqﬁqts (3 dr»-ops‘) of ‘each
| fourth fraction (10 ml,) were counted. The rract1§n§ 3Q~5)4-were
pooled and taken to dryneéé. The crystalline residue wés redissolved
in a minimum amount of water and recrystallized by the e.ddition of
' ‘methanol and ethanol. The galactose was diied 1n vacuo over Py05 at
78° in vacuo. L~Fucose was similarly subjected to 'chromtography on
Celite 545 and recrystallized from éthanol. .
Blood~group éubstances |
| Blood-group substanees were a gift from Pz'ofessor W.T.J. Morgan,FRS.
‘ The Iister Insbitute, Ion:ion, who has given the methods used in their
. preparation.‘ ';‘he three samp;es, designaced W.' ‘Y and Z,pwere each obtalned
_‘from,ian individual cyst fluld. Each cyst fluld was .dr:l.éd. from the frozen
state and extracted with 95% phenol at room temperature (Morgan and King
1943, Givbons et al 1955). "‘l‘he, materialv 1nsol_ub1e. in phe‘nol and soluble

in water had been fractionated as below.

' Sample  Blood- No. Solubility Ethanol frac- - Number of peaks*
group in sat. tionation on DEAE~cellulose
activity -~ (NHy )80, % ethanol - . - chromatography
W B 376 Sol. - 48-85% 3
Y B 413 . Sol. . 50-58% o
z Le® 350*  : Insol. 55-57% . 1

* Pusztal and Morgan 196la t Pusztal and Morgan 1964
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&drolxsis: For analysis, a weighed sample of blood-group substance
was dried for periods of 1 to 3 hr., to constant weigb.t. over PEOS at
a pressure of 0 2 - 0.3 mm. Hg. and 76°.  The dried material was dis-
solved in uatex- and made to a known volume Aliquots for wdrolysis
. were transferred to a.eid-clea.ned pyrex test tubes. radioact.ive sugar
added a.txi sufficient acid ard water add.ed to ma.ke the required acld
 concentration in a total volume of 10 ml. (unless othem:lse specified)
‘The ‘tube was constricted fluahed with nitrogen for a few minutes and
sealed. ‘The tube was heated in a boiling water bath. In some experi-
ments the tube was evacuated to remove dissolved ga.sas before flushing
" with nitrogen. A o
| 'The tube was cooled and opened. Dowex 1-bicarbonate form resin
was added until the evolution of coé ceased, 'ihei'eupon the slurry was
poured onto & column, eontaining fufther Douéx ‘1-'biééfbonate, coupled
to a small column of Doiex 50-H" form. The columns were washed with
about 100 ml. of water ‘and tﬁe .e'ftlﬁe‘x‘rt was téken to dryness in a
rotating flask under reduced pressure (xirovidéd.by a water pump) and a
waterbath temperature of lessv than 50°, The flask conténts were dis-
solved in a small amount of water and the solution was taken to dryness
in vacuo over NaOH and HZSO#. o . | |
Chromatography: The dried residue was submitted to Celite column
Chromatography as described earlier. Aliquots of eabh s;ecord fraction
were dried on metal planchets and counted 1n a gas flow Geiger counter.
The fraction making up the central part of each peak uere pooled and
taken to dryness in a rotating flask under reduoed pressure in a watepr-
bath of 40°. The residue was dissolved in water to meke a sugar con-

centration of about 20 pg./ml. and aliquots (0.5 ml.) were taken for
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counting. For assay by the ferrlcyanide method the solution was
diluted to give a final concentration of between 4 and 8 ug./ml.

' The estimation of I~fucose: A falvly specific colorimetric method

hfﬁénvﬁsed for the estimation of .fucose was described by ;Dische and
Shettles (1048), In this method Pucose is heé.ted‘ih fairly concentrated
sulphuric scid at 100° for 10 min. After cooling cysteine hydrochloride
' solution is added and the fucose content of the é&iuﬁioh‘ 1s obtained by
measurement of the absorbance at 400 me and 430 m;.;. |
| The method was modiﬁed by replacing the cysteine hydrochloride
}by fhi’oglycolic acid .(Gibbons 1955) which gave fasteroolour development
and élightly higher ahsorb’a;neés. The effect of amino aclds and sugars
| other‘ thah mthylpéntosésl» on the cé.lzour given by fuco‘se'Was investigated
| and enly galactose was fourd to interfere with the determination to any
extent by 1ower1i§g the fucose value.( |
| The ihidglycolie acid prdéedufe was used in the colorimetric
estimations of fuéose carr-ie_d out here, except that the volumes were
reduced by haif.

I»e-cooled sulphuric acid (2 5 ml. of a mix.ture of 6 volumss of
-conéehtrated sulphuric acid end 1 volume of water) was allowed to run
freely from a burette, down the wa.ll of ground-glass stoppered test
tubes eontaining the fucose solution (0.5 ml.) cooled in ice. The
tubes were shaken in :loe water, stoppered and heated in a boling wa.ter
| bath for 10m1n. | After cooling, a solution of thioglycolic acid (0 05 ”
ml. of 3.3%, by vol. ) was added. The tubes were shaken and allowed to
Stand for D hr. in thé ‘dark. ",I‘he difference in absorbances at 400 1ot

and 430 mu was taken as a measure of the fucose content.
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Errors ~For the assays of reducing power by the ferricyanide method,
th;'eg or 'four, replicgte aliquqts were taken to allow for t,hg ‘occasional
ext_.rer;;e yglue prpduced wj.tn this_ unspegi._fic_ method‘.._ The mean absorbance
readi;ngs_had a.n vav,ez-a;g“e gtarrlard error of about -_8_-__1.1%, _with_ an average
range beiween extreme readings of 2.4%. Similarly three or four aliquots
of each solution were taken fonqquntins since counting at infinite thin-
mess by this method 1s dependent on geometry, 1.c. on the size of the
area covered by the radioactive material, on its position relative to the
counting chamber and on the distribution of the material over the area.
The average standard error of the mean of three or four planchets was
+ 0.67% with an average range of 2.6%. o .

The thioglycolic acid in sulphuric acid method of Gibbons was ..
 more reproducible ard geve an average standard error of + 0.5% for 8

assays in triplicate,

The estimation of I-fucose Since fucose is easily split off from blood-
group substances the hydrolysis was usually ca_x-rj._e& out with mild acid
sueh as 0.2 N Hy50y at 100° for 1 hr. After Celite chromatography
fucose was assayed by the method of Gibbons (1955). ‘i‘he ‘resulis obtained
from several experiments are shown in Table 12. The different hydrolytic |
conditions gave similar results.

 Fucose assays were carried out in the intact blood-groupsubstances
by the colorimetric method (Gibbons 1955),see Table 13°. In the absence
of thioglycolic acid the absorbance at 430 mu of the solution was greater
than that at 400 mu. This difference was not corrected for, as it was
not known whether it was unrelated to the chromogens which react with the
thioglycplie gcid. The values for fucose by this method are higher than

those obtained by the isotope dilution method particularly for sample W
which was 15% higher.
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TARLE 12 ‘

The Estimation of L-Fucose in Blood-Group Substances by Isotope Dilution

B_].éods Conditions Dried i.-Fucose Specific aciivi’cy | ,L-Fixcose content

group . of sample added’ of I~fucose. _
subs- hydrolysis taken = mg. epry/pg. . mg. . %
tance o g, ’ * Added Recovered : :
W 0.1N 'Hﬁou, 1527 C 0222 55.3 242 - 0.285 18.7
60 min., o ' . o : .
W 1N HCl, 1.527 0.222  55.3 241  0.287 18.8
. 10 min. - . RO S B
© . 1.148 o0.241 434 - 25.2° 0,174 15.2
Y 1 NHC, 1.209 0.222 50.9 28.6  0.175 14.3
- 70 min. ’ s ' L s
Z  0.2N HyS0y, 3.59 - 178 S 426 209 . 0185 5.15

_ 60 min.

% Assays by ferrieyanide method

TABLE 13

Assay of L-Fucose in Blood-Group Substances by the Colorimetric Method

Amount taken Absorbance at 400 my ~ absorbance I-Fucose -
ng. gt 430 me HE %
With TGCA Without TGCA
L-Fucose 0.0416 0.636 + 0.0007 -
L-Fucose 0.0831 1.266 + 0.011 -0.007
W 0.295 0.654 + 0.005 -0.013 62.6 21.4
Y 00596 . 019:58 t 0.0@ ‘00020 61-6 15‘5
Z 0.981 0082;’) t OOOOQ -0-0’49 5)'1‘-0 . 5.5

TGCA ~ thioglycolic acid ‘
* corrected for a water thnk of 0.015 which was the difference beiween
the absorbance at 400 mu and 430 mp.
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The estimation of palsctose Galactose was astimated in the blood~

group substance samples by addition of [1-MC] galactose before hydro-
lysis which was carried out at 100° in 2 >N HCl in a volume of 10 ml.for 3 hr
After Celite chromatography the galactose was estimated by the ferri-
cyanide method. Tﬁe results are shown in Table 1.

In one experiment (number 2 of table 1) aliquots {0.42 ml.)
of each fourth tube were taken for counting amd tubes 41 to 52 were
pooled amd taken for the galactose analysis as described previously.
The remaining fractions were investigated for the presence of L-fucose.
The contents of each fourth tube was taken to dryness in vacuo at TP
and wate,rv(B ml.) was added to each tube. Aliquots (1 ml.) were taken
for assay by the ferricyaﬁide method. The results are shown 1§ fig. 16.
The recovery of fucose from the sample of blood-group substance W (35 mg.)
was of the order of 0.5 ng., i.e. more than 50% of the fucose originally
present in the sample had survived the acid coixﬁhions {2 N HC1, 100°,
3 hr.). ' It was therefore considered feasible to determine both fucose

and galactose after the same hydrolysis.

The estimation of both fucose and galactose Two experiments were
carried out in which both [1-M¢] fucose and [1-1%C] galactose were
added to the glycoprotein before hydmlyéis which was cari-ied out as
before in 2 N HC1 for 3 hr. The fucose and galactose were estimated
by the thioglyoolic acld-HpSOy method and the ferricyanide method

respectively. The values obtained are listed in table 15.

The fucose and galactose contents of the blood-group substance

samples as determined in the above experiments have been summarized in

Table 16.
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TABIE 13

4 The Estimation of D-galactose in Blood-Group Substances )
Experiment Blood- Ioss on - Dried" [1—“0] Galac-  Specific activity of Galactose content

' group = drying - sample tose added {1-1%c] galactose

substance % . taken . mg. .. cpm/ug '

S o mE. ' ~ Mdded _Recovered mg. %
1 W ‘_'11.é 2.628 0.942 47.3 27.7 0.665 25.4
2 W 11.9  3.054 Y™ . 531 - 287 0.7513,' 24.7
3 ‘el 6.0  6.77 178 48.7 23.8 | 1.86 27.5
4 Y 15.7  2.296 0.415 w79 18.8 0.6’93_ 30.2
5 / 15.9 a5 1.0 51.0 27.5 0.884 25.6
6 AN | 3.5 1.0%5 - sh.7  R.T5 0.694 20.1
7 Z ‘16.2 359 1.0% #8.9 25.6 0.984 26.2

The added [1-1YC] galactose had not been purified by Celite chromatographar
After drying over Py0g at 78° in vacuo.
Hydrolysed for 2.5 hr. in 0.28 N.HC1.

- x4

S6
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TABIE _15

The Estimatlon of both I-Fucose and D-Galactose in Blood-Group Substances

‘Blood-group Radloactive sugar Specific activity Sugar content in
substance added ng. : epy/ g . ~ sample
taken mg. Added _Recovered mg. 2
L~Fucose, 0.222 47.0 26.9 A 0.166 135.7
Y’ 1'2@ ) .
D-Galactose, 0.338 66.6 30.0 0.412 341
L-Fucose, 0.177 47.0 20.5 0.229 = 5.8
Z, 3.924 : : : .
D-Galactose, 0.676 66.6 25.2 1.111 28.3

The values obtained from determining both sugars together in blood-group substance

Y are comparable to those cbtained in single experiments previously. The value for

the galactose content of Y substance in particular was much greater than that from

assays on the single sugar.

16



TABLE 16

Summary of theé Neutral Sugar Estimations in the Bldod-cr'oug_s_pceciﬁe' Substances

Sugar estimated Sampile Sugar content % ‘ Values from Prof.W.T.J.Norgan,FRS
' Colorimetric Redioisotope dilution : o i}
assay 1 sugar 2 sugars Mean - I~Fucose Reduction as
. added added value e glucose
L~-Fucose W 21.4 - 18.7,18.8 - 18.8 17 . 59
Y 15.5 15.2,14.3  13.7 w16 50
vA BE5 5.15 5.8 5.5 '.8.1; | : 51
D-Galactose W ' 254,247 25.1
Y 27.5,30.2 34.1 30.6

86
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The estimation of sugars after paper chromatography

Introductj.on. Since the» éhromatography of sugars on columns of Celite
is a long process for ‘jthe aséay of several samples, pé.per chromatography
‘was used a8 an :.a.lterna:tive means of separation. Paper chromatography

- has often been ,ﬁ.sed to separate monosaccharides for analysis (see
Kowkabm 1951&; Whistler and BeMiller 1962, Hougix and Jones 1962).

