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SUMMARY

Treatmenf of bovine milk fat globules with pronaQe resulted in
the release of a soluble sialoglycopeptide fractioﬁ which was
chromatographed on Sephadex G-50 as a single peak; Fractionation-
of this fraction by ion—exchanée chramatography éllowed the sepéraﬁion
of two sialoglycopeptides; the sialic acid-poor (SP) and the sialic-
acid-rich (SR) gl&copeptides. Both fractions were_fouﬁd to be
homogeneous by SDS-PAGE and by gel filtration on Sephadex G-75.
Antisera were raised against both fractions and theif contribution
to the antigenicity of the bovine milk fat globule membrane (MFGM)
was briefly studied. The carbohydrate composition of both gl&copepfide.
fractions was determined by gas liquid chromatography. Preliminary
amipo acid analysis showed that the major amino acids inAtheVSR V
fraetion were serine and threonine whereas the dominant amino acid

in the SP fraction was found to be asparagine.

The accessibility of séecific carbohydrate residues on the
surfaces of intact and neuraminidase treated bovine and human milk
fat globules was compared by means of lectin-based agglutination
assay and by the use of the Fluorescence;Activated Cell Sorter.
The presence of galactose, mannose and/or glucose and N-acetyl-
glucosamine, but not fucose was detectable on both bovine and
human globules. The'major differences between boviﬁe and humaq
milk fat globules were the presence on human glohules of high

amounts of Arachis hypogaea receptor (Thomsen-Freideriech antigen),

none of which was apparently masked by sialic acid and the presence
of unsubstituted N-acetylgalactosamine on bovine but not on human

milk fat globules.



iii

Pdoled>bovine, but nbt human, milk faf globules were found to
be agglutinated by relatively high dilutions_of the K99 adhesin
(antigen) isolated from E..coli B4l. - Paréllel studies of K99-
induced agglutination of bovine globules and sheep erythrocytes
were carried out by using bovine MFGM-derived sialoglycopeptides
aﬁd a range of monosaccharides as specific inhibitors. fhe results
: §uggest that Nfacetyigalactosamine-éoﬁtaining ca;bohyarate complexes
are the most likely candidates for the K99 -receptor on the surfaces -

of bovine globules and sheep erythrocytes.
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_,The development of ideas on membrane structure

‘Early i&éaé,about the cqméosition and structure of biological mem-
brahes Weré_based upon what éould bé gleaned from histological examin;tion
under thé‘light microscépe-and what could be deducéd from their functions.
More accurate knowledge of their make-up dependéd upon the development
of sﬁitéﬁle methods of isolation coupled with the discovéry of more‘
specific histochemical techniques. In fact the cell membranes were -
notractuallylséen Qnéil»the iﬁtrqdﬁctioﬁ of the élecf#on‘microscope,
which revealed not only the plasma membrane bounding the cell but
alsovmany membranes within it. The development of ideas on the
struétufe of biological membranes has been dealt with in a number of
feviews (Rébertsbn, i964; Singer, 1971, 1977; Nicolson, 1976; Harrison
and Lunt,rl980). In this section the historically—most.important

models of biological membranes will be briefly discussed.

I. The Danielli-Davson-Robertson Model

In 1925 Gorter and Grendel, from their studies on acetone
extracts of erythrocyte membranes from a variety of species, con-
cluded that the area occupied by the membrane lipids in the Langmuir
trough was approximately double that of the surface area of the intact
erythrocytes. They pointed out that this is consistent with the
presence in the erythrocyte membrane of a lipid bi}ayer in which
the hydrécarbon chains all occupy the centre of the bilayer and the
polar head groups face outward as shown in Fig. 1. The work of |
Gorter and Grendel was later criticised by Winkler and Bungenberg
(1941) and by Hoffman (1962), who suggested that the erythrocyte
lipids not only were incomplétely extracted but that the erythrocyte
surface area was underestimated. Davson (1962) pointed out that

the errors in Gorter and Grendels' work fortuitously cancelled each
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Fig. 1. After Gorter and Grendel (1925)

other out to give a working model system. It is now well known that
sufficient lipid is indeed available to cover the erYthroCyte surface

completely as a bilayer, but only if that bilayer is highly expanded.

The presence of proteins (Fig. 2) in bioiogiqal membranes was )
first proposed by Danielli and Davson (1935) in order to explain
what seemed to be anomalously low surface tensions of biological
membranes compared with those of quel lipid systems. This model
formed the basis of membrane structure for over thirty years although
" it was subsequently modified by Danielli (1958) to include p;otein-
lined pores which penetrated the lipid bilayer ana so allqwed to the

possibility of transmembrane permeability (Fig. 3).

The fact that electron micrographs of membranes from a variety
of sources exhibited a characteristic trilayer appearance led

Robertson (1964) to propose the concept of a universal 'unit membrane'






based on the Danielli-Davson model. Because of the findings in the
early 1960s that the plasma membfane wasban asymmétric sfructure,
Robertson (1964) modified the model»of Danielli aﬁd.Davsén'by intro-
ducing an asymmetric distributipn ofvprotein molecﬁlés’about the
lipid bilayer. (Fié. 4). Although this ﬁodel was éﬁppofted by
the electron mig?oscopic appeargncé of biological membranes, particuiarly
myelin, it has since been realised to be inadeguate in a number of
respects..Thus, » | - -
(1) It bases a_genefal model for membrane structure on the
electron miérbscopic obéervation‘éf myelin. This led Korn
(1966) to emphasise that ﬁyelin is not t&pical of membranes
as a whole, pérticﬁlarly>witﬁ respect to its lipid content
which.is 80%‘of the dry weight of the membrané compared
with about 50%'fqi ﬁbsé ﬁembranes.

(ii) The trilaminar patteins of 'typical membrane electron
micrographs' require the use of tissue fixing reagents,
whose mode of action is not cleérly understood and indeed
electron micrograpﬁs remarkably similar to those of
natural membranes have been obtained from artificial
lipid bilayers containing no protein (Palmier and Hall,
1972).

(iii) The model is inherently inflexible in explaining the
obvious variations in compésition and function of
membranes from various_sources.

(iv) Optical activity data indicate that membrane proteins
are globular proteins containing 25 - 40% o-helical
structure (Urry et al., 1970; Urry, 1972; Zahler et al., 1972)

and not B-sheets as required by the dimensional restrictions



of the Danielli-Davson-Robertson model (Vandenhéuvél, 1965) .
= ;(Q) The Daniellinavson~Robertson model predicts that ionic
head groups bf'phoépholipids would be shielded from contact
with the agueocus phase by the polar groups of the ptotein
monolaYérs; This burying of polar groups in a non-polar
environment is energeticélly unfavourable.
Further discussion of these points can be found in Singer (1971) and-

Harrison and Lunt_(19805.

iI. Subunit Models

As the methods of tissue sectioning and electron microscopy improved,
ﬁhe éiscoﬁtinuities in the tramline appearance of sectioned membrane
became more apparent. A speculative suggestion at the time by Lucy
(1964) was that phospholipid could also exist in a micellar form,
either entirely or in equilibrium with the bilayei, thus explaining

the discontinuous patterns observed.

Evidence from mitochondrial membrane preparations indicated that
the membrane might be constructed from repeating globular units,
“which led Sjostrand (1968) to suggest a subunit arrangement of
structural membrane components based on the suggestion of Lucy, but.
with protein filling the space between the lipid micelles (Fig. 5).7 A
siﬁilar model of Green et al. (1967) proposed that membranes are made
of repeating cuboidal units which interact to form a membranous sheet.
This model was again based on mitochondrial membranes although it was

vigorously promoted as a general structure in membranes.

The subunit models based on electron microscopic phenomena and

biochemical studies of mitochondrial inner membranes, were criticised
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| mainly because of:

(i) Mitochondr;al membranes are exceptional in having a high
content of protein k80%) and a strong requirement for
structural otganizétion.

(ii) X-Ray diffraction studies on the membrane did not show
any indication of gloﬁular substructures (Thompson et al.,

1968) which were accordingly suggested to be artefacts.