Sugar mixtures have‘ been analysed by spraying paper chromatograms
with sugé.r reagents and comparing visually or instumentally the intensity
of the coloured spots of the unknown sample with fhoée produced by known
amounts of the suger standards (e.g. McFarren et al 1951, Gottschalk and
Ada;"l’956, Rosevear a.nd Smith 1961). The coloured spots have also been
eluted a.ni the absorbance of the soluticons measured spectrophotometric-
ally (Leloir 1951, wilson 1959, Pusztai and Morgan 1961). The other
method héed is to out out the paper section contzining the sugar and to
elute the sugar from the papelr with watér (Flood et al 1947). A dis-
advantagé of ﬁhe method is that impurities élutéd from:chromatographic
paper give high blank values. Prior washing of the paper at least
partly overcomes this problem (Dubois et al 1956). Acid-washed paper
(Bourrillon et al 1959) and paper washed with the developing solvent
and water (Spiro 1960) have been found satisfactory with the Nelson-
Somogyi method. The solvent system used for developing the chromatogram
must be chosen so that residual solvent or solvent impurities left on
the paper after drying, do not interfere with the method of estimation.
Solvents used have included n;butanol, pyridine, 0.1 N HCl (5:3:2, by
vol., Bourrillon et al 1959), n-butanol, ethanol, water (1021:2, by vol.,

Spiroc 1960; 4:1:5, Chatterjee and Montgomery 1962), n-butanol, acetic
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acld, water (12:3:5, by vol., Clamp and Putnam 1964), ethylacetate,
acetic acld, ethanol, benzene, water (Rosevear amd Smith 1961) and
ethylacetate, pyridine, acetic acid, water (7.“5‘35':3; i)y vol., Pusztai
and Morgan 196la). ‘ | o A

' ‘.Elutionof'é.ugérs' from the paper 1s usually carried out at
. room ‘béﬁperatﬁré' elther by immersing the paper in a known volume of
: waﬁbér:(l_)t;ib‘dis‘ﬁlé%.' ‘Spiro 1960, ché,ttefjee. and Montgomery 1962) or by
“developing the paper with water at room températﬁfé '(Izidlaw ani Reid
1950) ‘or at 0° (Bourillon et al 1959). | R
After elution from paper with water the sﬁgé.f has been estimated
by the phenol-HpS0, method (Dubois et al '1956; Cha.ﬁerjee and Montgémery,
1964) the Nelsyon-Somdgyi procedure (Bourrillon et al "1959:, Spirc 1960,
Clamp and Putman 1964), the alkaline ferpieyanide method }(Montreuil and
‘Scheppler 1959) or by O-&mihobiphenvi in glacial acetic acid (Timell et
al 1956). Aniline hydrogen phthalate was used to eétimate sugars eluted
from paper by refluxing methanol (Blass et al 1950).

Experimental. Aliquots (20 pl.) of an approximately 5% solution of

mannose were applied in 2 inch lines to Whatman chromatégraphy paper.
Development of the paper was carried out overnight with the solvent ethyl
acetate~-n~propanol-water (4:1:2 by vol., upper phé.se). The paper was
dried at room iemperature and the position of mannose on the paper was
found by treating guide strips with aniline hydrogen phthalate reagent
(Partridge 1949) or 4% O-aminodiphenyl in acetic gem (Timell et al 1956).
' The appropriate areas of the unsprayed sheets were cut out and the mannose
was eluted with 25% (v/v) ethanol at 49 in an apparatus similar to that

described by Aminoff and Morgan (1951). Corresponding areas on blank
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sheets were treated simila.rly for controls. Aliquots (O 5 ml.) were
vtaken for counting at 1nﬁnite thinness and t‘or reduoing pcwer by the
ferricyanide method.

The results obta.ined were unsatisfactory due to high blanks
and variability of up to 10% in the specific activity of the recovered
mannose. Various Whatman chromatographie papers were tried' No, 1
| _washed with water and ethanol, No. 5‘40 No 5111 and No. 5}4 paper
washed suecessivaly with 1% acetic a.cid ‘water amd ethanal. Anotl":er‘
solvent, n-propa.nol-wa.ter (4 '1 by vol ), gave similar results. Washed
paper gave lower blank values. The method of assay, although very
sensitive, was thought to be too unspeciﬂ.c to be sufficiently reprod-
ucible for the estimation of small amounts of sugars eluted from paper.
A method more specific for aldoses but 1ess sensitive, the O-aminodi-
phenyl method (Timell 1956), was then used as it has been found
éppiicable to the assay of sugars from paper chi'omatograuis

Aceovdingly [1-14(':] mannose (39}. HE . )uas submitted to chromato-
gra.phy ag above and assayed by the o-aminodiphenyl method. The results
are shoun in Table 17. ‘I‘he specific activity of the mannose recovered
from paper showed a veriation of about 1%, but it was much higher than
the" specific activity of the mannqse ax[)llaiiﬁdlto the pa.per. ‘In order |
to remove any non-radioactive impuritiesj\mannose (AOO mg ) was sub-
mitted to chromatography on e Celite 545 (50 g.) column (58 x2em.)
which was developed with the upper ‘phase of ethylacetate. n-propanol,
water (1&-1~2) Fractions (20 ml1.) were collected and fractions nunbered
46 to 60 were pooled, concentrated to dryness and the mannose was

recryatallized from metnanol and ethanol.
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TABIE 17

The Specific Activity of [1-1%c] Mannose after Paper Chromatography

Sample " Absorbande” Mamnose - Activity . - Specific activity
‘ | _ug/0.5m)  cpn/0.5mit - cpm/ug
Bgetment 1. " R
Bemcl .09
Blamk2  .009
Blank 3 - .006 | | |
 Mannose 1 218 i9;15_ | '1,5‘55, R - -
Mamose 2 %2 26.6 2,060 80.6
Manmose standard 214 19.5 PRI  75.0

Experiment 2.

Blank 1 .013
Blank 2 .009
Mannose 1 .603 55.8 4,455 195
Mannose 2 557 51.5  L4,065 78.9
Mannose standard 207 19.5 1,400 76.6

% Average of duplicates; absorbances read at 380 mp and corrected for
that given by 25% ethanol (.006 and .010 for the two determinations
respectively).

+ Average of four planchets, corrected where appropriate for either
backgreund or chromatographlc blanks which amounted to 2% to 25
counts per min. ‘
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The destructiqn of mannose in 2 N HCl in the presence of various substances
In vigw of the possibility of prefereﬁtial'des.tructvion on added
‘radioactive sugars in the early stages of the acid hydrolysis of gl&co-
proteins, it was of interest to investigate the effect of various subs-
tances on the destruction of mannose in 2 W HCL. Tryptophgn is known to
be destructive of sugars but no quantitative data are awfgi;aﬁle. Ribose
was included to see if it afforded any proteé’c'i_on' to vthe mé.nncse. Poly~
L—tryptophan was'also'meizﬁed to slow the effect ofiboﬁi'vad £rygtophan but
since 1t is 1n$olﬁb1e :ﬁmi wa’#er’ it ?‘_"“5 a poof‘:model subétéﬁce. Iysézyme
was used to imitate the peptide part of glycoproteins. o |
Pyrex test tubes (16 x 150 mm.) were rinsed with sodium dichromate
in sulphuric acid followed by water and dried at 100°. To each of six
tubes was added 0.5 ml. of mannose solution (5.36 ;m'ole/ml., 4183 ug. ) and

1 ml. of 6 NHCl. Further solutions were added as shown in the table.

Tube Number Substances added bei‘ére kg'drolxgs. ‘
1 None | |
2 Tryptophan (2.83 umole, 575 uz‘ )
3 Tryptophan (2.83 umole) and D-ribose (5 pmole, 797 Hg

Foly-L-tryptophan (4.52 pumole, 81#0 . )

Iysozyme (7 mg.) which contains tryptophan (2.94% pmole)
and cystine (1.96 umole)
None. Not heated

(o RS

Poly-?L-bryptophan (0.8% g.) was added as the solid as it is insoluble in
water. The contents of each tube was made up to 3 ml. with water and then
frozen. The necks of the ’cubes' were constricted, the tubes were evacuated

to about 0.2 me Hg anxl the fi*_ozen contents were allowed to thaw. When all
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gas had beenvrembved froﬁ the solﬁiions the tubee‘were seeled. HTubes
1 to 5 were heated in a boiling waxer baxh for j hr. 10 min., cooled
and opened 1 lkC] Mannose (478 HEs 2 68 umole 1n o. 5 ml ) was added
to each tube. The contents of each tube was de-ionized 1n the usual
way with,Dowex l (bicarbonate form) and Dowex 50 (H+ form) and taken to
dryness 1n vacuo, Boiled distilled water (0 05 ml ) was added to each
residue and 20 ul. aliquots were taken for chromatography as described
above.. ”he mannose on chromatography moved distancee of cm. ‘o 5 cm.
from the origin.differ'ing with each chromatogram.l About 5 ml. of 25%
ethanol was collected for each seetion of paper eluxed. ‘

e resun-.s are tabulated in Table 1.8 The specific activity
of the [1-1401 manmose, before (77.3 cpm/ug) and after (78.1 cpm/ug)
chroma.tography, differed by about 1% which is probably not signiﬁeant.
The specific activity, caleculted from the known.dilution>with cold
mannose in tube 6 which was not heated, was similar (78.2 cpm/ug).
Since the contents of tube 6 were subject to all the processes of the
other tubes, except heating, this specific activity waswed to calculate
the recovery of mannose.

Discussion. The destruction of mannose when heated alone in 2 N HC1

at 100° for 3 hours in an evacuated sealed tube was about 4% which is
less than would be expected ffom the figure of 23% reported by Frangois
et al. (1962) for a 5 hr. heating period. The difference may be due to
the absence of oxygen in the preeant experiment. The effect of addipg
tryptophan in equimolar amount to the mammese resulted in 15% destruction
of mannose. In the presence of more tryptophan the destruotion of

mannose is likely o be greater since Francois et al (1962) found a



TABIE 18

The Recovery of Mannose Heated in 2 N.HCl in the Presence of Various Substences

Tube No.  Absorbance” Mannose Betivity® - Specific Mannose* _Recoveryvof'v.
at 380 mn g./0.5m1  cpm/0.25ml. ~activity - recovered mannose
S : f © epn/ug - HE ]
1 0.305¢.001  29.6 . 586 +1 39.6 hes 965
2 0492+ .002 - AT.7 1,005 + 4 k3 B0 89
3 0.559 & .003  5h.2 1,082 + 6 0.3 450 934
5 0349 % .02 33.8 . 668+ 2 © 395 BB 97.0
5 0554 % .001  53.7 1,077 + 8 %01 858 940
6 0.466 + .002 45.2 880+5 389 - W85 100
Man, 0.496 + .0053 48.1 1,858 + &4 TT3
Men.  0.260 + .00L 25.2 98k + 7 78.1
(chrom. )

*  Average of triplicate with standard error of the mean. Readingshave been corrected where -
appropriate for 25% ethancl blank of 0.005 or for the paper blank of 0.007 (average of 0.008,
.007, .007, and 0.005 for each from a blark section of paper). -

t+ Vilues are means and their standard error from 3 ot 4§ planchets each counted for 30,000 counts.
Corrections have been made where appropriate for a background count of 23 cpm or for a blank

paper count of 24 cpm.

+ The mannose recovered = 478 ( —(8:2_~ 1),
spec.act.

S0t
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destructibn of h2% oi_’ mannose in the presence of a vast excess of
cysteine, It ig interesting that the addition of two molar equivalents
of ribose reduced the destruction of mannose by tryptophan from 15 to 6%.

Since the poly-L-tryptophan remained insoluble during the course
of the heating perlicd it is not surprising that it did not affect the
destruction of mannose. The presence of lysozyme did not have much affect
on the destructlion of mannosé. The tryptophan content of the lysozyme
amounted to 2.94 umole and the cystine content to 1.96 umole (Canfield
1963). It would appear that the destruction of sugar caused by the
peptide-bourd amino acids, tryptophan and cysteine, are less than that
caused by the free sugars, as predicted by Frangols et al (1962).

The estimation of I~fucose in blood-group substances by paper chromatography

The eisotope dilution method was applied to the estimation of
fucose in a blood group substance after sgeparation of the sugars by paper
chromatography. In contrast to the previous experiments with the blood
group substance sé.mples the dry-weight of the glycoprotein was determined
on a separate sample. Hydrolysis was carried out in an evacuated sealed
tube., Blood group substance Z (8..}7 ‘mg.) was dissolved in water (4.96 ml.)
An aliquot (2 m]l.) was taken to dryness in vacuo over NaOH and H,S0; and
the residue was further dried over P05 in vacuo at 92° for periods of
about 2 hr. until constant weight was obtained (3.097 mg., 3.092 mg.).
The concentration of sample in solution was therefore 1.546 mg/ml.

A mixture of sample ( 1 ml.) and [1-1%C] fucose (0.118 mg. in 0.1
ml.) was hydrolysed in 2 ml. of 0.2 M HyS04 for 2 hr. in an evacuated,
sealed tube as described previously. Chromatography of the sample and

standard fucose wés carried out as before and the fucose was eluted from
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the chromatogram by suspending the excised paper 1n,boiled distilled
water (5 ml.) at 2° overnight. After centrifuging the solutions,
samples (0.5 ml.) were withdrawn for ;ssp.y (Gibbons ).955) and counting
at infinite thinness. |

. Absorbance  Fucose content ' Activity Specific Activity
400-430 my ug/0.5 mi ~ cpm cpy/pg

W 009 + .00

Bl.l1  .008 + .001

" Bl.2 009 £ 0

Z . .298 + .001 9.00 = 281 +2 3.2
Fucose .577 + .003 17.69 1034 + 7 © 58.4

The recovery of fucose was (%g-g- -1) = 102.9 ug. or 6.66% fucdse in the
" sample. ‘ i
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III THE ESTIMATION OF HEXOSAMINES IN GLYCOPROTEINS BY RADIOISOTOFE

DILUTION

1l. Introduction

(a) Hydrolysis |
- Methods :to:- tljxg estimation of hexosaming in glycopryote:_l.ns‘ |
require prigr hydrolysis of (1) the glycosidic linkages and. (11) the
acetamido groups (in that onier) to give the rree amino sugars
Incomplete release of hexosamine due to hydrolysis of the acetamido
groups of N-acetylhexosaminides and conditbns favqurable t‘,’. jbhis |
pathway have been discusséd earlier. Maximum values for hexosamine
content of several glycoproteins have been obtained by the use of 4
N HC1 at 100° for 3 to 6 hr. Hydrolysis of eggvalbumin in 5 N HC1 for
3 and 6 hr. (Sorensen 19‘58),@ 5.7 N HC1 for 3 hr. (JoWen et al
1961) gave similar values. With 5.7 N HC1l for 6 hr. a lower value was
reported probably due to some destruction of the released amino sugar.
The method of isotope dilution is much less influenced by destruction
of the released sugar than by incomplete release of the sugar, so it
should be applicable to the estimation of hexosamire in glycoproteins
after hydfolysis under strongly acid conditions. In this work constant
bolling HCl was used at 100° for 6 hr.

(b) Methods for estimation of 2-amino hexoses

The original method of Elson and Morgan (1933) which involves

heating the amino sugar with acetylacetone in alkaline solution followed
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by reaction in aecid with p-dimethylaminchenzaldehyde to give a red

colour, has had many modifications and is the most widely used method.
' The main chromogen formd is 2-methy1pyrrole (Cornforth and Firth 1958)
which is steam volatile (Sehloss 1951) The prinoipal change, which was
made to the method. involved distillation ot thia chromogen from the
" alkaline reaction mixture into Enrlich's magem; (cesst 1952) This
modifioation is more spec:lﬁc for hexosamine as 1ess 1nterference is
caused by amlno acids in the presence of hexoses, a.xx:l muramic acld and
3-methylglucosamine do not give a colour (Joha,nsen et al 1960, Cessi and
Filego 1960). R | o
| Other methods for hexosamine estimation 1nc1uie (a) deamination
| of the amino sugar by nitrous acid, a.nd EStimation of the 2,5-anhydro-
hexose ‘formed, by reaction with indole in ethanolic hydrochloric acid
(Dische and Borenfreund 1950) or with other reagents. e.g.. phenol-HaS0y
(Lee anmd Montgomery 1961a); (b) estimation of the ammonia released
from 2-amino sugars in alkali (Tracey ‘1952); (c:) estimation of N-acetyl-
hexosamine by the Morgan-Elson 4methoc1 after Nanetylation (Morgan and
Elson 1934, Aminoff et al 1952, Reissig et al 1955, Roseman and Daffner
1956, Ievvy and McAllan 1959). o | |

"(c) The estimation of hexosamines in mixtures

As both glucosamine and galaotosaminé are often present in
glycoproteins, methods of differential estimation have been developed
based on (1) different reactivities in colour reactions; (i1) specific
enzymatic conversion of one hexosamine to a derivative; (i1i) separation

before estimation.
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(1) Glucosamine and galactosamine glve about the‘Same
colour in the Elson-Morgan reaction but in the Mbrgan4Elsoﬁ reaction
v-glucosamineigives four times the colour of galactosamine (see Foster
‘and Horton 1959). A colorimetric estimation of the two amino sugars
in a mixture was based on these fihdings (Roseman and Daffner 1956).
- The method‘was‘improved by addiﬁg borate to the alkaline acetylacetone
solution oflfhe Eison-Mdrgan reaction; the resulting colour intensities
wefe reduced but gelactosamine then gave 4 to 5 times more colour than
glucosamine (Tracey 1955+ Good and Bessman 1964). ‘The Cessi modification
‘of the Elson-Morgan reaction has been changed in order to determine D-
galactosamine in the presenhelpf D-glucosamine (Cessi and Serafini-Cessi
1963). If the coupling of'the hexosamine with aceiylacetone is carried
out undef anhydrous conditions in the presence of methylamine at 55° for
16 hr, ngluQOSam;ne forms almost quantitatively 3-acetyl-2-methyl-5-
tetrahydroxybutylpyrrole which neither reaots with Ehrlich's reagent nor
forms volatile chromogens on heating at 100° in water or alkaline
solution. D-Galactosamine, however, hehaves differently giving rise to
only about 30% of the correspording isomer of the pyrrole above, aml in
addition to material which, on heating under mild alkaline conditions,
produces the volatile 2-methylpyrrole. The yield of 2-methylpyrrole is
greater than in the original method.

(i1) The principle of several differential estimatlons of a
mixture of D-glucosamine amd D-galactosamine relies on specific enzyme
systems. A hexokinase acting on & mixture of the N-aceiylated amino
sugars has been used to specifically corvert N-acelylglucosamine to the

' 6-phosphate (Slein 1952) which can be removed by cation-exchange
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chromatography (Johnston 1963). Another method involves enzymatic
conversion of D-glucosamine to N-acetyl—-l)-glucos’aminev~6~phospha.te
‘which is then ‘estimated by ‘the'Morgan-Elsoh reaction '(L\ﬁeri’tz et al
1964). Galactosamine, mannosamine and muramic acid are not substrates
for the enzyme.  Other methods include removal of béglﬁcosamine by a
mixture of baker's yeast (‘Pogell‘and Koenig 1958), oxidation of D-
- glucosamine toD.—glucosaminic" acld by Pseudomonas 'fluOréSaans7 (Imanaga
196%) and estimation of D-galactosamine or RJacetyl—D-galactosamine in
mi;ttui-es with galactose oxidase (Sempere et al 1965)’.'

. (111) The separation of amino sugars for quantitative analysis
‘has been. achieved by chromatography on paper (Amimff and Morgan 1951)
and on cation-exchange resins (Gardell 1953). The best solvents for
paper chromatography of the amino sugars appear 16 be pyridine: ethyl
~acetate: acgetic acid:'watér (5:5:3:1 by vol, Fischer a.nd ‘Nebel 1955),
n~butanol: pyridine: 0.1 N HC1 (5:3:2 by vol, Masamune and Yosizawa
1956, ard Bourrillon ani Michon 1959). Glucosamine amd galactosamine
are commonly separated with practically quantitative recovery on sul-
phonated resins eluted with 0.30 - 0.34 N HC1l (Gardell 19535, Rondle and
Morgan 1955, Crumpton 1959) or with salt solutions (e.g. Pearson 1963).

Derivatives of the amino sugars have also been separated. The

- N-2,4-dinitrophenyl derivatives of glucosamine and galactosamine were
separated at 2° on columns of Hyflo-SuperCel containing borate buffer
(pH 9.7) and eluted with organic solvents (Annison et al 1951). The
recovery of about B0% was improved by NaBHy reduction of the amino sugars
. before dinitrophenylation (Ieskowitz and Kabat 1954). The phenylisothio-

oyanate derivatives of the two common hexosamines have been estimated
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after sepa:ation by elecirophoresis in molybdat‘.&buffer at pH § or
tungstate buffer at pH 7 (Scott 1962). Gas chromatography of the
 tetra-0-trimethylsilyl-N-acetylhexosamines, with. penta-O-trimethyl-
silyl-2sacetamido-z-deoxy-Dingluoi‘toll as internal sltandaxd_, has been
successfully applied to the determination of glucosamine and galactos~
amine in mixtures {Perry 1964‘)‘. :

2. [1-¢] 1abelled Hexosamines

.The preparation of [1-1‘*(‘:} D-galactostamine -

Since [1-1'40] ‘D-gaﬂlactosaxnine was not commercially available
it was synthesized from D-lyxose by the procedure Qf,Kuhn and Kirschen-
lohr (1956) outlined by Brossmer (1962), and based ’on the method first
used for the synthesis of D-glucosamine (Fischer and ILeuchs 1903).
. }[1-1%]‘ D-Galactosamine has been prepared by this method (Kuhn et al
1959) and this procedure was followed. The synthesis involves the
formation of lyxosylamine from lyxose in amon;a—saturated methanol and
. addition of ‘HluCN to form the nitrile, which is hydrogenated in dilute
acid in the presence of a palladium catalyst to give galactosamine
hydrochloride., D-ILyxose was synthesized from calcium-D-galactonate by
a Ruff degradation or purchased from Sigme London Chemical Co., ILondon.

D-Galactosamine hydrochloride

Dried lyxose (1 g.) was dissolved in ) ml. of anhydrous ammonia-
saturated methanol. After three days the crystalline materlal was
freed of supernatant, washed with methanolic ammonia and dried in vacuo.
Pyridine (6 ml.) and anhydrous HCN (1 ml.) were added and the suspension
was shaken overnight. The white inscluble material was centrifuged down,
washed with methanol and dried in vacuo. Yield 430 mg., m.p. 109-110°

Dec.(uncorr.). (cf. m.p. 107-109°, Brossmer 1962).
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The‘nitrile was dissolved in 0.5 N HC1 (10 ml.) and hydrogenated
with Fa-BaSO, catalyst (600 mg., prepared by the method of Kuhn and Haas
(1955) and hydrogenated prior to use, taking up 6 ml. Hp). The hydrogen
‘uptake was about 54 ml. {see Fig. 17). The catalyst was removed by

- centrifuging and the solut,ion‘was; taken to near dryness in a rotary
evaporator, Methenol (-2 ml.) was added to the crystalline residue and
the insoluble crystals were filtered off. Addition of ethanol gave
crystalline material (about 400 mg., m.p. 179~181°; - Brossmer (1962)
gives 178° for galactosamihe HC1). -

. On paper chromatography in the solvent system ethylacetate~
. pyridine-acetic acid-water (5:5:1:3, by vol.) (Fischer and Nebel 1955)
followed by spraying the chromatogram with ninhydrin the galastosamine
HCl gave one spot at 22.5 cu. (authentie galactosamine HCl 22 .35cnm,
glucosamine HC1 24.3 cm.).. One peak only was -obsefved in the amino acid
analyser, ‘ '

. {1..140] D-Galactosamine

. The procedure for the preparation of [1-1%0] -galactosamine HCl
was similar except that H“CN,. generated‘from,a small améimt of Nach
and saturated citric acid was passed ‘as a gas into the suspension of
1yxosylamine in pyridine ard shaken for a day before aidition of HCN.
Since little incorporation of 4C was cbtained by bubbling the gas
-into the solution, the generation of HmCN was carried oul in a closed
system under reduced pressure in the presence of lyxesylamine suspended
in pyridine (see Fig. 1T).

. Lyxosylamine (120 mg.) was suspended in dry pyridine (0.8 m1.)

and stirred megnetically in an evacuated tube having two slde arms (gee
Fig.18)
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D-lyxosylamine.
in pyridine

citric acid

Fig. 18 The vessel used for the reaction between rl*en
and D-lyxosylamine.
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Fig. 17. The consumption of hydrogen by D-
galactosaminic acid nitrile in the
presence of a palladium catalyst.

RN



115

contalning saturated citric acid and Nal¥CN respectively. HMCN was
~ generated by tuting the tube so that the cltric acid solution flowed

14 Aftepr stirf'ing the tube for 3 days HCN (0.4 ml.) wds

into the Na
added. After stirring for anothex- day ‘the nitrile was isolated and
hydrogenated as above. Aftex' talcing the HCl solution to dryness, the

' residue was dissolved in water and applied to a Dowex 50 (200-1&00 mesh)
H* form colum (1 x 17 cm.).' The column was washed with water, amd
developed with 0.5 N HCl. Fx»actione.’ of about 2.5 ml. were collected
and tested by the Elson-Morgan method for hexosamine., The most intense
colour was obtained from tubes 10 and 11 which were aecozdingly pooled
and dried. The crystalline residue was twice recrystallized from water

and ethanol (l) WZ., M.P. 169-1740) |

Il-mC] D-glucosamine mdrochlorde was ebtaiﬁed ‘fi'o}m"hiew Englarﬂ Nuclear
Corporation, Boston, U.S.A. Tt was diluted with D-glucosamine HCl, 0.05
oC te 250 ng., recrystallized by dissolving it in a minimm volume of
water and a.dding etha.nol and dried in vacuo over P205

"j. The Chromatography of Aminosv.gg on a Cation Exchange Resin

The most commonly used method for the separation of glucosamine
and"glale’.etosamine obtained from nhydrolysates of glycoproteins, is
chmmategraphy on columns of selphohic acid resins develoeed with a
constent concentration of dilute HC1l usually ebout 0.‘3.1\! (Gardell 1953,
Crumpton 1959. The concentre.tion of HCl used gives good resolution with
& reasonsbly rapid rate of elution. ‘Although glucosamine and galactos-
amine can be separated on these columns without overlé.p, the peaks lie

cloge togéther and other amino sﬁgars,' 1.e. mannosamine and muramic acid,

are eluted between them (Crumpton 1959). Also glucosamine and allosamine
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are not separated from galactosamine. The order of glutioh of the
2~aminohexoses, glucosamine, mannosamine and galactosamine, cannot be
correlated with their pX, values, 7.85, 7.3 and 7.7 respectively
(Neuberger, Marshall ard Gotischalk 1966a) which is hardly surprising
as in 0.3 N HC1 the charged forms are the only specles present. The
separation found is likely to depend on factors which govern a very
much weaker absorption of sugar to resin than that involving the
charged amino group, and the acld concentration chosen is that which
glves a sufficiently slow movement of the amino sugars on the column so
that small differences in adsorption between the sugars can be expressed
in thelr elutlon rates.