III. Mosaic Models

Evidence that bofh proteins and lipids were exposed on the surface
of cell membranes led Wallach and Zahler (1966) and Lenard and Singer
(1966) to propose a model involving a mosaic arrangement of the
two components in the membrane. As shown in Fig. 6, this model involves
globular proteins embedded in, and occasionally crossing, a lipid
bilayer core. In such a structure the polar groups oflipid and protein
are in direct contact with the aqueous surroundings. while the non-
polér residues of both molecular species are sequestered in the heart
of the structure, away from water. This model satisfies the physico-
chemical data and offers a thermodynamicallf sound alternative to
the earlier models as_weil as allowing a potential route through the
lipid bilayer barrier by way of the transmembrane protein. In contrast
to the Danielli-Davson-Robertson model, which requires that the
prbtein on the surface be predominantly in the B-conformation, the
mosaic model proposes that membrane protein exists as globular protein
which commonly contains proteins of a-helix and random coil conform-
ation in accord with optical evidence. Some of these globular proteins
are seen as penetrating the lipid bilayer whereas others are arranged

on the surface bounding the lipid core. The idea of two classes of



"mgmbrane proteins agreeé with experimeﬁtal fin&ings that some proteins
[inﬁegral (Singer, 19713 or intrinsic (Vanderkooi, 1972) proteins]
can only be'extracted,by agent§ causing extensive disruption of
fhé.memb;éﬂe. A second q}ass of.proteins known as peripherall(Singer;
1971)'or‘ex£;insic (Vandefkooi, 1972) proteins are characterised by
being dissociatedAfrom.membranes by mild treatments such as increased
ionié sfrength or chelating agents. In contrast to integral proteiqs,

they can be obtained in soluble form in simple aqueous solutions.

_Enzymic modificatian of the lipid components of erythrocyte membranes
hasAiﬁdiéated that the lipid bilayer is, indeed, interrupted by non-
-1dpid components to the extent of 30% (Finean_eﬁ al., 1971; Coleman
et al., 1970). Evidence that some proteins actually cross the lipid
- biiayer was provided by Bretscher(lQ?l) who used the_ﬁembrane-imper—
meable reagent [BSS]—FMMP (formyl methionyl sulphone methyl phospﬁate)
to label membrane proteins in both intact erythrocytes and erythrocyte
.ghosts. Certain proteins were found to be doubly-labelled following
extraction fram ghosts but not from intact membrane. These findings
led.Bretscher to conclude that two major proteins, of molecular
weights 105,000 and 90,000 respectively, span the membrane. These
conclusions are generally accepted, although it could be argued that
labelling of certain polypeptides only in ghosts arises from reorganisation
of sﬁch proteins during the prepération of the ghosts rather than from
their location on the inside of the membrane. Evidence was also
pto§ided from SDSQelectrophoretic patterns of the major erythrocyte
protein (band 3 polypeptide) (Jenkins and Tanner, 1975; Robert et al.,
1977). More obvious demonst?ations of the existence of proteins
embedded in the membrane éomes from freeze—efching or freeze-fracture

electron microscopy. In this procedure, a fresh membrane specimen is



rapidly frozen under vacuum and fractured with a microtome knifef
Frozen water is then sublimed (freeze-etched) from the exﬁosed surface,
whichAis metal shadowed and replicated; Eleetion microscop& ef the
surface replica reveals the topography'of the interior hydropﬁobic
exposed face. Such studies on, for example, ﬁhe erythrocyte membrane
(Pinto da Silva and Branton,-197o; Pinto da Silﬁa and Nicolson,

1974), the chlbroplaét lamellae (Branton and Park, 196?), and the
fetinal rod oﬁfer segment>(élark.and:Brantqn; 1968) provide vieﬁal
evidence of protein molecules apparently cressing the mid-plane of

the lipid bilayer of the membrane.

As specific membrane proteins have become-ietter characterieed,
it has become possible to demonstrate that some integral proteins
possess hydrophobic amino acid sequehces which apparehtii‘eetrespond
to those sections of the polypeptide that Eross the lipidrbilayer.
Thus, amino acid sequences of this type have been demonstrated, in
glycophorin A of human erythrocyte ﬁembrane kMercheSi EE.él:' 1972)

and in cytochrome b_ (0Ozols, 1972). Tﬁe lipoprotein of E. coli

5
outer membrane is particularly interesting in that its hydrqphobic
amino acids are so arranged thatrin an a-helical foim; the peptide has
a hydrophobic and hydrophilic faece. Aggregation of several such
helices could provide a hydrophilic ion—transporting Chennel encased
in a hydrophobic exterior in contact with the lipid bilaye;5 A model
of this type shown in Fig. 7 demonstrates the self-assocaation of -
integral membrane glycoprotein molecules to from hydrephilic trans-
memlrane channels (Hughes, 1975). In this case} the pore‘diameter

generated by self-assembly of six a-helical subunits (1 nm) would

probably be sufficient for the transport of small hydrated ions,
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Integral proteins

Fig. 6. After Lenard and Singer (1966).

Hydrophilic Residues (or Glycine)
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\Lipid Phase ' .
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Fig. 7. Hypothesis for genefation of water filled channels by self
| assembly of glycoprotein subunits, (a) the assembly of six
helical peptide segmenté projects a hydrophilic face to the
inside of. the pore,-(b) side view of the>asseﬁbly showing
the polypeptide spanning the lipid bilayer of tﬁe membrane
and the catbohydrate chains of the glycoprotein subunits

extending to the external space (after Hughes, 1975 ).
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nutrients or even larger extended molecules and could, of course,

be considerably greater than this if higher aggregates are formed.

Aggregation of membrane proteins implies lateral motioﬁ withih
the plane of the membrane and indeed the mosaic model was.émélified
b; Singer and Nicolson (1972) when the& stressed the dyp%mic aspects
of membrane structure in deScribing the fluid mosaic model (Fig; 8).
The_fiuid mosaic ﬁddel seés thebﬁembrahe as a solﬁtion of prot;ins.
in a two-dimensional viscous solvent system of phospholipids,the'A
bulk of which is organised as a discontinuous fluid biléyer. ﬁy
introducing the fluidity into the mosaic model some of the previously
unexplained membrane phenomena could be clarified. For example, |
deviations from the electron mierosopic tramline appearance_dfr
sectioned membrane preparations, in regions of membrane~specia1is$tioh
such as tight and gap junctions (McNutt and Weintein, 1973) can be
explained in terms of local reorganisation of intercalating membrane
components. The fluid mosaic model is essentially a dynamic one
and considerable emphasis is placed on the diffusion of proteins

.within the lipid matrix, which is assumed to be predominantly in a
bilayer form. The studies of Chapman et al. (1967), using nuclear
magnetic resonénce (n.m.r.) indicated that the molecular motion of
individual carbon atoms along the fatty acyl chains of éhospholipids
increases towards the interior of the membraﬂe giving the wholé'

a viscosity resembling that of a iight oil. Sharp signals obtained
from choline, sialic acids and neutral sugars indicated that these
groups are relatively unconstrained on the exterior of the membrane.
Electron-spin resonance (e.s.r.) studies of Kornberg and McConnell
(1971) and Scandellaygg al. (1972) indicated that phospholipid

molecules move rapidly in the plane of the membrane. Integral membrane
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. proteins have also been shown not only to rotate about an axis
éerpéndicular to the plane of the membrane (Brown , 1972;‘Cohé, 1972)
,but'also to diffuse laterally within the plape of the mehbiahe, This
- was first demonstrated by'Frye and Edidin (1970) who reporﬁed the'i
random mixing of fluorescentlyflabelled cell surface ard ah#igéns
followingvthe virally-induced formation of mause-human heterdkaryons.
Labelled antibodies were also used in simi;ar experiments on musclg"
fibre sqrface énﬁigens'(Edia;n and Fambrqﬁéh} 19735. By following the
redistribution of rhodopsin molecules after bleaching of part of the
retinal rod membrane, Poo and Cone (1974) established a lateral

diffusion coefficient for rhodopsin of 3.5 x 10'-9

cm2/s. E.s.r., n.m.r.
and more recently, fluorescence techniques have all been applied to - -
measure the lateral diffusion coefficients (D) of 1lipid probes, and

similar values of D (of the order of lO—8

_cmz/s) have been found
both in a range of cell membranes and, above the phase iiansition, .
in model phospholipid bilayer systems (Devaux and McConnell, 197é;>-
Brown, 1972; Cone, 1972; Poo and Cone, 1974; Koppel gﬁa_i. 1976) .
Tayler et al.(1971) studied the effects produéed on iymphocytes 5&'
the addition of divalent antibodies directed to their surface immuno-
globulin molecules. The antibodies induce a redistribution anQ‘
pinocytosis of these surface immunoglobulins, so that within about