Chromatography of a mixture of [1-t%c] glucosamine and

B-14¢c] galactosamine on Dowex 50

A mixture of [1-1%C] glucosamine (0.182 mg.) and [1-Y%¢] galac-
tosamine in 0.33 N HC1 (0.2 ml.) was applied to a column (1 x 46 cm.) of
Dowex 50 (200-400 mesh, x 4) ﬁell equilibrated in 0.33 N HCl. The column
was eluted with 0.33 N HCl and 24 drop fractions were collected. Aliquots
(0.05 ml) of the fractions were dried and counted. Fractions 19 to 22
(blank), 48 to 51 (A, glucosamine) and 54 to 57 (B, galactosamine) were
pooled separately, taken to dryness in vacuo at 45° and the residues
were dissolved in 5 ml. of water. Aliguots (0.5 ml.) were taken in
triplicate for assay by the Elson-Morgan method and dried for counting

at infinite thinness, The results are listed below.
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Sample Absorbance Absorbance Hexosamine HC1 Activity Specific
at 530 mu ug/0.5 ml, epm activity

Blank .029 + .000 -.001 - 30 0

A 368 + .003 .528 15.6 2,427 + 25 154

Glucose HC1 .412 + .00R 382 18.2 3,108 + 15 169

B .381 + .001 351 19.4 1,96 + 35 99

Gal N.HC1 277 + 005 247 15.7 1,469 + 15 105.5

As the specific activity of the [1-3¥C] D-glucosamine was 10%
lower after chromateography it was submitted to chromatography on a larger
‘ column of Dowex 50.

- Chromatg wg_raplw of [ 1-1401 D-glucosamine

[1-1%¢] D-Glucosamine (31 mg. ) was submitted to chromatogrephy on
a Dowex 50 (aoo-noo mesh, X4, H* form) column (2.2 x 59 em.) and eluted
with 0.33 N HCl. Fractions (10 ml.) were collected and aliquots (.05 ml)
of each féurth tube were dried and counted. The peak consisted of fractions
91 to 105 inclﬁsivé. Fractions (numbe;' 96 to 102) were pooled and taken to
dryness. The yellow residue was redissolved in uaﬁer and passed through a
short column of Dowex l-bicarbonate, The'efr;uent was acldified with HC1,
dried and crystallized from aqueous ethanol, m.p. 190° (decomp.)

The estimation of glucosamine in methyl B-N-acetylglucosaminide

Methyl f«N-acetyl-D-glucosaminide was ''separated by Celite
chromatography from a mixture of the a- and f-anomers ([alp + 34°, m.p.

178-180°) kindly provided by Mr. V.D, Bhoyroo of this laboratory and
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prepared according to Zillii«an et al (1955). The anomeric mixture
(1&24 mg. ) was dissolved 1n the lower phase (1 12 ml ) of ethcyl acetate-
n—propanol-water (4:1:2, by vol.), mixed with Celite 555 (2.54 g.) and
packed onto & Celite 545 column (65 g ) prepared as described previously.
The column was developed with the orga.nic phase of the solven‘c. and
| aliquots (0. 3 ml. ) of each fourth fraction (10 ml. ) were taken to
| , dryness. ‘I‘he residues were dissolved 1n 3 ml. of uater a.nd the absorb-
ances at 205 mu were measured The two main pea.ks, fractions 72 to 100
: and 130 to 175, were pooled separately axxl taken to dryness. Crysta.llization
| was achieved with dry n-propanol giving the a~-anomer (111 Mgey [d]D + 128°
(e = 0. 83, water), Mm.D. 191& 1950) in the first peak and the B-anomer (173
ng., [a] -1;5 o° (e =1, Water), m.p. 197-2000) in the second peak. An
elution diagram obtained f‘rom a srrall column of Celite 13 shuwn in Plg. 19.
| Methyl B-N-acetylglucosaminide (0.5 ml, cunta.ining 0.543 mg.) and
[1- c] D-glucosamine((l)-lclls?veni eried in a pyrex test tube. Constant
boiling HCl (2 ml.) was added the solution was frozen and the tube was
eva.cuated. The contents were thawed, the tube was sealed and heated in a
boiling waterbath for 6 hr. The tube was cooled and opened and the
- contents were taken to dryness in vacuo over solid NaOH and concentrated
' HyS0y. Water (5 ml.) was added to the dried residue.
| An aliquot (0.5 ml.) was taken to dryness and the residue was
subjected to chromatography in n-butanol-pyridine-water (1:1:1 by vol.).
" The ninhydrin reagent revealed a single spot of large size at 26.6 em.
(galactosamine HC1 22.6 cm., glucosamine HC1 25.0 cm.).
For assay the solution was dilﬁted 5 times and pootions (0.5 ml.)

taken for counting at infinite thinness and for assay by the Elson~Morgan
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assay as modified by Kraan and Muir (1957). The results are shown in

the table.
Absorbance + SE ' Hexosamine HC1 Activity + SE = Specific activit
530 mu_ . . owg/ml o ocpm opr/ug
Water | 0.029%.000 0 2741
Assay = 0.396 + .000 6.9+ 0.7 1540+ 11 - 41.0 + 0.8
Standard  © 0.380 + .005  36.2 W7+ 2 85.7 + 0.7

‘I‘he amount of gluoosamine HC1 obtained from the methyl glyooside is

(M 1) 1*53 ‘494 + 20 HE. (calculated 497 8 ug), 1.e. an estimate
of 99.2 + 4, o%

'l‘he total recovery of glueosamine as t.he }wdroehloride = 36 9 x 25 = 922.5 g
(ca.leulated 951 ug. ), 1.e. 97,» recovery.

Y4, The Bstimation of Hexosamines by Reaction with Naghtl_r_leisothiooyanate

The disadvantages of column chromatography are that ohly one or
two colunms can be run concurrently and that the runninz of the column and
the testing of fractions takes considerable time. A recently described
method for the detemination or glucosamine and galactosamine in mixtures
was based on electrophoretic separation of theix- arylisothiocyanate
deriva.tives and seemed to ofrer the advantages or rapid sepa.ration amd
estimation of several samples concurrently.

| The reactions between amino sugars and phewlisothiocyanate glive
rise to derivatives which may be determined by their absorption at 240 mu.
(S.joc;uist 1959). The derivatives of glucosamine and galactosamine, although
not separable by paper chromatography with the usual solvents. may be

separated by paper eleotrophoresis in molybdate buffer at pH 5 or in
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tupggta.te buffer at pH 7 (Scott 1962). 'I‘hé substances .wez;e originally
thought to be the phenylthiocarbamoyl (PI'C) derivativés buﬁ since

‘ complex fonnation with either molybda.te or tungstate requires a cis-cis
_-1 2 j triol system in cyclic sugars and a,t 1east four adjacent hydroxyl

groups in aegyellc sugars (Weigel 1965) the sugars were probably in the

.. open chain form. As they also gave a red colour' with diehloroquinone-

‘dichloroimide reagent (Heath and Wildy 1956) unlike the yellow colour
given by PIC derivatives amd similar- to the colour produced by thiol-
Iimi_dgzo;l.es, ll-tetralwdroxybutyl-1-phenyl-2~thiolim1dazole structure
was suggested (Scott 1902) However ultraviolet and 1nfrared date were
more :ln accord with a phenyl imidazolidine~thione structure, and, as
NaBHy, reduction of the pherwlthiohydantoin of Prc-glucosaminic acld
gave the same compourd, the structure was given as 4~hydroaqr—3-pheny1-
5-tetra}wdroxybutylimidazolidinethioﬁe (Scdtt 1961;). Seé Plg. 20
The method of determination of a miﬁtﬁré of glﬁc'osamine ard
~ galactosamine as the phenylimidazolidinethione derivatives involved
resction with phenylisoﬁhiocjanate in pyridine-collidine buffer, electro-
phoresis in 0.05 M molybdate buffer pH 5, elution of the spots with 10%
barium acetate and measurement of the absorption at 240 my (Scott 1962).
It was applied to the estimation of the amino sugars in hydro-
lysates of mucopolysacchérides. Derivatives of neutral and acidie amino
aclds were removed by anion exchange resims in the blcarbonate form and
those of the basic amino acids migrated j.n the opposite direction to the
amino sugar compounds on éiectrophoreéie. Improvements in the methods

were made by Dr. J.E, Scott of the Canadian Red Cross Memorial Hospital,

Taplow and by Dr. A. Barrett, Strangeways Research Laboratory, Cambridge,
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Fig. 20. The reactlion between D-glucosamine and naphthylisothiocyanate.
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who kindly made available the unpublished details. The sensitivity of

Lhe .procet.lure was 1ncrea$ye‘d by formation of.“ the nephtm;iieothiocyanate

derivatzves which had a h:lgher molar absorbance at 24() xm and an even

| grea.ter absorbance at a pea.k at 222 mu. Collidine in the buffer system

was replaced by dimethyldodecylamine (DM 120) which enabled the neutral

a.nd acidic amino acids to be extracted by benzene atter the reaction. -

The reaction tempera.ture was raised to 56° and the electrophoresis was

" carried out in tungstate buffer at pH 7. By heating the paper at 105°
| after electrophoresis the derivatives gave a yellow~green ‘fluorescence

| which simplified detection. The method is as follows. -

The hexosamine HC1 solution (o 1 ml ) and the reagent (o.a mi.),
consisting of 4% (w/v) naphthylisothioeyanate 1n 5% (v/v) dimethyldocyl-
| amine (DM 12D) in pyridine are heated at 56° for 15 to 30 min., cooled
and extracted twice with 1 2 ml of bemene containire l% DM 12D. )

Aliquots of the aqueous phase are submitted to paper electrophoresis in
| 0 05 H sodium tungstate-sulphuric acid buffer a.t pH Te 0. ‘The paper 13
dried and the spots are marked out under a low wavelength ultra.violet
lamp. The areas of each spot are cut out ard eluted either by imersion
in j ml. of 1“5 barium a.oetate a.t room temperature with occasional
shaking or by heating at 100° for 10 min. in a solut:lon containing
‘barium acetate (1%) amd barium chloride (1%) After cerrtrifugation
| the absorbance is measured a.t 240 my or a.t 222 .
| The buffer system, used for coupling the naphthylisothiocyanate
feaéent, had a pH of 10.3 ehich is probably higher ,than‘that necessary
for the reaction as glucoeamine has a pK, talue of abeut' 7 ,8. In the

Edman method for amino-terminal amino acid Msis the phenylisothio-
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cyanate reagent combines quantitatively with the peptide at 9 and
40° in 1 hr. (see laver 1961). However for the preparation_ of ‘the. .
phenylthiohydantoins of the. hydpoxyamino acids serine arzi‘threoninel,
the reaction mixture,ﬁas(maihtained at pH 8.6 at réém’temperature for .
‘several hours (Ingrem 1953) as under the usual conditions a mixture of
products is obtained, one of which for threonine 15 the dehydroderivative.
_As docecylamine (DM 1\21)») was not available for some time, other
organic bases such as collidine (pX 7.5), triallylamine (pK 8.3) and the
liquid anion exchange resins Anberlite LA 1 and LA 2 ‘iée.re tried as buffers
and for extracting naphthylthiocarbamyl amino acids ‘_firoxﬁ ‘the aqueous phase.
An amino acld mixture (0.1 ml.) contalning ammonia and 17 amino
acids at a 'c:oncentratio_h of 2.5 mM, was mixed with a reagent (0.2 ml.)
eons}ist‘.ihg of 4% naphthyliSO_thioeyanate and 5% Ambe'rlite' IA'1 in pyridine,
and the solution (pH 9.3) was heated with shaking at 56°' for 45 min. The
solution was extracted with 1.2 ml. éf benzene and taken to dryness. The
| residue was dissolved 1n water and subject to elgetrpphoresis. A trail
of material was observed up to 5.5 ingches, the glucosamine derivative
gave a spot at 3.4 in. After extraction of the solution with 5% LA 1 in
n-heptane, followed by n-heptane, no spots were obserqu on electrophoresis.
After simllar extractions of ‘a solution of the glucosamine derivative the
recovery was about 92%. " Using 1A 2 similarly;' nearly‘ quantitative recovery
was aéhieved. | | | o
Tt was not appreciated at the time that the liquid anion exchargers
amberlite :LA 1 and LA 2 are in fact secondary amines which will-ﬁresumably
react with the naphthylisothiocyanate reagent. While they are useful in

extracting excess reagent and naphthylthiocarbamyl amino acids from the
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aqueous phase their use as buffers in the reaction will lead to loss
of reagent.

(a) Eleetropgoresis of the Nagt_lglisothiocyanate Derivatives of

D~Glucosamine and D~Ga1aetosam1ne

 Naphthylisothlocyanate ordginally obtained from Hopkins and
w1111ams Ltd., Chadwell Heath, Essex, was recrystallized from ethanol.
It is now. available i‘rom Kodak Ltd., Kirkby, La.ncs. Pyridine was
refluxed over KOH and distilled. Collidine was purified similarly
Benzene was allowed to stand for several days over 5 ohanges ot‘ concen-
trated -HQ‘SO;P It was washed tnice with uater, dried over KOH axxi
distilled. n-Heptane was treated as for benzene. D-Glucosamine HCL
(1.2 mg.) and D-galactosamine HCl (1.3 nlxg.) were each dissolved]' in
water (0.1 ml) in eteppered vcenvtz"ifuge tubes. 'i'o :e‘ac;h tube was added
the reagent. (0.2 ml.), consisting of 4 naphthylisothiocyanete izi 104
v/v collidine in pyridine. The tube was flushed with N,, stoppered and
heated at 56° for 30 min. Benzene (1.2 ml) was added and the tube was
shaken and centrifuged. The benzene layer was removed by a Pa.steur
pipette and an aliquot of the residual aqixeous solution was taken fer
paper electrophoresis'_wi'n 0.05 M sodium tur)gstate-HQSOu buffer at pH
7.0. After electrophoresis at 3,000 to 2,500 volt for 1 hr. the paper
was dried and examined under an ultraviolet lamp with maximum emission
at 2570 8. The glucosamine derivative showed a spot at 15 cm. and the
galactosamine a spot at 8 cin. The spots were excised and eiute& with
3 ml. of 1% barium acetate. The solutons were examined in the SP 700
Unicam recerding spectrophotometer. Typical speotra given by the
glucosamine and galactosamine derivatives after elution from paper are

shown in Fig.
g o
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Fig. 21. Absorption spectra of the napthylisothiocyanate derivatives of D-
galactosamine and D-glucosamine after elution from electrophoresis
paper.