30 minutes at 37°C the surface immunoglobulins are completely

swept out of the membrane. The chffages in the distributioﬁ of the  .
surface immunoglobulins (receptors) involve firstly the formation
(metabolism-independent) of clusters and patches of receptorsAand
secondly the emergence (metabolism-dependent) of a 'cap' of aggregafed

receptors over one pole of the cell (Fig. 9). Clustering of the intra-

membraneous particles has also been observed to accdmpany the agglutination
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of mouse plasmacytoma cells by concanavalin A agglutinin (Benedetti
'g£4gl.,vl§73). It has been feported_that polymeric antigens can 'cap'
iymphocyte reéeptors ih_the same‘way (Diener énd Paetkau, 1972; Raff
et al., 1973; De Luca, 1975). This aggregation of surface receptors
in the plane of the membrane can clearly only occur if the receptors
are free to diffuse in the membrane. The phenomenon of ‘Cabping'

suggests moreover that movement of integral membrane proteins can

be a concerted<bro¢es; éﬁbjectéd’to4 overall éiregtion._in this

context the finding of Nicolson and Painter (1973) that the binding of
SPecific antibodies to spectrin on the cytoplasmic side of the ery-
throcyte ghost membfane causes a redistribution of sialyl groups
(of‘glfcoproteins)-on the outer side of the membrane is of significance.
This suggests that extrinsic proteins may control the distribution

and mobility of intrinsic transmembrane components which have their
prime activity at the external face of fhe membrane s tructure. It is
possible that extrinsic proteins can also act to restrict the motion

of intrinsic proteins and indeed the red cell has been noted as

unusual in that, unlike many other mammalian célls, antigen—;ntibody
complexes on its surface often fail to clump in the plane of the

- membrane. The interaction of the intrinsic transmembxahe antigen

with spectrin on the cytoplasmic face of the membrane could explain
.this.-Although spectrin is unique to the erythrocyte membrane most
mammalian cells have an analogous cytoplasmic protein network

composed of microfilaments and microtubules. On the basis of the

above and other data Edelman and Yahara (1973, 1974, 1975a, b) proposed
a model to accoﬁnt for receptor diffusion in the plane of the membrane
involving transmemﬁrane control by microtubule - microfilament

systems (Fig. 10). In this model, the function of microfilaments
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Fig. 10. Transmembrane control by membrane-associated cytoskeletal

elements as proposed by Edelman (1974). Receptors are
assumed to interact with colchicine binding proteins (CBP)

in an equlibrium consisting of two states, anchored (@) and
free (F). As indicated in (1), receptors may interact
directly or indirectly via the membrane-intercalated particles
Alternatively, as shown in (2), only certain glycoprotein
receptors may interact with the CBP and the CBP may interact

with membrane associated microfilament assemblagens.

is envisaged as being mainly contractile, serving to direct the

movement of receptors within the plane of the membrane, whereas that

of microtubules is skeletal, maintaining a network of membrane

'anchorage'

depending

points which may restrict or release surface receptor

on both extra- and intracellular stimuli. The details of

this cytoskeletal control system are far from clear but currently a
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great deal of research is being devoted towards clarification of

its role in cbﬁtrolling a range of cellular functions including. cell
adheéién, motility and response to extracellular agents generally.
It is likely that significant advances in biochemical understanding
of the cell membrane will come from this aspect of its function in

the near future.

<



Membrane glycoproteins

Glycoproteins ﬁake up a large and héterogeneous group of
macréméleculeQ and sefve a variety of different functions. They
occur AS soluble secretéd molecules such as plasma glycoprotéins,
proteiﬁ hormones, immunoglogulins, mucins, blood group substances,
aéid mucopolysaccharides‘(glycosaminoglycans) and-also in coilagéns
‘and basement memﬁranes. Current interest in membrane structure haé
"~ drawn the ;ttehtion of méﬁy researchers tbvéhe fact that:glycoérétéins
also occur in an insoluble form as components of cell membranes.
The fluid mosaié model of méﬁbrane structufe ‘tSinger aﬂd>Ni¢olson,
1972) emphasized the occurrence of integral proteins, the structure
of same of which have recently been stddied,_and shown to include
carbohydrate. Some membfane.glycoproteins have been isolated by
extraction of thé.méﬁbtane with dissociating reégénts (Juliano, 1978)
whilé the presencé 6f'6£hers.hés been detected by more indirect
methods such as the use of Jegtins (Lotan and Nicolson, 1979), cell
électrophoresis'(Pertlow and Péftlow, 1979) andlcytochemical

reagents (Juliano, 1978).

Cytochemical techniques such as those involving the periodic
‘acid-Schiff (PAS) reagent kbeﬂiéﬁd, 1950) have shown carbohydrate to
be a characteristic feature of all cell sﬁrfaces except in the
region of junction compiexes (Rambourg ét al., 1966). The PAS stain
for cafbohydrate depends on periddate oxidation of carbon-carbon
bonds bearing vicinal hydroxyl groups to give carbonyl groups.'Thesé
will react with Schiff's réa;eSL (leuéofuchsin) yielding a pink or

purple Schiff's Base. Carbohydrates staining with PAS is always

asymmetrical in that the stain is found to be distributed on the
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external surface but not on the cytoplasmic surface of the piasma

membrane (Rambourg and Leblond, 1967).

Electron-dense markers such as colloidal iron (Gasic and Berwick,

1962; Benedetti and Emmelot, 1967), colloidal thorium (Rambourg and
'Lebiond, 1967), ruthenium red (Luft; 1971) and cationized ferritin
(Danon et al., 1972; Hakenbrock and Miller, 1975) have been used

tb d;monstfateithé éresence of acidic or anionicvsites oﬂ the cell
surface. These reactions are usually attributed to the presence of
carbpxyl groups of sialic acid residues of integral membrane proteins
exposed at the external surface of the cell (Winzler, 1969). As is

the case for PAS staining, carbohydrate is not normally detectéd by
these means on the cytoplasmic face of the plasma membrane although
anionic binding_sites havg been detected by cationised ferritin on

the outer (cytoplasﬁic) face of the Golgi complex (Abe et al., 1976).
However, the membrame-associated carbohydrates on the cytoplasmic
surface are of-muchmlower density than those of the cisternal membrane
face. Concanavalin A has also been used to detect surface carbohydrates
(mannose) residudes and has been shown to bind not only to the cisternal
surface but also, to a limited extent, to the cytoplasmic surface of
Golgi membranes (Abe et al., 1977). This suggests that carbohydrate
residues ar= present, and probably assembled, mainly on the inner
aspect of the membrane, but that some may also be exposed on the

cytoplasmic surface.

In view of the possible involvement of carbohydrate in some of
the biological functions displayed by glycoproteins, a great deal

of effort has been extended in recent years to determine the structure
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of the oligosaccharide chains of boﬁh sdlublé gnd mémbrane'glycqproteins.
The sugars present in the carbohydrate.portion of ﬁembrane gly#o—
proteins are few and include D—éalactose,_ﬁ—mannose, D—éludose (férely)
L-fucose, N-acetyl—D-glucosémine; N—agéﬁleD-galactosaminé:aﬁd siéiic
acid, arranged in oligoéécchéride'sid¢>éhainé:of varying.gizés and
glycosidically-linked to a polypeptidé backbone. Itﬁhas become
customary to classify g;yﬁoprotein oligdsaccharide strgctures on the_ o
| basis of the nafure of the cétboﬁydfate—peptide-linkégé. This approach
has been useful because the:carﬁohydrate—amino acid linkage dictates
the properties 6f thé:aSSoéiated oligos#céharide'éroup'and because

a single glycoprotein molecule may cdnfaih o;igosaccha;iaes of more
than one linkage typef On this basis two major types of oligosaccharide
complex have been shown to occur-in_glgcoproteins. The first §f these
involves an N—glycbsidic bond frqﬁ_ﬁ;acetylglucosamine to the amide
nitrogen of asapragine (Fig. l;)'which is relatively stable to.
hydrolysis by strong alkali. The ségond type of linkage cohtains an
O—-glycosidic bond fram N-acetylgaléctosamine to the hydroxy group

of serine or threonine (Fig. 1l1) énd can be cleaved by mild alkaline
treatment which promotes a B-elimination reaction (Fig. 13). This
difference between N-glycosidic and O-glycosidic linkages has been
exploited to advantage in the detection and separation of the two

types of oligosaccharide chains.

The structﬁres of some glycopeptides which contain O-glycosidic
linkages involving N-acetylgalactosamine as the linkage sugar are
shown in Table 1. N-glycosidically-linked (to aspragine) oligor
saccharide units are usually found to be of two types. The first

contains only mannose and N-acetylglucosamine and is called
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"high-mannose" or 'simple' type (Fig. 12). The second contains a
variable number of outer chains linked to a B-mannosyl-di-N-acetyl-
kchitobiose unit, the same structure that occurs in the inner region

of typical high-mannose oligosaccharides (Fig. 12).

Detailed information about the-isolation énd structural character-
isation of membrane glycoproteins and glycopeptides-can be found in
é number of recent reviews (Sturgess et al., 1978; Tanner, 1978;

Kornfeld and Kornfeld, 1980).
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serine (R=H)
CH,OH threonine (R=CHj)
r————
HO | |
Fla tiJH Fig. 1lla.
Qe——CH =—CH
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r . l\
0 il | Fig. 1lb.
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CORE GlcNAC
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d Man Man
GlcNAc
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Sialic acid
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Fig. 12.

O-glycosidic
linkage to serine

or threonine.

N-glycosidic .
linkage to

asparagine -

Schematic representation of a typical N-glycosidically-

linked oligosaccharide complex in secreted glycoproteins.

After J. Montreuil (1975) .
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Membrane carbohydrates as specific determinants

In view of the presence of complex glycoprotein énd glycolipid
molecules at the outer surface of animai cclls,iit migﬁt bc expected
that thése molecules are involved‘in fherintcraction of the cells
with their surroundings. The sugar complexes are excellené}candidates
for participating in the.vérious_specific functions of the cell
membrane. With a basic set of sevén monosaccharidéé (fucose, glucose,
galactose,imannose, N—écetylgiucéamine, N—éccylgclactosamiﬁc aﬁd
sialic acid) the number of possibilities of structural variations in
the oligosacnharide complexes of glycosubétapces is'potentiaiiy-very
great. There are, for example 1024 possible structures for a
twelve-residue oligosaccharide containing chree mannose,-thxec
galactose, three N-acetylgucosamine and thiee sialic ccid residues,
and 24 possible structures for ohly two hexose uﬁitc; élycosidically

linked to protein, assuming that both monomers are pyranose rings.

Cell-surface-expressed carbohydrates havevinaeed been found to
barticipate in a range of recognition phenomena including blood group
specificity (Watkins, 1974; Hakomoti, 1981; Anstee, 1981), hormone

reception (Kohn et al., 1978) and bacterial adhesion (Ofek et al., 1978).

(i) The ABH(O) blood group system

Antigenicity expressed through carbohydrcte detcrﬁinants is
best established in the ABH blood group §YStem (Watkins, 1972).
Formulation of the relationship between the sequeﬂce and linkages of
carbohydrates and their ABH and Lewis anticehic specificity was
established as a result of the work of Morgan and ﬁakins and of

Kabat and associates during the 1950s and the early 1960s. 2s a
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result of this work it has become established that a precursor-end-
product felationshié exists between related antigens, e.g., between
H and A (§r B) or betweén Le® ana_Leb, andbthat the glyéosyltranSferases
that catalyse these interconﬁersions are ﬁhe primary geﬂe products
(Marcus, 1969; Watkins, 1966, 1972). Although it has long been
génerally understood that the.ABH>determinannts expréssed at the
surface of erythrocytes are componénts of membrane glycolipids
~ (Hakomori ana‘Stxycharz,-1968;_VG$¥das aﬁdlKoséielak, 1974), several
workers (Whitemore et al., 1969; Liotta et al., 1972; Hamaguchi and
Cleve, 1972; Gardas and Koscielék, 1973) have reported evidence for
the‘presence also of ABH antigenically-active glycoprotein in human
erythrocyte mgmbianes. Theserconclusions were contested by Anstee amd
V.Ténner (1974 a,b), who éscribed the ABH activity of membrane-derived
water-soluble glycoprotein fractions to tightly bound glycolipid
molecules or to glyc¢olipids with unusual solution properties. Never-
.theless more recent advances in chemical and analytical methods in
“membrane biology have reéulted in the’validaﬁion of much‘of this
work and, a relatively clear picture has now emerged showing that blood
group ABH and Ii determinants are carried not only by glycolipids,
but also by some membrane glyqoproteins. It is now apparent that
four classes of cérbohydrate chains carry ABH and Ii blood group
determinaﬂts, these are:
(i) Simple glycolipids containing 5 - 10O glycosyl residues
(Koscielak, 1978). |
(ii) Polyglycosylceramides containing up to 30 glycosyl residues
(Koscielak, 1978).
(iii) Alkali-stable oligosaccharide chains carried on band 3 and
band 4.5 giycoproteins (Krusins et al.,1978; Jarnfett et al.,

1978).
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(iv) Alkali-labile oligosaccharide chains probably carried on

glyophorin (Takasaki et al., 1978).

The oligosaccharide determinannts contributing to human ABO
blood group antigenicity are shown in Fig.l4. The current state of
knowledge concerning the ABO and the related Ii antigené of human

erythrocytes has been recently reviewed by Hakomori (198l).

(ii) The MNS blood group system

The MN antigens, the second major blood group-sysﬁem described
by Landsteiner and Levine (1928 ) , are believed to be controlled
by two allelic gens, M and N (Springer et al., 1972a). As the genes'are
co-dominant, the three possible phenotypes MM, MN and NN are found.
M and N antigenic activity is associated with giycophérin A, the majdr
sialoglycoprotein of the human erythrocyte membrane kAzuma gE_El.;-197é;
Tuech and Morrison, 1974; Tomita and Marchesi, 1975), whereaé the
closely related Ss antigens are associated with glycophorin B onvthe>
same membrane (Dahr et al., 1975a; Tanner et al., 1977; Anstee et al.,
1979). An interesting piece of evidence concerning the assignment
of MN antigen activity to glycophorin A resulted from the discovery
that certain rare.individuals with erythrocytes.of type En(a-)
have a total deficiency of glycophorin A and that this deficiency
correlated with argross reduction in MN‘antigen activity (Tanner and

Anstee, 1976; Dahr et al., 1976a, b; Furthmayr, 1978).

Glycophorin A has been extensively studied and is now known to
contain a polypeptide chain composed of 131 amino acids (Tomata et al.,

1978) and spanning the membrane with its amino terminus external to the
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controlling human ABO group antigenicity (After Hughes, 1975 ).
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- Qfglycosidic-linked carbohydréte chains

— N-glycosidic-linked carbohydrate chain-

g : : Plasma membrane

COOH

Fig. 15. Schematic diagram of glycophorin A, the major
sialoglycoprotein of the human erythrocyte

membrane.

cell and its carboxy terminus in the cell cytoplasm (Fig. 15). G}yco—
phorin A consists of approximately 60%7carbohy§rate, all external to
the cell and comprising 15 O-glycosidically linked oligosaccharides
and 1 N—glycosidically linkéa oligosaccharide complex (Fig. 155.

Its oligosaccharidé portion has been modified by periodate (Lisowska
and Duk, 1972; Lisowska and Roelcke, 1973) or alkaline borohydride
(Lisowska, 1969; Thomas énd Winzler, 1971; Lisowska and Duk, 1975)
treatments which resulted in the destruction of MN activity. Such
activity is also lost following the removal of sialic acid from intact
erythrocytes (Springer and Anséll, i958), or from glycophorin
(Romanowaska, 1969) and its proteolytic fragments kLisowska énd
Wasniowska, l§78). These_obéerﬁations suggest that O-linked oligo-
saccharides which contain sialic acid contribute to the antigenicity
of M and N active structures. When antibodies directed against M or

N determinants were raised in rabbits, it was noted that anti-N sera
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agglutinated MM cells in addition to a much stronger reaction with NN
ceils. However, monoépecific anti-M serum showed no cross—reaction

with NN cells (Springer et al., 1972%. - This observation together

with the fact that treatment of MM cellé with neuraminidase results

in an transient increase in their N-activity (Yokoyama and Trams, 1962)
prompted the proposal that the N antigen is a précursor substance

which can be sialyated to form M antigen (Springer and Desai, 1975) as
shown in:Fig. ié; :Despiterthe'ébéve cbservations, however, no difference
between oligosaccharides derived from M or from N antigens has been

found (Lisowska, 1969;  Lisowska EE'gl.,'l980) and it is now generally
accepted (Dahr et al., 1975b;1977; Furthmayr, 1978), that the genetically
détermined differences between M and N glycoproteins are located in

the polypeptide chains. Covelent modification of the glycophorim poly-

‘'peptide has been shown to altgr the M apd N antigenicity.detected by
both human and rabbit antisera as wall as by N-specific lectins (Ebert
et al. , 1972; Lisowska and Duk, 1975a,b) and it has been established
(Lisowéka and Wasniowska, 1978; Blumenfeld and Adamany, 1978) that

Vthe nature of the amino acids at positions 1 and 5 (from the
amino-terminus) of glycophorin A correlates with the expression of

M or N antigen activity on the meolecule (Fig. 17).