(b) 'Prepa'rations of the Naphthylisothioéyanaﬁe ﬁerivé.fives of

D-Glucosamine

Recovery of D-glucosamine from Dowex l-bicarbonate

" As Dowex l-bicarbonate effectively removed anions from hydro-
lysates 'of' glycbprotéins and gave quantitative reéov'élrj of the neutral
Sugars 1t was of interest to assess the recovery of amino sugars from
this resin. A mixture of D-glucosamine HC1 solution (2 ml. containing
562 pg) and 6.25 N HCL ( 2 ml. ) was neutra.lized with Dowex l~bicarbonate
axxi passed throush a column of the same resln. The effluent ard washings
‘were acidified with a drop of 0.33 N HC1 and made to 25 ml. Aliquots
(1 ml.) were assayed in triplicate by the Elson-Morgan method. The
| réadii)gs at 530 mu were as follows: Water blank 0.025, colum effluent
10.213 +.003, glucosamine HCl (22.5 pg/ml.) 0.214 + 0,001, Therefore
| camplét'é!:"ecovery was obtained. Hartree (196#)' obtained high ylelds of
hexosamine ‘when Dowex l-bicarbonate was used « for the removal of HCL
£rom Wdrblysa’ceé. |

| (1) ﬁ-Glucosaiﬁine HC1 ‘(0.6‘1'& g.) was dlssolved in water and
excess Dowex l-blcarbonate was added. The suspension was £iltered amd
the flltrate was mixed with naphthylisothiocyanate (640 me.) in
n-propanol, Pyridine (10 ml.) and collidine(2 ml.) were added and the
solution was left at room temperature for 16 hp. The volume was reduced
| fo 3} n;l. on a rotary evapdr‘atolr“am extracted tﬁice\with benzene (8 ml.
follcwed'. by 4 ml.). The a.queous solution was taken to dryness in a
rotary evaporator giving off-white crystalline material which was

recrystallized from a mixture of ethanol, n-propancl and acetone. After
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drying over PpCs in vacuo, material (O ™ g. ) was obtained with
melting point 154-157° ’ k '
' The material (10 n mg ) was dissolved in 50% v/v ethanol
(10 ml.) and diluted by a factor of 10 uith 1% barium acetate for
spectrophotometry. The absorbance at 238 m;z and at 282 my was 0.471
' and 0.193 corresponding to mola.r' sbsorbance of 17. 100 and 6,900
'respectively The ma:terial was sparingly soluble in methanol, ethanol,
’ ‘water and dloxane and very soluble in pyridine. |
| (ii) D-Glucosamine HCl (0. 5 g.) a.nd naphthylisothiocyanate
‘(o 9 g ) in a mixture of water (10 ml ). pyridine (19 m]. ) and DM 12D
(1 ml.) were heated at 51&~58° for 20 min. The solution was twice
‘extracted with 195 DM 12D :ln benzene (180 ml. and 100 ml ) and once with
n-heptane (100 ml ) The’ a.queous phase was taken to dryness and methanol
(about 10 ml.) was added. Removal of the yellow methaml extract left
.white ma.terial which was recrystallized by dissolving 1n e small amount
of pyridine and adding methano}, substance B (168 mg.). m.p. 165-170°
(uncorr.) on Kofler block, [a]D = +35 7° (C 1.16 in pyridine) After
| recrystallization from ethanol the material melted partly at 167° and
‘completely at 215°. |
| The methanol extract starﬂing for 2 da.ys at 2° gave rise to
coarse crystalline material which was filtered off. washed with ethanol
ani dried in vacuo, substance A (226 mg.) m.p. 215-225° [a:]D 101.5°
(c = 1.15 in pyridine). The crystalline mater:lal was unexpechedly not
very soluide in methanol. After’ recrysta.llization froxn methanol the
melting pqint was 248-2&9';’; and after a further recrystallization from
ethanol the melting polnt was 250-222° (uncorr.) and [a]2} - 105.29

(Cc = 1.2 in pyridine).
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| Béfore‘recrystanizauon substances A (‘;’.66 mg ‘)'and B (4.49 mg.)
were each dissolved in hot methanol (B D H.,A R. ) a.nd the volumes were
" made to 2,500 ml. with water to give a methanol concentration of 16%.
The absor-ption spectrum of each soluticn was measured on a Unicam SP 700
recording spectrophotometer_‘arﬂ found to be similar with molar absorb-
ances at 222 my of 75,300 and 72,500 respectively, and at 240 mu 18,900
and 18,900 :v'espective].y‘."‘ After 2 recrystallizations the absorption
spectrum of substance A in 1.1% methandl (2.60 pg/.mlv‘) wés similarly
obtained (see Fig. 52). The molar absorbances at 222 my, 240 ms and
282 mu were 73,000, 17,700 and 7.400 respectively. .

5‘. Counting of Radioact*vity

(a) Counting by liquid seintillation

The Vscintillatbrs used in these éxperiments weié a mixture of
2 S-diphenyloxazole (PFO) 1% and 1 4-b1s-2-(5-phenyioxazo1y1)—benzene
(POPOP) 0. 05% or 2,5-—bis-(51—tert butylbenzoxazolyl(al))—thiophene (BBOT)
(0.4% as recommended by the makers Ciba Limited, Basle, Switzerland)
The composition of the sointillating fluid was d’eseribed by Bruno and
Christian (1961). This mixture (XDC) will take addition of an aqueous
sample in émou‘nt’s up to 16% of the scintillating fluid'wi{;h an efficiency
~ for ¢ of 55%. It 1s as follows: dioxane 429 ml., cellosolve 429 ml.,
xylene 143 m_l;, naphthaline 80 g. | |

Scintillation counting was done in a Tritomat 6020 automatic
liquid scintillation counter (Isotope Developments ILtd., Beading) unless
otherwise specified. Aliqﬁots (0.5 ml.) of the agueous solution containing
the suger to be counted were mixed with the seintillator fluid (6.5 ml.) in

the coimting vials.
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between D-glucosamine and naphthylisothiocyanate.
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Portions (0.5 ml.) in triplicate of a set of dilutions of
[1-1%c] galactose in water and in 0.5% barium acetate were counted in

the scintillation counter. The results are shown inthe table.

[1-1“05 galactose Water 0.5% w/y Barium acetate
0.5ml. Activity Specifie Activity specific activity

Activity
cps eps/ug cps ops/ug
574 5.86+ .05 1.050  3.75 + 0.04 1.003
7.48 7.T0 + .14 1.052  7.54 + 0.08 1.008
11.22 11.66 + .04  1.029 11.21 + 0.07 0.999
19.42 19.42 + .04 1,039 18.60 + 0.21 1.000

*  corpected for background of 2.026 + 0.0:2.

The average speéific activity of the [1-1Y¢] galé.ctose in barium
acetate solution was 1.005 cps/ug compared to 1.056 cps/ug in water, i.e,
a decrease of aboubt 5.3%.

(b) Counting at infinite thinness

When the liquid scintillation counter was not avallable counting
was perforped at infinlte thinness on the gas-flow counter. Since ihe
0.5% w/v barium acetate was used for elution of the naphthylisothio-
cyanate derivatives from paper after electirophoresis the effect of the
salt on the counting of ll‘C-:Labelled sugars was investigated.

Dilutions of [1-1"'0] galactose were made in 0.5% barium acetate.
Aliquots (0.5 ml.) were taken in quadruplicate, dried and counted for

45,000 counts each. The results are shown in the table.



. of counting solutions of [1-

132

[1-140] Galactose = Activity Specific activity - Deviation
_concentration = cpm , - epm/ug from mean
. ug/0.5 ml A | 7
X S 45 -_:-_’9' 239.8 + 0.5 | 0
‘122 Bi2 S 39.0+02 . -2
748 3@:2 404 :0.3 o+l
574 w92 59.8+05 0

- . The average value was 59.8 ,cpo;/pg and ihe d_eyloﬁions _ffom this
value are given in per cent.“ Therefore __[1»1"(:] galactoswe,, whén in a
: }layer, of about 1 mg. per c;na, of b_oriu;n acetate on :a pla!:lohét,' éives a
linear relation between amount of sugar present and the,‘ :;n}:mber of counts
reglstered. |

To determine to what ‘extent the barium acetate reduces the level

1% ¢l gaiactose‘ (15ug/ml) were made up in
" various concentrations of barium acetate and aliquots (0.5 ml.) were dried
aﬁd counted for 36,000 counts each. The results are shown ixi the fig.?27
The efriciency of counting [1-1%¢] galactose in samples obtained from 0.5%

barium acetate solution is sbout 84% of that in the absence of salt.

6. The Estimation of Galaetosamine amd Glucosamine in Blood~Group Specific

Substanees by Radioisotope Dilution

‘Solutions of the samples of blood-group speciﬁc suosta.nces were
| prepared as deseribed vprevioosly. (For hydrolysio an aliquot of each
solution was added to & test-tube containing a soiution of [1-34c]
:glucosamine HC1 (143. 9 ug) and [l-luc] g,alactosamine HCl (92.7 pg.) and
the solutions were taken to dryness in vacuo. Glycoprotein was not added

to one tube. Twice distilled 6 N HC1 (2 ml) was added to each tube and
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the solutions were frozen. The tubes were evacuatred and the solutions
were thawed and refrozen. The tubes were sealed and heated in a bolling
waterbath for 6 hr. After cooling the tubes were opened and the contents
were taken to dryness in vacuo over HpSOy and NaCH.

The residues were dissolved in 0.2 ml. of 507 pyridine and the
solutions were transferred to stoppered centrifuge tﬁbes. The reagent
(0.1 ml.) consisting of 8% naphthylisothiocyanate and 10% Amberlite IA 1
in pyridine was added and h the tubes were heated for 30 min. at 56°. After
cooling the solﬁtions were extiracted successively with 1 ml. each of
benzene, 5% LA 1 in n-heptane, and n-heptane. Aliquots (40 pl.) of the
aqueous soiution were applied as lines to Whatman No. 4 paper which was
sprayed with 0.05 M tungstate buffer pH 7.0 and submitted to electro-
phoresis for 1 hr. at 2,400 volt falling to 1,500 volt with a current
of 70-75 m.amp. The paper was dried in air and spots were observed
under ultraviolet light at 8 em. and 12.5 cm. respectively. For the
samples containing blood-group substance spots also appeared at about 2
om. from the origin, The areas indicated were cut out and eluted in 2.5
ml. of 1% barium acetate for 30 min. The tubes were centrifuged and
aliquots (0.5 ml.) of the supernatant were mixed with 6.5 ml. of POPOP
scintillator fluid and counted in a scintillation counter. To an aliquot
of each supernatant was added 1 ml. of water and the absorbance at 240 mp
measured. The results, together with those from a repeated electiro-

phoresis run, are shown in Tables 19, 20 and 21.
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TABLE 19
The Estimation of Galactosamine in Blood-Group Sﬁbstanoes |

Sample Wt Absorbance’ Activityf Specific Galactosamine
mg. 240 mu cpm activity Mg %
, e _cpw/abs
Experiment I
Gal N - 0.0771 0.631 - - 251.1+ 9.0 398
Wy 0.816 - 1.685 316.8: 188 86.1 10.55
Y - 0.6045 0.985 2444 + 0.9 248 4.4 7.68
1 . 0.4905 0.795 189.9+ 0.9 240  50.8  10.36
Experiment II
Gal N  0.0771 0.612 242.7 + 1.4 30T
Wy 10.816 1.464 273.0 + 1.5 187 - 8.5  10.60
Y 0.6045 0.840 200.0 + 4.5 = 238 51.5 8.4
7y 0.4905 0.440 110.4 + 5.2 251 - 44.76 9.12

#  gorrected for 3 and 2 times dilution and blanks of 0.066 and 0.051 for -
expepriments I and IT respectively. ‘
¥ corrected for blank counts of 1353 cpm and 130 cpm for experiments I and

IT respectively.
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TABLE 20

The Estimation of Glucosamine in Blood~Group Substances

Sample  Amount fbsorbance  Aetivity  Speoific Glucosamine

ng. 240 mu epm activity HE . %
—__opm/abs »

Experdment I |

Glu N ___6.1196 0.9 1,130 + 7 . 1,214 L

W 0.816 3.09 . L,488+5 #8166 18 22,3

Y . 0.6045 1.911 38,5+ 1.0 164.6 128 21.2

z 0.4905 1.458 277.3 + 1.0 190.2 94.7 19.3

Glu N 0.1196 0.951 317.3 + 5.8 340.8

Experiment IT

W 0.816 1.192 332.7 + 3.6  279.1 161.1 19.7

Y - 0.6045 0.82 = 258.6+6.5  310.8 132.5 21.9
Z 0.4905 0.387 150.7 + 6.6  389.4 81.58 16.6
Glu N 0.1196 0.414 271.8 + 1.6 655

In experiment I, the first two items Glu N and W, the counting was
carried out on a TriCarb liquid scintillation counter at 0°. The blanks had
an absorbance of 0.092 and a background count of 28 cpm. The last three
items of experiment I had blanks with an absorbance of 0.075 and a back-
ground of 132 cpm.

In experiment II, the blanks had an absorbance of 0.055 and a back-

ground count of 130 cpm.



TABLE 21

The Hexosamine Content of quod-Groug Substances

‘From present data

From Professor W.T.J.
Morgan,F.R.S.