The role of alkali-labile oligosaccharide complexes in the
expression of MN activity can be best explained in terms of their
effect in determining the optimal confoimation of glycophorin A for
such activity. This conformation is probably primarily effected by
charge interactions between carbohydrate (sialic acid) carboxyl groups
and polypeptide amine residues (Anstee, 1981). Mutual stabilization
of peptide and darboﬁydrate conformations by noncovalent association

seems to occur in IgG where an N-glycosidically linked oligosaccharide
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a-NANA—G-g-Gal\

a-NANA ——R-D-Gal :

M Antigen

«-D-GalNAc — Ser [Thre]

less one a-NANA —— N ‘antigen

Fig. 1l6. Structural relationship between M and N antigens

as proposed by Springer and Desai (1974).

CHP CHO CHO
NH,_ser_Ser—Thr_Thr_Gly_Val_-Ala_Hse -COOH

M-active glycopeptide

N-active glycopeptide

Fig. 17. Amino acid sequence of the smallest peptide fragments
that have been shown to retain M or N activity (After

Lisowska and Wasniowska, 1978).
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exists in an e#tehded sheet-like conformation with many contacts with
the peptidé sheet (Huber et al., 1976). The view of Springer et al.,
(1977) that the structural difference between M and N antigensvié due
to tﬁe presence of an M-specific sialyltransferase, absent from o
individuals with NN cells, has been contested by Sadler et al., (1979)
who showed that purified homogeneous Sialyltransferases from porcihe
submaxillary glands are capable of restdring M antigenic éctivity to
.néuraminidaseftfeatea M-positive éfythrocytes but not to:neuraminidaée-

treated cells that are M-negative prior to desialyation.

The MN system together with its related antigens and glycophorin

structure and function have been recently reviewed by Anstee (1981).

(iii)Receptors for bacterial toxins and glycoprotein'hormones

In addition to their role as cell surface antigens, ﬁémbrane—
bound glycolipids and glycoprot'eins have the capacity to act as receptor;'s
for a range of extracellular agents such as hormones and bacterial
toxins. 1In this respect, the clearest example is fhe function»of
gangliosides as cell plasma membrane receptors for cértain toxins
and hormones (for review see Fishman and Brady, 1976; Kohn, 1978; Kohn

et al., 1978).

Early studies‘(Holmgren et al., 1973; King and van Heyningen, 1973;
_Cuafrecasas, 1973) on the interaction of cholera toxin with epitﬁelial
membranes showed that the toxin was specific for the oligosaccharide
chains of GMl ganglioside (Fig. 18). Subsequently, Holmgren et al.
_(1974) showed that the sphingosine portion of the molecule was also

essential for toxin-binding. Kanfer et 3£.(1976), on the other hand,
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suggested that G is not the receptor for cholera toxin in adipocytes

M1l

as they were found to contain only GM3 and GM2 (Fig.-lS), Furthermore,

aithough exogenously added GMl enhanced the effect of choleia toxih

- on whole cells, the kinetics of stimulation (lypolysis) did not
conform to the activity observed with untreated cells. This conclusion
was later questioned by Pacuszka gE_g&.(1978) who showed thét GMl'

was present in adipocytes in low concentrations.

Like cholera toxin, tetanus toxin has been shown (van Heyningen,

1976) to bind to gangliosides such as G

blb and GT

1 which contain two

internal sialic acid residues (Fig. 18), while the haemolytic activity

of Staphylococcal alpha toxin has been shown (Kato and Masahéra, 1976)

to be inhibited by the glucosamine-containing ganglioside sialyl-a2,

3-Gal-B-1,4-GlcNAc-8-1, 3-Gal-B-1,4-Glc-ceramide.

Other toxins with similar abilities to bind to gangliosides have

been recently reviewed by Kohn (1978).

Although the above findings are of great importance, they do not

in themselves reveal the normal biological roles_of gangliosideé,’

as cells are not usually exposed to toxins. One possibility is

that the toxins are chemical analogues of natural substances such’A
as hormones and interferon and that the true role of relevant
gangliosides is to act as membrane receptors for these agents. Indeed,
receptors for thyrotropin (Mullin et al., 1976), leuteinizing hormbne
(Kohn, 1978), human chorionic gonadotropin (Lee et al., 1976) and
. follicle stimulating hormone have all been shown to be gangliosides;

However, recent studies showed that in addition to the ganglioside
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receptor, at least another component, a glycoprotein, is involved in

the binding of thyrotropin to thyroid plasma membrane (Meldolesi et al.,
1977) . From these énd other results (Kohn,-1978),'it is difficult to
reach a clear picture of the molecular nature of cell surface receptors
for glycoprotein hormones but it is likely that carbohydrate receptors

on both glycolipids'and glycoproteins are involved ih the cell membrane
recognition sites. Further inforﬁation-may well depend upon the isolation

by affinity-procedures of the actual receptor molecules.

It is of interest to mention that investigation of the adherence
of several strains of E. coli to human epithelial cells has shown
that E. coli adhere by binding specifically and reversibly to D-mannose

residues on the target membranes (Ofek et al., 1977, 1978). Similarly,

the attachment of E. coli and Salmonella typhi to mouse peritoneal

macrophages has also been found to be specifically inhibited by Db-
mannose, methyl-a-D-mannoside and yeast mannan (Bar-Shavit et al., 1977).
Adherence and its relation to pathogenicity will be discussed in

Section C.

(iv)Liver receptors for desialyated plasma glycoproteins,

erythrocytes and lymphocytes

One of the best known examples of carbohydrate recognition
by membrane-bound glycoproteins is the binding by hepatocytes of asialo-
glycoproteins. This activity was first discovered by Morell et al.
(1968) who showed that desialyated serum glycoproteins were rapidly
cleared from the circulation by the liver. Subsequently, Pricer
and Ashwell (1971) reported that plasma membranes of rat liver

hepatocytes specifically bound asialoglycoproteins through galactose
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residues exposed by the removal of sialié acid. Sialic acid itself

was also implicated as an essential part of the functional receptor
molecﬁles themselves (Ashweil and Morell, 1974). The rabbit hepatic
receptor was isolated and shown (Hudgin EE.EL" 1974} to be an

integral glycoprotein containing 10% of its dry weight as carbohydrate;
Although removal of terminal sialic acid leads tovloss of receptorrv
activity, it is likely that this loss results from binding of the
.receptor's own exposed galactose residues rather than to an éssential
role of sialic acid in binding (Paulson et al., 1977) . Subsequent
studies showed tha£ the glycoprotein receptor consists of two sub- .
units (A and B) of molecular weight; 48,000 and 40,000 forming
aggregates of molecular weight 500,000 (Kawasaki and Ashwell, 1976a).
Pronasé treatment of the intact receptor allowed the isolation of

"two distinct glycopeptide fractions for which the partial structures
shown in Fig. 19 were proposed (Kawasaki and Ashwell, 1976b). Similarly,
Baenzinger and Maynard (1980);.isolated the'human hepatic receptor

and showed it to be an integral glycoprotein comprising a single sub-
unit (mol. wt. 41,000). The amino acid composition of the human receptor
was shown to resemble that of A and B subunits of the rabbit hepatic
receptor -whereas the carbohydrate composition more closely approxima£ed
to that of the A subunit. Inhibition studies showed that the human
hepatic receptor displays specificity for both terminal galactose

and N-acetylgalactosamine. It is of interest to mention that, while

the hepatic binding process in mammals involves the interaction of

the receptor with galattose and possibly N-acetylgalactosamine, it
involves N-acetylglucosamine in birds and possibly reptiles (Ashwell

and Morell, 1977; Weir, 1980).
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As with asialoglycoproteins; neuraminidase-treated erythiocytes
are rapidly eliminated from the circulation by the liver (Aminoff et al.,
1976, 1977; Kolb EE.EL;' 1978). It was suggested that the hepatic cells
recognize sialic acid-depleted erythrocytes by interacting with sub-
terminal galactosyl residues that are exposed by the neuraminidase.
treatment (Kolk et al., 1978). However, fhere is no clear évidence
to suggest that this is the true mechanism of erythrocyte elimination
in vivo (Anstee, 1981). Kolb and Kolk-Bachofen (1978) pointed out
that asialoerythrocytes apparently bind to Kupffer cells which should
remove the red cells by endocytosis whereas glycoproteins could be

metabolised exclusively by hepatocytes.