Sample Galactosamine  Glucosamine  Total Hexos- Ratio Total Hexos- Ratlo
P % amine % Glul/GalN _ amine £ Glub/GalN

W 105, 106 22.3, 19.7 516 2.0 s L3

Y 7.7, 8.5 21.2, 21.9 29.7 2.7 28 . 4o

z 10.4, 9.1 19.3, 16.6 7.7 1.8 27 -

The results obtained for total hexosamine in these samples are in general a.greerﬁent with the

values supplied by Professor W.T.J. Morgan,F.R.S. The greatest difference lies. in the ratios

of glucosamine to galactosami‘ne.

LT
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7. The Estimation of Glucosamine in Rabbit y-Globulin

(a) The Cessi Method

Rebbit y-globulin (2.017 mg.) tn 4 N HCL (1.5 ml.) was heated
in sealed tubes at 100° for 4, 6 and 8 hr. The solutions were trans-
ferred to stopﬁered test tubes and ta.ken‘ to drynéss 1n vacuo over H2304
and NaOH. For hexosamine analysis the Cessi méthod was reduced in scale
to one ‘half‘ and the ali:é.line acetylacetone reagent of Kraan ard Muir
(1957) was used. The dried residues were dissolved in water (0.5 ml.)
and a solutlion (2.5 ml) of 4% acetyl acetone in 0.5 M I\Iagm3 (pH 9.7) i
was added. The tubes were heated in a boiling water bath for 20 min.
The contents of each tube was washed into a 10 ml. £lask, which was
fitted to a condenser, amnd distillation was commenced. Distillate was
collected to the 5 ml. mark in a volumetric flask containing 3.5 ml. of
1% p-d;methylaminobenz'éldétiyde 'and 5% (v/v) concentrated HCL in
redistilléd ethanol. After about 30 min. the absorbance was read at
547 mp in 1 cm. cells. In this method 14 ug of gl‘udosémine gave a

reading of 0.255 and the blanks were negligible (0.000 to 0.002).

Time g:.neaung ' N Glucoséﬁio;xzjmsg‘ -
¥ 228,214 6.2, 5.9
6 19.9, 21.5 5.5, 5.9
8 . 20.8,20.9 5.7%, 5.79

(b) The glucosamine content of rébbit r-globuiin by radloisotope dilution

Rebbit y-globulin (200 mg.) was dissolved in water (about 5 ml.)

and the solution was dialysed against 2 lots of 0.01 N HCL (2 1.) at 4°
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during 3 days. The d:!.a.lysed solution was frozen. An aliquot (0.1 ml. )
was diluted with 0. 01 N HCI to 10 ml and the ultraviolet absorption
.spectrum was run. At 279 mp, the solution had an absorption of 0.410
corresponding to a r—-globulin concentration of‘ 30.4 mg/ml. in the
original solution.

& mixture of y-globulin (0.5 ml.), [1-2¥%] glucosamine HOL (180
pg. in 0. 25 ml.) and 6.25 N HCL (18 ml.) was frozen in two pyrex tubes.
The _tubos were evacuated and the contents were allowed to thaw. The
tubes were sealed, placed in a boiling water bath for a few minutes amd
transferred to an oven at 100° for 6 hr. One of the solutions boiled
-vigorously when it was first put in the boiling water bath, armd at the
erd of the hydrolysis this solution was a pale g’old(en'colour. The other
. 8olution, which presumably had not been evacuated as thorooghly, was a
light brown colour. No insoluble material was evident in either tube.
The tubes were opened and connected to a rotary evaporator. When the
volumes had been reduced to about 0.5 ml. the solutions were transferred
- to small open vessels and taken to dryness in vacuo over Ho80y and NaOH.
The residues were dissolved in water (0.75 ml.) and the solutions were
transferred to stoppered centrifuge tubes.

Three other tubes were get up containing

.(a.) a solution (0.1 ml.) of [1-14(2] glucosomine HC1 (72 pg. )s

(b) a mixture of [1-Y¥C] glucosamine HC1 (72 pg.) and glucos-
amine HCL (20.8 pg.) in water (0.35 ml.);

{c) water (0.15'ml.).

Naphthylisothiocyanate reagent (2 vol.) was added to each tube, the

tubes were stoppered and heated at 56° for 15 min. The solutions were
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extracted successively with 6 volume$ eaoh of l” DM 12 D in benzene,
benzene and n-hepta.ne (1:1 by vol. ), and n-heptane. During the second
extraotion some w‘ute :lnsoluble material collected at t.he 1nterfa.oe.
| Addition of 0.1 ml. of' ethanol render-ed it soluble. Aliquots were
applied to Wha.tman "Benohcote" (Hemmens, 1965) previously ‘washed with
Water and dried, and electrophoresis was carried out for 1 hr. at
2, 500 volt which decreased to 1,500 volt with a constan’c current of 75
m amp. 'I'he paper was dried hea.ted to 100° for 2 or p min. and examined
.by ultraviolet light. Ali samples showed spo’cs at the origin. The |
glueosamine samples showed fluorescent spots a‘c 4 in. but the r—globulin
| samples showed a fluorescent streak to 3 in. and a dark etreak continuing
on to about 5 in. The . rluorescent areas were cut ou’c a.nd re-submitted
to electrophoresis under the same ooxxiitions. uor- electrophoresia the
excised pieces were placed across the paper over gaps cut out at the
Lorigin. Two ba;xis were observed, one at 8 in. a.rxi one at 5 in. Areas
of paper containing each spot were cin; out arﬂkeluted each with 2.5 ml.
of 1% barium acetate for 20 min. with shaking;. Abeorbanoes were
‘measured at 222 mu and counting was done at infinite thinness. The less
mobile band gave a UV spectrum similar to tha.t of naphthylisooyanate
derivatives but was devotd of ¢,

As considerable trailing was observed on the electrophoretic
strips from the rabbit r-globulin experiment mixtures of mannose (0.54
pumole), amino acids (0.125 umole of 17 amino acids and ammonia) and
| glucosamine HC1 (0.31 umole) were taken to dryness, redissolved in

water and treated with naphthylisothiocyanate reagent as before. The



TABLE 22

The Estimation of the Glucosamine Contént of Rabbit y-Globulin

Sample . Absorbance  Absorbance Activity Activity/ Glucosamine res/10°g.
o 222 mu corr. cpu ‘abs. cpr/ug ug.
Blank - 0.393 0 ,
A 0.678 0.285 55 + 3 186 156 5.7
_ Blank 0.394 0 o |
B 0.922 0.528 98 + 3 186 156 5.7
Glucosamine  0.526 0.256 9T +.1 5719
* Glucosamine  1.095 0.825 268 + 3 325 25
‘diluted | |
Blank 0.270 0 0

# corrected for blank wlue of 21 cpm.

™t
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agueous solutlons obtained‘were applied to paper and submitted to
electrophoresis. The electrophoresis strip 1s reproduced in Fig.24.
| No spots were cbserved with either wéter or mannose alone.

Glucosamine alone gave a single spot at 4 9 in. In the presence of
. mannose and amino acids the spot was much smaller axd in addition two
other spots were observed,one at 1 2 in. and a spot which had moved
0.5 in, toward the cathode. These two spots were also observed in a
similer mixture without glucosamine. |

Thepefore in a mixture containing neutral sugars, amino aclds
- and amino sugars the réaction- with naphthyliéathidcyané‘.te produces
substénces of low electrophorétie mobility. These substances nay be
naphthylthiocarbamyl derivatives of the glycosylamines whieh could be
formed in neutral and alkaline solution from mannose and amino acids.
This may explain the origin of some of the ‘trailing in ‘the 1-—globulin
experiment, anl the spots near the origin in tlaé experinient.s in the
blood~group substances which gontain large amounts of neu‘hral sugars.
With y-globulin it is also possible that peptides in the hydrolysate
produce acidic naphihylthiocarbonyl depivatives which also interfere.

Therefore it seems desirable to remove neutral sugars from
hydrolysates before the réaction with naphthylisothiocyanate. This
can be done by absorption of amino compounds onto a cation exchange
resin foliowed by elution with dilute HC1l as used by Boas (1953) and

by Dorfman et al (1955).
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Fig. 24. Tracing of a strip after electrophoresis in .05 M tungstate buffer (pH 7) of the
products of reaction between various compourds amd naphthylisothiocyanate. Spote
were revealed in ultraviolet light. -
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DISCUSSION ’

As all methods which ave generally applicable to the estimation
of sugars 1n glyeosides require the sugars to be in the free state,
acid hydrolysis 15 an essential preuminary operation. In the hetero-
saccharide units of glycoproteins, the four types of sugar which are
commonly pz-esent i.e. hexose, 6-deaxyhexose, e—amino-a-deoxyhexose and

nonulosaminic acid are each released by acid at a different ra.te due to
| (a) the ditferent sta.’nilities to acid of' the glycosid:lc bonds of each
sugar and (b) the location ot the sugar residue in the carbolwdrate
chain, .g. the mannose and N—acetylglucosamine residues :ln man.v serum-
type glycoproteins occupy internal positions 1n the heterosaccharides
amd therefore require the cleavage of at 1east two glycosidic linkages
for the;r rglease. The 2-am1no-2~gieoxy-hexoses occur in glycoproteins
almost solely as N-acetylated fesidues and under the conditions of acid
,hydmiysis required for heioside cleavage the. acetamido éroup will also
be split. Hydrolysis of an amide group adjacent to a glyéosidic bord
will greatly enhance the acid stability of the glycoside (Moggridge and
| Neubergér 1938), and therefore more severe comditions of hydrolysis are
required for complete splitting of these linkages. The f;orma.tion of
acid stable hexosaminidic bonds during hydrplysis 15 less favoured with
Aincrease of acid concentfation and temperature (Johansen et al 1960).
.For example, higher yields of hexosamine from glycoproteins are obtained
after hydrolysis with 4 N HC1 at 100° for several hours than after
similap treatment with 2 N HCl (e.g. Johansen et al 1960 Marshall and
Neuberger 1960, Spiro 1962). The use of acid more concentraf.ed than 4

N HCl1l leads to increased destruction of the released amino sugars so even
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if more hexosamine is rele'a_.sed‘thé yield 1s not .greatger;_ ~ The destruction
of the hexoses is appreciable even at 4 N HC1 so that the maximum yields
of hezose are obtained when acid concentrations of 2 N HCL or lower are
used. Under such comditions 1% is possible that the release of hexose
is not complete and thaﬁ the reéidual bouni, hexose is Joined to hexos-

- amine residues, - The amount of hexose. which is not released will also
depend on the number of glycosidie linkages involving both hexose and
‘hexosamine. Therefore it seems that high acid concentirations are
necessary for maximum release of hexose amd afam:lno,-he:;qgeg from glyco-
proteins but unless the problem of destruction of the relgased sugar can
be. overcome, too high an, acid ’conoentration' during hydrblysis is not
practicable for quantitative purposes.

. This problem is overcome for the hexoses in _the" colorimetric
.procedures in which the carbohydrate-containing substa,nce is heated in
concentrated sulphuric acid in the presence of a reagent such as a phenol,
certain nitrogenous compourds,’ or a sulphydryle-containing cémpourxl (see
Ashwell 1957, Dische 1962). In this method the hexoses are released and
degnded by the acid to products which on formation give. a colour with the
reagent. The mechanism of the reaction is not well understood. The main
- chromogen produced from a hexose appears to be 5-hydroxymethyl-2-fur-
aldehyde (SHF) together with formaldehyde, acetaldehyde and propionaldehyde
(Rice and Fishbein 1956). The S-HMF can undergo further breakdown in acid
to.ievulivr‘;ic acid amd formic acid. The mechanism for the conversion of
hexose to 5-HMF has been recently reviewed (Anet 1964). The first and

probably rate-limiting step involves enolization at C; and Cp after
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protonation of the carbonyl oxygen. Elimination of the oxygen fumetion
at (:3 gives a 3-deoxyaldos-2-ene which has be,én:isolated as the 3-
deoxyglycosulose. A similar ,eli;ﬁina.t‘i‘on at c;*»_r}resglts in ,,aij,,u-.-dideoxy-
glﬁcpéulos-fg-ené which by .cyclisa‘tigz‘l and e;imingtion of watér gives

5-HMF., .It 1§_pbssible that these carbonyl-containing int:ermediates also

- react with the reagent in the colorimetric procedures, since the ultra-

vj_.qlet“absorptioz; spectra of acld-ireated sugars aith,oush' simiiar to
that of the 2-furaldehydes are mot quantitatively related to the colour
! yield: obta;hed when a reagent such as _carbazole is present (Hbltéman et
A, S L |

| "_me; application of this type of method to the estimation of
héxosg ,.:ln,glycoproteins, has not always given uneqpivccal. resulis .>
| Several of suéh methods g.ppliezﬁiv to proteinebound: ca,ibohydrate_gave‘ dif-
ferent hexos_e‘.clon‘tents g_lthougf; consistent values ué_re obtained for pure
carbohydfaﬁes (e.g. Sudhof et. al 1955). Different hexpsés give different
cologr‘yields so that the molar ratio of the hexoses in glycoprotein must
be first determined before . true standards can be prepared (Spik and
Montreuil 1964, Neuberger and Marshall 1966a). Other sugars may interfere
~such as sialic acid in the anthrone reaction (Spirg 1960). Amino acids
. can alsq 1njberrere in the reaction. For 1nstan§e, tryptophan was fourd
to»devc_;:rease the colour in two colorimetric methods: applied to the estim-
atign ,o‘f;‘»ma.nnbse in glycqp;-pteins (Sérensen 19}6, EHBrmann and Gollwitzer
196?, ‘Marshall 1964 ). The_inter:erenge was el;minai;ed either by oxidation
with pt;rformic acid or by reading the absorbance at a yav_e_length where
tryptophan d1d not interfere (HSrmann and Gollwitzer 1962, 1963). Use of

a concentrated reagent showed very little tryptophan effect for mannose
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estimation in egg albumin (Marshall 1964). However the general question

of corprection for non-specific blank values which are 6ften high, has
not been satisfactorlily answered. Even if a mixture of the individual
amino acids which occur in the glycoprotein in question is taken as
control, the value obtained may not be identical with that given by
these amino acids in peptide linkage (Marshall 1964).