The mammalian hepatic receptors have been classified és mammalian
lectins on the‘basis of their ability to agglutinate red blood cells
(Stockert et al., 1974) and to induce mitosis in lymphocytes (Novogredsky
and Ashwell, 1977). Similar tectin activity has been reported to be
present in lymphocytes (Kieda et al., 1978),calif heart (Childs and
Feizi, 1979) and embryonic chick muscle (Kobiler and Barondes, 1979)
extracts. The true biological functions of these surface carbohydrate-

receptors remain to be determined.

Lectins, their function and biological activities will be

discussed in Section B.

(v) Carbohydrates in Cell-Cell adhesion

Intercellular adhesion is a fundamental biological property
of cells in multicellular organisms and it is certainly iﬁportant in

a wide variety of physiological processes including growth, morphological
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differentiaﬁion aﬁd metastasis (Curtis, 1962). Opéenheimef et al. (1969)
used trypsin treatment to isolate sinéle cell sgspension of mouse
teratoma tumours which, when plaééd in a synthétié tissue culture
medium, showed rapid‘réassociationVofiindividual cells.'However, the
recovery of adhesivehésg required the presence of glutamine which
"could be specifically repié&ed by glucosamine or mannosamine. The
conclu;ion drawn from this was that conversion of non-adhesive to
adhesive‘cellé'correlates with tﬁe ability of the cells to synthesize
coﬁplex carbohydra£e. Thé involvemént of ceil.surfaée cdrbohydrate in
Ceiiular adhesion has also been studied by treating cells with
specific glycosidases; Roth et al.(1971) showed that treatment of
dissociated neural retina cells with B-galactosidase alters their
adhesive properties.'Similariy, the preferential adhesion of dorsal

_ retinal célls.to'the ventral half of the tectum was prevented by.-
treatment of the retinal cells with B-N-acetylhexosaminidase or by
treatment of the tectum with proteases (Marchase, 1977). It was
concluded from these gxperiments that oné of the ligands involved in
retinal-tectal_adhesion is a ganglioside (GM2) with a terminal
GalNAc residue, and that the other is a protein molecule which can

bind to GM s possibly a galactosyl transferase. This conclusion was

2
supported by the observation that liposomes containing GM2 bound
preferentially to dorsal tegtal halves (Marchase, 1977). The involvement
of cell surface glycosyltransferases in cell-cell adhesion had, in

fact, been postulated in a general hypothesis (Roseman, 1970), in

which adhesidn was suggested ﬁo be mediated by enzyme-substrate
recognition. However, this hypothesis has not since been satisfactorily
supported by experimental data and while it certainly stimulated

considerable work is not now generally regarded as a fundamental

mechanism of cell-cell adhesion (Culp, 1978). It is quite likely that
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the functional role of cell surface enzymes, if any, will be clarified
only when they can be purified and when antibodies to them have been
prepared. Both the pure enzymes and their antibodies can then be

tested as potential inhibitors of adhesion (Culp, 1978).

In view of the presence of lectins in.plaéma membranes and sub-
cellular membrane-fractions, of a range of mammalian species, Ashwell
and Merell (1977) suggesfed that carbéhydfate-mediatéd cellular and
intracellular recognition phenomena may be regarded as direct mani-
festations of native, endogenous mémmalian.lectins. Thls suggestion
is not dissimilar to the hypothesis of Roseman (1970) but provides
for a better appreciation of the prépertieS'of mammalian receptors
such as the hepatic bindiﬁgvproteih_which is totally devpid of
glycosyl transferase activity (Hudgins and Aéhwéll, 1974) and which
exhibits lectin-like characteristics in prométing erythrocyte agglu-
tination (Stockert et al., 1974) and inrstimulétihg mi togenesis in
lymphocytes (Noyagrodsky'ahd Ashwell, 1977). Mére recentlé,Kobiler
and Barondes (1979) isolatea avlectin frémleﬁbryonic chick muscle and
suggested that the lectin might play a role in interaction of developing
muscle cells with components of the extracellular matrix. Similarly,
Childs and Fezi (1979) isolated from calf heart a lectin that is
specific for blood group Ii antigens. The fact that théy also
reported the presence of receptors for fhis lectin im calf heart
extract could suggest that the leétin might play a role ln the inter-
action be;ween calf heart cells. The éresence of similar lectins

in the human liver and in rat Kupffer cells has been discussed above.

Research over the past few years has indicated the involvement



40

in cell adhesion of glycoproteins with subunit molecﬁlar weight of
200,000 - 250,000. These glycoproteins are now thought to be closely

related, and are termed fibronectins (Yamada and Olden, 1978).

Fibronectins from various sources probably represent just twe specific
proteins, cell surface and plasma fibronectins respectively. Cell
surface fibronectin [?lso known as LETS, large external traﬁsformation-
sensitive, (Hynes and Bye, 1974) or CSP, cell surface protein

(Yaméda and Weston, 1974)]_15 a major cohsﬁituenﬁ of the cell surface
of many cultured cells, and was discovered when cell surface proteins
or carbohydrates were labelled radioisotopically or immunologically.
Plasma fibronectins [élso known as Cig (Cold insoluble globulin)],

on the other hand, circulate in vertebrate blood (Iwanaga et al., 1978)
Current information suggests that although the two forms of fibronectin
are veryrsimilar, they are probably not identical (Yamada and Older,

1978).

The first evidence suggesting that cellular fibronectin may play
a role in cell-cell adhesion was the finding that fibronectin pﬁrified
from cell surfaces behaves like a lectin and readily agglutinates
fixed erythrocytes (Yamada et al., 1975; Baum et al., 1977). Purified
cell surface fibronectin can also increase aggregation of living
dissociated chick embryo and baby hamste: kidney (BHK) cells (Yamada et

al., 1978).

Serum factors are required for the attachment of certain cells
to collagen-coated dishes (Pearlstein, 1976; Hynes, 1978) or for cells
to attach and spread on tissue culture dishes (Grinnell, 1975a, b,, 1977).

These cell attachment and cell spreading factors are now thought to be
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serum fibronectin (Hook gE_gl.,1977). Such serum factors can bind
directly to collagen or to tissue culture dishes in the absence of

cells (Grinnell et al., 1977)
In spite of our knowledge about structuré, location and probable
function, the mechanism by which fibronectin interacts with cells and

with other adhesive molecules remains unclear.

(vi) Histocompatibility (transplantation) antigens;

A major histocompatibility complex (MHC) has been détected
in all mammalian species so far studied (Ting, 1981). The two groups
of histocompatibility antigens are the classical major t?ansplénta£ion
antigens (HLA-A, B and C in man; H-2K, D and L in the mouse) and the
VI-region-associated antigens (HLA—DRw in man and Ia iﬁvfhé‘mguse)
(Owen and Crumpton, 1980). The primary function of the MHC is immune
regulation of T—lympﬁocyte receptor and effecotr funetiohs (Zinkernagel

and Doherty, 1979).

The HLA-B and Cantigens are among the most extensively
characterised plasma-membrane glycoproteins. Their structures appear to
be closely related and are viewed‘as comprising four domains of
the external surface of the lipid bilayer (Fig. 20). One of theése is

-microglobulin (a non-glycosylated protein associated with HLA-A

B2

and B antigens) and the other three (al, a, and a3) are located in

2
the papain-cleaved fragments of the heavy chain (Fig. 20). A hydro-
phobic stretch of the heavy chain traverses the lipid bilayer of the

plasma membrane (for review see Owen and Crumpton, 1980). It is-

currently believed that the antigenic specificity of the glycoprotein
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Schematic representation of an HLA-A or B molecule
in the plasma membrane. The molecule is viewed as
comprising of four deomains at the external surface

of the lipid bilayer. B,-microglobulin comprises one

2

domain; the a_, a. and a

1 5 domains are formed by the heavy

3
chain. Digestion of the plasma membrane or detergent-
solubilized HLA-A and B antigens with papain>produCes
a water-soluble fragment of apparent molecular weight

34,000 which retains alloantigenicity.(Aftér Own and

Michael, 1980).
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residues in its amino acid sequence (Orr et al., 1979) rather than in

the carbohydrate side chain.