In the methods which depend on the estimatlon of sugars after
release from glycoproteins, the conditions of acid hydrolysis required
to effect complete liberation of a sugar from its glycosidic linkage
also brings about appreclable destruction of the released sugar, pars.. -
ticularly in the presence of some amino acids such as cysteine (Frangois
et al 1962) and tryptophan as shown by the experiments recorded above.
The destruction of mannose after heating in 2 N HC1 for 3 hr. at 100°,
as measured by isotope dilution after isolation of the sugar by paper
chromatography, was found to be about 4%, a value less than that to be
expected from the 25% destruction of maémose in 5 hy. reported by
Francois et al (1962). The greater deatruction observed by these
authors may have been caused by the presence of oxygen as the solutions
in the present experiments were heated in an evacuated sealed tube.
Oxygen is known to cause increased destruction of hexosamines in hot
acid (Walborg and Ward 1963). The oreinol-HoSOj colorimetric method has
been used to assess the destruction of various sugars in 1 N band 2 N HC1
at 100° (Montreuil and Scheppler 1959), but as in the first 2 hr. of
heating the colour ylelds were greater than those of the unheated sugars,
the values obtained probably reflect not only the stability of the sugars

but also the stability of the chromogenic acid-degradation products. The
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values obtained by Haab and Anastassiadis (1961), who used the anthrone-
| H2804 method of estimation, are also unl:lkely to be an accurate measure

of the destruction or the actual sugar. These authora heated the sugars
in & N HC1 and their values show 1ncreased ra.te of destruation with time
of heating. If this situation occurs for the sugars it would suggest
that the acid-degradation products cause inereased destruction of the
sugar. |

| A considerable loss of mannose occurred m the.presence of
tryptophan in equimolar amounts. The 1oss of mannoss was much less in |
“the presence of an amount of lysozyme which contained a similar amount

| of tryptophana::glso sone cystine. This ﬁ.nding is not unexpeeted because,
" as Marshall (1964) has suggested for colorimetric estimations, tryptophan
alone is not a valid control for tryptophan oecurring in a glycoprotein.
'The peptide-linked tryptophan in a glycoprotein may have a different
reaetivity 50 that in the free state and the presence of other amino
acids such as cyst(e)ine and sex;ine are known to cause destruction of
tryptophan (see Hill 1965). Addition of two molar equivé.iénts of ribose
to thé solution containing tryptophan reduced the destruction of manncse
by about half presumably because it competes with the mannose in degrad~
ative reactions.

The optimum conditions of hydrbiysis for the release of a
particular sugar from a glycoprotein will be such that a éompromise is
obtained between the extent of cleavage of the appropriate glycosidic
bonds a.nd the amount of destruction of the released sugar. As many
authors have pointed out, the best conditions should be established

| experimentally for each particular glycoprotein and for each sugar being
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determined (e.g. Montreuil et al 1965). The usual temperature employed
for hydrolysis is 100° and the acids commonly used are HC1 or H,S0, in
concentrations varying from 0.5 to 2 N and for various times. In order
to minimise incompleteness of recovery due to formation of hexosaminides
linked to neutral sugars, the most concentrated acid compatible with
‘ re¢ovet'y would appear ‘t‘o be thé'best choiq'e. With 2 N HC1, the optimum
time for the release of galactose, mannose a;xdfucbée from o -acid
glycoprotein was 2 hr. (Montreuil and Scheppler 1959) but tb‘yha.t extent
'the released sugars were destroyed 15 not Known. B -

The' method of 1sotope dilution was employed to- obviate this '
" problem of destruction of released sugar. As the augar is mleased from
the glycoprotein it mixes with and causes dilupion' of ‘thé_' radioactive
suger until at complete release the specific activity of the free sugar
reaches a constant value which is unaffected by subsequent destruction
of the sugar. Destruction of free sugar prior to this time will result
in a lower final specific activity and therefore a higher calculated
sugar content of the glycoprotein. The effect of the destruction
occurring at any time will be inversely proportional to the time of
hydrolysis related to the release of sugar, i.e. an appreciable rate of
destruction of the radiocactive sugar at the beginning of the hydrolysis
will have a much greater etréot than similar destruction occurring later
on. It is to be expected that the rate of destruction of free sugar in
the presence of protein during hydrolysis will vary with the degree of
- fragmentation of the protein since the individual amino acids are likely
to have different - :;:.-ﬂ)‘:"eactivities, both chemically and kinetieally, in

the bound and free states.
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Neither the rate of destruction nor the variation in the rate
~ 1s easy to assess except by the type of kinetic experiment: suggested
earlier. Fréngois et al (1962) assessed the relative rates of release
to destruction of 12 to 1 for mannose in egg albumin, from the increase
in reducing power on hydrolysis and from the rate 'ﬁf ‘the decrease in
' ‘recove‘ry‘ of mannose phenylhydrazone after cex'npiéte hydrolyé.is of the
' glycoprotein had occurred. Such a high ratioc of ‘the rates was considered
‘to be compatible with only a small error in the vfiné.l‘"z"esﬁlt-.

" 'The conditions of hydrolysis for the radioisotope dilution
experiments rgbort‘ed here were 2 N HC1 for 2 hr with egg albumin and
rebbit y-globulin and for 3 hir. with the blood-group substances. Maximum
release of mannose frow €gg alb_u‘min as determined by raiioisotope
" dilution had been found to cocur after 1 hr. in 2 N HCL (Frangois et al.

' 1962). Hydrolysis of rabbit y-globulin with 1 N HCl (experiments 2 and

3, Table 8 ) did not give lower values. Complete hydrolysis of methyl

a-D-glucopyranoside was obtained with 2 N HCl for 2 hr. However for

maximun release of amino sugars from several glycoproteins investigated

4 N HCl was required and it may well be that similar conditions are
necessary for éomplete hydrolysis of neutral susai'é from sok? glycoproteins,

. In this work the release of mannose from egg albumin in 2 N HCl with

time was determined by isotope dilution. The appearance of mannose did
not ‘follow first order kinetics which is to be expected for the following
reasons. ' (a) For release of most of the mannose residues in the hetero-
sacchar’ide, two glycosidic linkages need to be split;j (b) All the

| glycosidic bonds in oligosacchabldes formed during the hydrolysis will

have a rate of cleavage which differs from that of the same bonds in the
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intaoct heterosaccharide. {(c) All the glycosidic linkages involving
méhﬁose in the heterosaccharide will not be cleaved at the same rate.

If the carbohydrate of egg albumin is :-heterogeixieou‘s. as has been suggested
(Cunningham et al. 1963, 1965, Bhoyroo ami Marshall 1965), the kinetics
" of pelease will be even more complex. The time required for release of
Balf of the mannose Was sbout 7 min. which 1s & 1itile less than the 10
min. éalculéted preﬁbﬂsly'a'sgla"'maximum value (ﬁ‘réngois et al 1962). By
comparison the half time for the hydrolysis of methyl a—D-mannopyranoside
is 2.8 min. under the same conditions. !
' The release of glucose from methyl a-D-glucopyrancside in 2 N |

" 'HCL at 100° has a half-time of 7 min. similar to that of the release of

" mannose from egg albumin, The estimation of glucose in the glucoside by

" isotope dilution gave about the theoretical value, but when the hydrolysis
was carried out in the pziesehée of egg albumin, with a brotein to free
sugar ratio of 160 to 1, an overestimate of 18% was cbtained. With
: performic acid-oxidized egg albumin at a lower prbieih‘ to sugar ratio

. (37 to 1), the "va.luje obtained was 12% :h'igher'_thanﬁ £ha’c caloulated. These
results suggest that preferential déétruétion: of ry'adidaéti\}e‘ sugar has
oéeurré‘d: during hydrdlyéis. Ii' the value for the mennose content (2.01%)
found for egs albumin is corrected by 18%, a value of 1.7% is cbtained.
| Foi' pert‘ormic aéid-oxidized egg élbumin the épblicatibri of a 12% correc-
fion td the hlannoée va.lué obtained | (1.85%) glves 'a mé.izﬁdSeucontentv»of -
1.65%. These values are much lower than‘the 1.96% fourd by the oreinol-
" sulphuric acid method which in general agrees with other independent
methods for the estimation of mannose in egg albumin, Héwév_er, the

corrections which were applied may not be valid for kthe following reasons:
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(a) the corrections were based on the estimation of glucose in single
experiments which have a sta!xiard error of + ll%, (b) t.he destruction
of glucose and ma.nnose are unlikely t0 occur at the same ra.te; .
| (c) although the time for release of half the mannose from egg a.lbumin
is simila.r to that for equivalent cleavage of the glycoside, 1t would
be expeeted that the release ot‘ ma.nnose early 1n the hydrolysis would be
more rapid as 1t 1s known tha.t one of the ma.nnose residues 1s 1n
terminal position.

The 1sotope dilution method applied to the estimation of galaetose
and mannose m ra.bbit r-globuun gave considerahle variation between
single values pazvbicularly for galactose. : The variation is greater than
that to be expeoted from cumulative errors arising from the estimations.
From the model experiments on the destruction of mannose 1n 2 N HCl at
100° reported here and previously (Frangois et al 1962) it appea:cs that
~the presence ot cyateine. tmptophan or oxygen have considerable influence
on the destruction of mannose (and presumably other hexoses) in 2 N HCI at

1000, _ » v
The tryptophan ard half-cyatine contents. of rabblt y-globulin are

relatively high, 14 amd 22 moles/10° g. respectively (Crumpton and Wilkin-
son 1963), compared with the hexose content about 7 moles/105 g: -Inter-
action between these amino acids amd peducing sugars during hydrolysis is
likely to be less with a lower conecentration of glycoprdtein during
hydrolysis, as in experiment 4 where the volume wés 5 times greater than
in pi'evious experiments, The effect of the presence of oxygen on the
destractive influence of the tﬁo amine acid s is not kn‘m’m( Oxygen may

depress this influence by oxidation of the amino acids, or it may enhance
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their effect qn‘ sugar destrﬁeiion by formati_on o: ‘intefnlae'dié.tes which

| react more readily with the sugars. In these gxperimgnts._the glyco-
 protein in acid solution was flushed with nitrogen arnd heated in

- stoppered tubes, Variable gamoﬁnts_ of oxygen may have been present
during the course of hydrolysis, so that variable degrees iof. sugar
.destruot.ion may have occurred. High protein to added-sugar i'atios and
high glycoprotein conoentra.tion during hydrolysis are 11ke1y to enhance
1n'ceraction between sugars and ~amino acid residues and eonsequently
destmct;on of sugars.

Performic acild oxidation of the glycoprotein pﬂ:ﬁ to hydrolysis
should remove the destruotive influence of tryptophan ani cyst(e)ine.
When the oxidation 15 carried out. at 0° for 4 hr., it does not appear
to atrect the hexose content of 3lycoproteins such as. fetuin (Spiro
1962), egz albumin (HYrmann and Gollwitzer 1962) and fibrin and
fibrinogen (H8rmann. and Gollwitzer 1963), and of two gl&cosides tested
(see above). ‘Under these ccrxi:ltiobs tryptophan is destroyed but some
of the cyst(e)ine residues may survive. For lysoz&'me a higher temper-
ature (50°) was required for complete conversion of the eystine to
cysteic acid (Edman 196Q). This appears also to be the case for egg
albumin. The values obtalned for galactose and mannose in performic
acid-oxidized rabbit y~globulin fall within the variation obtained with
preceding experiments, |

- The best estimate for the galactose and mannose content of
rabbit y-globulin from these‘ experiments is 2.1 residues of galactose

and 4.2 residues of mannose per 10° g. The total of 6.3 residues per
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105 g. is less than the 7.7 mole/10° g. hexose (as mannose) found with
- an orcinol-H,80; method on the intact glycoprotein evén aliowing for a
small amount of fucose. - | T
The epithelial-type glyccoproteins, which are pz-edominantly
cerbohydrate ard lack those amino acids most 11ke1y to interact with
" free ‘sugars in acld, probably have much less destructive effect on
"' reducing sugars. As much larger amounts of radioactive sugar can be
‘added ‘and the fucose will be quickly released ¢arly in the hydrolysis,
~the relative destruction of added sugar should be low. In the estima-
tions reported here greater precautions were taken to é:ﬁqlude oxygen
and the concentretion of glycoprotein in the hydz;olysis 'm'ix‘ture. was
usually much less than 1 mg. per ml Dilute‘&soluﬁyidns wére recommended
for thehydrolysis of proteins for amino acid ‘analysis.vlwheh large amounts
of carbohydrate are present (Dustin et al 1951). A value of about 1 mg.
per ml. was recommended by Gottschalk (1963). The {éaiues obtained for
fucose by the colorimetric method are similar to those obtained by the
isotope dilution method except for sample W where the colorimetric method
is about 135% higher. The higher value obtained for fucose in blood-group
substance Z in the experiment using paper chromatography may have been
due to the fact that the glyooproiein sample tékéxi fof hydrolysis was not
‘heated whereas the previocus samples were dried for 3 to 4 hr. at 78°.
Vé.riat:lon in hydi'olysis con.iitions did not seéni to have mueh eft‘ect. on
‘the value found. The sample Z has a relatively low fucose content but
in contpast to other biood-group substances contains a large #ﬁount,
" about 18% of sialicb acid and so conform‘s 'tovthe reéiproéal trend béi:ween

' fucose and sialic acid‘ contents of glycéprotéihs obseived by Dische (1963).
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The values obtained for galactose are probably within the

cumulative errors of the method employed, except for the values found
for sample Y. There does not appear to be as great a variation in the
galactose content of blood-group substances as in the fucose and siallc
acid contents.