The serological:determinént of H-Y (a minor histocompatibility
antigen), on the other haﬂd, was ghown (Shapiro and Erickson, 1981)
to be dependent on a carbohydrate.  However it was not established
whether the determinanﬁ itself is a carbohydrate or is affected by a
carbbhydrated.. fhe histocompaﬁibility-Y-antigen ﬁas been isolgted
from cell surfaces of vertebrates 'and invertebrates and is thought
to be a male dgtermining substancé in mammals because of its almost
perfect correlation with maleness among a variety of mammalian

species (Pechan et al., 1979; Shalev et al., 1980).
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The Milk Fat Globule Membrane

Milk fat exists as minute globules with diameters ranging fram
0.1 - 20 um (Walstra, 1969). The stability of these fat globules
is almost entirely dependent on the interfacial layer‘at_the globule
surfaée, which separates the lipid from the aqueous environment
of the milk serum.This layer is known as the milk fat globule
membrane (MFGM), an understanding of which is cleariy relevant £o
the storage and processing of milk and cream. The MFGM has, hoﬁevet,a
more fundamental significance in that it is now generally accééted
to be derived direclty from the apical membrane of the secretory.
cell. As such, the membrane provides a convenient and easily qb—
tainable source of defined mammalian cell membranes which can serve:
as a model for structural studies of biological membianés in
general. In so far as the MFGM represents the mammary epithelial
cell membrane in particular, it can serve as a source of mgmmary
or epithelial cell antigens which are of potential medical importance
in breast cancer, pathogenic bacterial adhesion and in a range
of immunological phenomena. Interest in the membrane has accordingly
grown in recent years and the present introduction will attempt to
review the current state of knowledge concerning its origin and

properties.

(i) Historical Background

After the discovery in 1674 by Van Leeuwen hoek of fat
globules in milk, it was Ascherson (1840) who first recorded the
presence of an emulsion-stabilizing substance surrounding the
globules. He proposed that the 'haptogenic Qembrane' was formed as

a result of 'capillary condensation' and subsequent aggregation of
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albumin at the fat globule'surface; Babcock (1885) compared the fat
globules of milk with artificial emulsioné of the‘oil-in-water type,
which were known to be stabilized by an édéo;béd_phase, poséibly a
thin film of serum proteins. He later (;889)réported that he had
identified small percentages.of ?Lacto?fibrin' in milkvandt’that‘

it funcioned as a true meﬁbrane on the glﬁbuie surface. Early
attémpts to identify the matérialkcoating the surface of fat globules
Qeie faced with difficultiés_arising froﬁ the fact that milk_contains,
numeyoys proteins each of which is capable of stabilizing the

fat phase. To overcome this préblem Storch'(1897) washed bovine cream
with water at 35°C to remove these proteins before extractihg

the fat with alcohol or ether, leaviné the membfane proteins.

Palmer and Samuelson (l924) weré the first to isolate and partially
characterise MFGM mate;ial. They detéctéd high concentrations of
phospholipids in the membpane, establishing for the first time that
substances other than proteins wefe involved. Palmer and Weise later
(1933) demonstrated that phospholipids made up 17.5 - 20.4% of the
membrane material and showed that lecithin (phosphatatidylcholine),
cephalin (phosphatidylethanolamine) and sphingomyelin were present.
In addition they prepared an alcohol-insoluble, but ether-soluble
fraction which confained neutral lipid composed of high-melting
saturated fatty acids. These early studies were comprehensively
reviewed by King (1955) who summarized the daga, awailable at that
time, concerning the isolatién, origin, structure and chposition

of the MFGM. He proposed a two-layered membrane structure consisting
of an inner-léyer of high-melting triglycerides bounded by an
outer-layer of uncoiled protein attached to the surface of the fat

by a layer of phospholipids (Fig. 21).
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Fig. 21. After King (1955).

(ii) Origin and Structure of the MFGM

As seen from the above discussion, early workers accepted
the idea that the interfacial layer at the surface of the fat globule
was composed of milk components adsorbed to the fat. Bargman and
Knoop (1959), using electron microscopy, presented the first clear
evidence concerning the true naf.ure of the membrane. Their electron-
micrographs showed the proéressive envelopment of the emergir;g‘
milk fat globule by the apj.cél cell membrane of the secretory cell.
Finally the fat globule was seen to bé released into the lumen
surrounded by an intact membrane. This mechanism of seqretion was

represented diagrammatically by Bargman and Welsh (1969) (Fig. 22).
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As this mechanism of secretion involves the‘loss of membrane
maﬁerial from the apical regions of the mammary cell, Patton and
co-workers (Patton and Fowkes, 1967; Patton and Hood, 1969)
introduced a concept of membrane differentiation and flow involving
fusion of the Golgi vesicle membrane with the plasmalemma (Fig. 23)

~ which would tend to make good such losses.

Oné problem with this—concept, is ghat tﬁe.aﬁount §f membrahe
present in surface-associated vesicles in the lactating cell greatly
exceeds thaf removed by milk fat globule secretion. This problem

is discussed by Patton and Jensen (1975). Wooding (1971a) produced
"electron micrographs which showed that Golgi vesicle membranes were
.directly involved in the secretion process and he later (1973) demonstrated
ithéjpossibility-bf the formation of the MFGM, under certain conditions
-ln goats, from the Golgi vesicle membrane without the participation

of the plasma membrane. This observation appeared to be limited to

one group of asimals but nevertheless emphasizes the important role

' éf the Golgi vesicleé in the secretion of the milk fat. Wooding

et al. (1970) reported that a small percentage (1 - 5%) of the fat
globules in the milk of various species included small crescents

of cytoplasm trapped between the fat droplet and the surrounding

" membrane, bﬁt very little oytoplasmic material is carried away by

the fat globule, in this way. These crescents sdmetimes contained
mitochondria and other cell organelles, a fact which was subsequently
supported by chemical evidence (Swope and Brunner, 1968). Hood and
Patton (1973) isolated intracellular milk fat droplets from bovine

- mammary tissue and found no evidence for the presence of é true

membrane surrounding these droplets. However, the droplets appeared
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Fig. 22. After Bargmann and Welsch (1969)
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£i g. 23. After Patton and Keenan (1975).
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to be enveloped by é discohtinuqus 'osmiophilic' layer and this was
reported to be camposed of a phospholipid-cholesﬁerol film containing
a small amount of adsorbed prbtéinf It was thought that the phospho-
lipid originated from the eﬁdopl;smic reticulum and the protein§

were adsorked from the cytoplasm to stabilize the globule.

wﬁereas it is generally agreed that, immediately after secretion
from the mammary cell,.the milk fat globule is enveloped by an
intact biological membrane, the subsequent fate of this membrane
has beep thé subject of debate. Electron micrographs suggested that
structural changes start dﬁring (Farrell and Thémpson, 1964;
Kurusomi et gl,, 1968) or direétly after (Keenan et al., 1970;
Wooding, 1971b, Carroll et al., 1972) secretion. In view of the fact
thatAthé MFGM originates from a typical bilayer membrane it might
be expected that ifs jﬁxtaposition with non-polar fat globules
would initiate structural rearrangement. Rearrangements of this
type have indeed, been demonstrated in the anologous chylomicrons
by Zilversmit (1968). While Keenan et al. (1971) explained composi-
tional differences between MFGM and plasma membrane, in these
terms, Stewart and Irving (1970), on the bther hand, observed that
a dense layer (15 - 25 uym) of loosely-adsorbed material is present
at the globule surface and suggested that this may be present
within the secretory cell prior to its envelopment by the plasma
membrane. Such an inner layer of polar material could well obviate
the need for rearrangement of the outer MFGM. Even more dramatic
changes were suggested by Wooding (1971b) who concluded, from
electron microscopic evidence, that thg 'primary' MFGM was actually
shed from the globule surface leaving a structureless 'secondary'

membrane. Chemically there is little support for microscopic
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evidence of extensive post-secretory changes in the membrang and
both chemical and enzymic contents are generally repoited to be
qnaffected by secretion (Ratton and Traﬁsd97l;v Baumrﬁcker and
Keenan, 1973). Bauer (1972) has exam;néd the effect of éreparative
procedures on the electron microscopic abpearanceof the MFGM, and
concluded that conventional methods of fixation may lead to arte-
factual displacément of the membrane from the milk fat globule.
Indeed, Pétton (1973) réported that variatioﬁs in ultrastrﬁcture

can be produced by different types of fixation whereby it is possible
to get double 1inés, single lines and layéred effécts on the'éame
globule. The scanning electron micrographs of Horisberger et al.
(1977) made use of gold-labelled lectins té show that the greater
part of the milk fat globule is covered by MFGM and fhe present

view is that while compositional‘changes in the mémgra£e‘can certainly -
be induced by different types of procéSsing (Mulder;and Walstra,
1974) freshly expressed milk fat globules largely retain the unit

membrane of the mammary secretory cell.