The reproducibility of the radioisotope dilution method depends
on the precision of the estimation of two specific activities. Any error
in either specific activity will be magnified in the final result., In
this work radioactive samples were counted at infinite thinness which is
probably more subject to errors than some other methods, as the samples
need to be dried in uniform films n a symmetrical position on the
planchets For example, liquid scintillation counting when compared to
counting at infinite thinness gave less variation between aliquots taken
from the -one sample.

The removal of acid from solutions of hexose by some anion-exchange
resins was investigated. The hydroxyl form of a weak anion ekchange resin
did not give a quantitative recovery. Hexose was almost quantitatively
recovered from an acid solution containing a mixture of amino acids, by
removal of the acid with Dowex l-bicarbonate, followed by passage of the
resulting solution through Dowex 50 - H form. Montreuil et al. (1965)
stress that hydrolysates should be kept in acid solution until amino acids
have been removed, and they pass the solution through Dowex 50 H' form
pefore removing the acid with an anion-exchange resin., However to prevent
the elution of amino compounds from thecetion-exchange resin by the acid

present, a relatively large amount of resin is required.
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The chromatographic separation of a mixture of rhamnose, fucose,
mannose and glucose on columns of Celite 545 pagked‘in thg moist state
was ,_dgsc.:ribed by Hall (1962); confirmed here by obtaining effective
gqparatiop of a mixture of fucose, mannose and galéctoge or a mixture of
mannose and glucose._ On a slightly longer column all fqn_r sugars could
be comp}etgly separated in this system. These columns also gave complete
separation of the methwl\ o~ and B- anomers of ‘Nface;ylglugqsaminide amd
. of th‘ev\vgriousyethy_l‘mnmagides:,‘ The methodﬁas at.ls_oﬁsed. for purific-
_atlon og 'monos_accharide_s and it woul_ldbbe useful for ﬁepa;-gting mixtures
of sugars from glycoprotein hydrolysates for identification, as the
mobile phase can easily be evaporated to dryness leaving uncontaminated
sugar. ‘ | |

For the estimation of hexosamine in glycoproteins by the radio-

isotope dilution method, hydrolysis of the glycoprotein was carried out
in 6 N HC1 at 100° for 6 hr. Under these cérditions the possibility of
forming vagid-stable thexosaminides ‘sh_ould be less th_an when hydrolysis
is performed in 4 N HCI whioh‘ro;gullts ;ln’ # maximum yield 91‘ hexosamine
from several glycoproteins (see above). The greater destruction of
amino sugar which ocours in 6 N HCl should not affect the results
obtained uith the 1isotope dilution method.

| For 1sola.t.ion and estima.tion of the hexosamines from hydrolysates
the naphthylisothiocyanate method of Scott was used. Amino acids amd 2-
aminosugars in the _glycopmt_e_m hydrolysate were com_rerted t0 naphthyl-
tl-;iocarbanwl derivatives and v‘to ;midazolidinethione ,qonméms respectively.
‘The derivatives of the acidic and neutral amino acids were extracted with

- & lquid anion-exchange resin or dimethyldodecylamine in benzene. The
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hexosamine derivatives were resolved and separated from the basic amino
| acid:;aper‘electrophoresis in tungstate buffer, eluted from the paper and
estimated by measurement of the absorpiion at 240 my or 222 mu. The
advantaggs of this method are that it is more rapid than that usually
gmplbye_d Vhiqh :lr_;vblves .separation on ca#ion»_exchange..ress.ns, several
samples can be gstixpated simulaneously and it 1s more'sensifive.' The:
molar extinction ,coef:j.cier;ts at 240 myu and 222 myu are about 74,000 and
- 18,000 respectively compared to about 16,000 for the Cessi method used here.

The naphthylisothiocyanate derivative of glucosamine was prepared
and appeared to separate on the basis of solubility in methanol into two
compounds which diffeved in melting point and optical rotation but which
gave similar ultraviolet absorptiqn Spectrg and si_milar molar extinction
coefficients. It is likely that they represent isomers in which the
hydroxyl group at C 1 of the original glucosamine is situated on
opposite sides of the imidazolidine ring. (However see Addendum, p. 163)

The conditions employed for the release of he#osammes from glyco-
‘proteins, 6 N HC1 at 100° for 6 hr., is likely to give nearly quantitative
release of hexosamine as recovery of glucosamine from a mixture of glucos~
. amine hydrochloride and methyl_ B-N-acetyl-D-glucosaminide was 97.5%. Some
of this loss will be due to destruction. Boas (195}) found 20% loss of
glucosamine in 15 hr, under the same conditions but he took no.precautions
to exclude oxygen. However, j.f any of the amino groups of the hexosamines
in glycoproteins are free or substituted with a very acid~labile acyl
group, their glycosidic linkages will not be éompletely split under these

conditions; e.g. some glycoproteins igich as ovomucold (Marshall and

Neuberger 1960) and a glycoprotein from urine (Hakamori et al 1961) contain
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formyl groups which may be N-substituents of the amino sugars.

Hydrolysis of glycoproteins was carried out 4n evacuated . -
sealed tubes to avold destruction of hexosamine by oxygen as was
reported by Walborg and Ward (1963). When the method was applied to
hydrolysates of blood-group substances, electrophoresis gave well-
defined spots in the aress corresponding to the glucosamine and galac=
tosamine derivatives with other spots near the origin. With hydrolysates
of y-globulin long tralls were obtained which had to be resubmitted to
electrophioresis to obtaln spots free from interfering substances., ' These
substances may be products of interaction between amine acids and neutral
sugars since model experiments showed that these compounds do give spots
near the origin of the ‘electrophoretic strip. ~ Another possibility is that
they may erise from peptides due to incomplete hydrolysis of the protein
in the short time of hydrolysis.

The estimates of total hexosamine in the blood-group substances
ape simil_ar to those found by Morgan using the Elson~Morgan method.
However the ratios of glucosamine to galactosamine differ, the reason for
this discrepancy is not apparent. The glucosamine values in the method
used here are probably less subject to interference than the galactosamine
values. as on »elec‘crophoresis the glucosamine derivative: migrates more
rapidly on the paper whereas the less mobile galactosamine derivative runs
closer to interfering substances near the origin. If the galactosamine
area contains other naphthyl compounds, & high value would be expected.

The estimation of glucosamine in rabbit y-globulin by isotope
dilution gave a value (5.7 mole/105 g.) which is a 1little lower than that

obtained by the Cessi method after hydrolysis for 4 or € hr. in 4 N HCl.
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Thé vélués coffeépbhd»td aboﬁt‘8 to\8.3 moies’rééﬁéctively;of.hexbsamine
per 140,000 g of rabbii y-globulin. These values agree with the 8.2
mole reported by Fleischman et al. (1963).

The method of radloisotope dilution offers a sound basis for the
estimation of neutral sugars in glycoproteins.  In. comparison with color-
1metr1¢ methods on the intact glycoprotein it is specific for the
individual sugar. It has the advantage ové€r estimations, which are carried
out .on sugars after'hydroly$1c release from glydoproteins that more drastic-
conditions of hydrolysis can be employed, thus removing the need to
establish optimum conditions of hydrolysis, and deereaéing the possibility
of trapping sugars in hexosaminide linkages. In eaddition the ylelds of :
sugar from hydrolytic and separatlion processes do not have to be
quantitative.-

The problém which may arise from significant destruction of added
free radioastive sugars to a glycoproteln may be minimised by taking -
precautions: (i) the glycoprotein concentration during hydrolysis should
be low, such as 1 mg. per ml. (Gottschalk 1963); - (11) exclusion of oxygen
seems to be important. An effective way 1s to carry out the hydrolysis in
an evacuated sealed tube; (1i1) i)rotection.of.the -added sugar may be
partly effected by addition of a sugar such as a pentose which does not
oceur in the glycoprotein; (iv) reactive amino acids such as ‘tryptophan -
and cyst(elne in the glycoprotein may be oxidized by prior treatment with
performic acid,

A suggested method to overcéme the problerm of preéferential destruc-

tion of added radiocactive sugar is to add the labelled sugar in the form of
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a glycoside which more closely approaches the form of the sugar in the
,glypoprotein. Invthis.case the corditions, particularly during the
-early part of the hydrolysis will be less biased towards the destruction
of the added radloactive sugar. It would be preferable for the added
.glycoside to have a rate of cleavage similar to that of the sugar bound
- 1n the glycoprotein bul even if the rates differ somewhat the situation
_should be improved. The alkyl glycopyranosides, which are readily
prepared, appear to be tair;y'ggitable, For example, the rate of cleavage
of methyl a-D-glucopyranoside in 2 N HC1 at 100° has a similar rate of
.},bydrolysis to that of mannose in egg albumin, The methyl a-D-mannopyrano-
side 1sAhydrolysed at about twice the rate.

. The radioisotope dilution method is,likely,to_be particularly
valuable in certain cases:
e.g. (a) the estimation of the remaining hexose in periodate-oxidized
glycoproteins_where the aldehyde groups from oxidized sugars interfere in
colorimetric methods, Fletcher et al. {1963) have epplied 1t to the
~estimation of mannose in oxidized egg albumin,
| (b)_the estimatlion of hexosamine in glycosaminoglycuronans where
_cohsiderablé destruction of hexosamine may occur during hydrolysis (Ogston
1963).

(¢) the estimatfon of sialic acid in glycoproteins,
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SuMARY
1. Present know_ledge on ihe general stigctmé of ‘glycbproteins has
beén reviewqd. The bésis fér a subdivision of glydoproteins 1n"co serum-
type and eplihelial~-type glycoﬁroteins was proposed. ‘i‘he characteristic
‘featu‘:-es‘ of the subd:l.vision, are (a) lthe serum—typve glyqopré’ceins have a
relatively high‘ polypeptide content per carbohydrate prasthétie group,
i.e. gréa.ter ﬁhan'about 4,000 whereas the same parameter for the
epithelial-type glycoproteins is less than 1000 v

(b) The carbohydrate to protein linkage in the serum—type glyco~
proteins, which have bee;x investigated, is the N-glycosyl-amlde structure
involving an asparagine residue whereas the linkage which appears to
predominate in the epithelial-type glyeoproteins is the O-glycosyl bond
1nvolv1ng the hydro:ql group of a serine or a threonine residue.

(c) The only sugar so far found to be imvolved in the carbohydrate-
protein linkage for the serum-iype glycoprotelns is N—acetylglucosa.mine
whereas N-acetylgalactosamine appears to pley a similar role for the
epithelial-type glchproteins. |

A feature which appears to distingulsh further the glycoproteins
and gl&cosaminoglycaxw is that in the latter, xylose is the sugar
involved in the linkage of carbohydrate to protein. _

2. The Cellte chromatography of neutral sugars as described by Hall
was fournd to glve excellent geparation of galactose, mannose, and fucose
from glycoprotein hydrolysates. The method was also found to be useful
for the separation of anomeric 31ycosides.

3. A method of estimation of small amounts of galactose, mannose amd



162

fucose in glycoproteins by‘:r_ad_ipisotope dilution was worked out. o
Labelled sugars were va_dded jtb the glygoproteln beforé. hydrolysis in 2 N
HC1 at 100° for 2 or 5 hr. After removal of charged substancés from the
- hydrolysate the remaining sugars were separated on columns of Celite and
~assayed for specific activity.
4. Estimation of the galactose and mannose content of pabbit y-globulin
' ‘ ' ' ' ‘ and 4.3 + 0.2
by the radioisotope dilution method gave values of 2.2 + 0.2mole per
105 g. respectively. After performic acid-oxidation of the glycoprotein
the values obtained were 2.0 .and 4.3 mole per 105 g. respectively.
5. From model experiments, in which glucose was estimated in methyl
a-D-glucopyranoside by radiolisotope dilution in the presence of egg
albumin, it appeared that the radioisctope dilution procedure may give
high rfesult.s under some elircumstances, a situation which was lmproved by
prior performic acid-oxidation of the glycoprotein.
6. The half-time for the release of mannose from egg albumin in 2 N HC1
.at 100° was found to be 7 min..
7. The content of fucose and galactose in two samples‘of blood-group B
specific substance and one sample_of 1e? specific substance was estimated
. by the radloisotope dilution method.
8. The influence of various substances on the destruction of mannose in
2 N HC1 for 3 hr. in an evacuated sealed tube was determined by radio-
isotope dilution. Tryptophan, present incequimolar amount to mannose,
increased the destruction of mannose from 4 to 15%. If ribose was also
. added the loss of mannose was decreased by one haiff., The presence of

oxygen appears (0 enhance mannose destruction as much greater losses of

mannose in 2 N HCl have been reported previously.
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9. A redioisotope dilution method was applied to the estimation of
' glucosamine in rabbit y-globulin and of galactosamine and giucasamine

in three samples of blood-group 'specifié substances, aftéf isolation
- of the naphthylisothiocyanate derivatives of the hexosamines by electro-
' phobesfs in turgstate buffer. The values obtained for total hexosamine

were generally in agreement with those found by other methods.

19; The reaction between D-glucosamine and naﬂxthyliﬂocyanate resulted

in two main products whieh were paz'tly eharacterized.

Pdde@sdum |

The substances A and B wh:lch were obtained by the reacuon of

naphthylisothiocyanate with glucosamine were submitted to eleetrophoreais
in iungsﬁate bdffer at pH 7 Subétanee B migrated 'ra.piidly towards the
ancde but substance A did not m_ove. Therefore substance A can not
possess the tetrahydroxybutyl group and 1s probably ;the, product of an
1ntramolecu1ar cyclisation involving the coupling of glr :i‘ the original
glucosamine molety with one of the carbon atoms of the hydroxybutyl
group, and accompanied by the loss of a molecule of watep {(J.E. Soott,

personal communicatbn).
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