(iii) Isolation of MFGM

As stated above, Palmer and Samulsc_:n' (1924) were the
first to isolate and partially characterise MfGM material. Isolation
of the MFGM is generally considered to be a straightforward procedure
in view of the almost complete absence of cytoélasmic ¢QntaminationJ
The first step in recovery of the globulé membrane is to separate
fat globules from milk serum. This can easily be achieved by centri-
fugation either in a conventional centrifuge or in a CQmmerCial
cream separator. The séparated globules are then washed several

times with water or isotonic buffer to remove adsorbed milk serum
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components. Membrane material can be removed directly from the
washed globulesrsimpiy by chufning, fréezing—thawing or sonication

all of which disrupt the membrane so allowing the globules to

coalesce produqing butter. The resulting buttermlik constitutes

an aqueous suspension of membranes. Conditions for the waéhing of

- milk fat globules must be carefully chosen as the possibility cléarly
exists of remqving loosely—associated membrane constituents, as well
as adsorbed milk serum comﬁoneﬁté;’ éhese problems have béen:discussed
by Brunner (1974) and Mulder and Walstra (1974). Swope and Brunner
(1968) showed that three washes with three volumes of deionized

water reduced the concentration of serum proteins to acceptable levels.
Patton and Keenan (1975) have feported that better eventual yields

of membrane aré ocbtained by the use of isotonic wash solutions
&sucrose or NaCl) -rather than with water or dilute buffer. They
attributed this to greater stability of the gloﬁuleé and consequently
tq less separation of membrane fragments during washing. Anderson

et al.(1972) demonstrated that cooling the milk before membrane
isolation resultea in a lower recovery of membrane materiai. Data
presented in table (2) clearly show the loss of membrane material

~as a result of globule washing.

The relative merits of the various disruption procedures have also been
studied. Kobylka and.Carraway'(l972) investigated several procedure
in orde.r to optimize the preparation of bovine MFGMIW\:B showed that
freeze-thawing in buffered sucrose containing magnesium ions was
éuperior to the homogenization methods investigated. Martel et al.
(1973) oh the other hand, compéred churning and freeze—thawing
procedures for prepération of human MFGM and reported that churning

gave the higher yields and a superior fraction, based on morphological
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‘Content in cream

Sample (9/190 m;)
phosphqlipid; protein
Original cream 0.45 ©11.40
Washed once Of34 1.66
Washed twice 0.24‘ 0;73
Washed thrice 0.22 O.Gi
Washed 4 times 0.19 0.59
Original cream 0.40
Washed 4 times 0.35 0.69
Washed 8 times 0.28 0.61
Washed 12 times 0.18 0.54
Washed 24 times 6.13‘ 0.46

Table 2. Loss of materials from fat globules in cream by

washing (After Mulder and Walstra, 1974).
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and enzymic comparisons.

?a;tbn»and Keenan (1975) suggested that for certain studies
ofrmémbrane constitueﬁts, (e.g. enzyme activities, electrophoretic
mobility, labelling of external membrane constituents) washed
gloﬁulés can be used as such. Membrane éroteins have beén obtained

.dixectiy from intact fat globules by sodium dodecyl sﬁlfaté (BDS)
traétment (Kébylka ahd Carraway,,lé?Z; Anderson gg_é;;, 1972;

Mather and keenan, 1975) and phospholipids have been similarly
extracted using organic solvents (Huang and Kukis, 1967; Patton

and Keenan, 1971). Moreover washed intact milk fat globules are
én‘ideal s£arting point for the production of glycopeptide fractions
: whiéh may be cleaved fram the membrane outer surface by proteolytic

enzymes (Harrison et al., 1975).

(iv) Composition of MFGM

Almost all data available on the composition of MFGM concern
the bovine membrane. Proteins and lipids together account for over
90% of the dry weight of the membrane material (Swope and Brunner,
1970; Thompson et al., 1961) but the relative proportions of these
two constituents vary greatly according to many factors including
season, diet and stage of lactation in the animal. (Patton and
Keenan, i975). The method of membrane isolation is also relevant
in this context (Anderson et al., 1972; Chandan et al., 1971;
Walstra, 1972; Anderson and Cawston, 1975) as it involves the
separation of membrane material from a fat droplet containing
over 9b6% triglycerides. The gross composition of the membrane.:

according to Patton and Keenan (1975) is given in Table (3).
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Constituent

Amount _

'froteins

Total lipids
Neutial iipids
-Hydrocarbons
Sterols
Sterdl esters
Giycerides.'
Free fatty acids
Cerebrosides
nggliosides
Sialic acids
Hé*osés

Hexosamines

25 to 60% of dry wt.
0.5 to 1.1 mg/mg protein

" 56 to 80% of total lipids
1.2% of total lipids
‘0.2-t§ 5.2% -of total iipids.
0.1 to 0.8% of total lipids
53 té 74% of total lipids

- 0.6 to 6.3% of total lipids
3.5 nmol/mg protein
6 nmol/mg protein
63 nmol/mg protein
0.6 pmol/mg protein

0.3 umol/mg protein

.Table 3. Gross compesition .of bovine milk fat globule -

membranes (After Patton and Keenan, 1975).
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I. Lipids

fhe lipid fractioﬂ of the MFGM wés first characterized in detail
by Thompsbn et al. (1961) who demonstrated that the membrane contains
phospholipids, triglyceridés including many with high melting point
(>50°C) , mono and diglycerides, free fatty acids, cholesterol
esters, caréotene and sgualene-like substances. Distribution of
individual phospholipids were shown to be similar in MFGM and in

‘plasma memﬁranes-of fhe seéretory cells (Table 4).

Phospholipid | R % of total lipid phosphorus
PM MFGM
Sphingomyelin 23.5 21.9
Phosphatidylcholine 32.9 36.2
Phosphatidylserine : : - 4.4 . 4.1
Phosphatidylinositol 11.6 10.7
Phosphatidylethanolamine 4 25.3 27.5
Cardiolipin ' 0.4 . -
Lyso derivativesi 1.8 2.3

Table 4. Phospholipid distribution in MFGM and bovine mammary

epithelial membrane (Patton and Keenan, 1975).

Triglyceride may account for more than 60% éf the neutral
lipid of MFGM compared with a corresponding figure of 24% in
the plasma membrane of the mammary cell (Keanén and Huang, 1972)
while a compafison of the triglyceride fatty acid compositionr
of plasma membrane'(Keenan and Huang, 1972) and MFGM shows that,

in general, plasma membrane has a much lower content of 16:0 and
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18:0 faﬁty acids thanvaoes MFGM. These_observetions indieate>that
it is most unlikely that 511 the friglycerides'in MFGM could have
arisen from plasma membrane trileceriae and it has been concluded
(Walstra, 1974) that much MFGM £riglyceride represents fat globule-
deriwed .contaminant atteehed te fbe membrane during preparation.
That this triglyceride>isfassoeiated‘ﬁith the inner face of the
MFGM is supported by the @icroelectrophoretic studies of Newman
and. Harrison (1973) wﬁieh'indicated that'the outer surface ef
intect bovine milk.fat globuies is éiedominansly ionogenic ana
contains.liptle:neutral lipid. Indeed mieroscopy shows the presence
of a layef of material associatea with one face ef isolated MFGM
and this has been iaentified'as high melting point triglyceride
derived from the fat globule itself (Bauer, 1972; Keenan et al.,
1970, 1971). A different point of view has been expressed by
Wooding (1972) ana Martel gﬁ_g&.A(1973) who regard this attached

layer as representing one or more protein fractions.

Keenan (1974) was able to distinguish six different gangliosides
in the bovine MFGM and he reported that 90% of total milk ganglio-~
sides are present in the MFGM and represent approximately 8% of
the total sialic acid. Detailed analysis of the lipid composition

from human and bovine milk was published by Bracco et al., (1972).

II. Proteins

Early studies established that MFGMVproteins are different
from those of milk as a whole. Membrane preparations have been
extracted by various procedures and both soluble and insoluble
fractiens haveAbeen'investigated with respect te compositional,

immunological, electrophoretic and sedimentation characteristics.
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These studies have been extensively reviewed by Brunner (1974).

Using polyacrylamide gel glectrophoresis (PAGE) , ngnan et al.
(1970) deﬁonstrated»the presence of nine polypeptides in bovine
MFGM and showed that these are similar to those isolated from
5dvine mammary cell membrane. It has since been found that more
than 98% of the MFGM proteins can be solubilized by treatment with
‘VSDS énﬁ 2fmercapto¢tﬁanoli(Mather énd kénnan, 1975) aﬁd:electro—
phoresis in SDS-containing polyacrylamide gels has demoﬁstrated the
pfesence of 5 - 7 major bands in the majority of investigations
of bovine MFGM (Anderson et al., 1974 ; 1972; Anderson, 1974;
Kébylka and Carrawaf, 1972; 1973; Mather and Keenan, 1975). It is
difficult to compare the results from the different studies, as
differing concentrations of acrylamide and acrylamide/bis-acryl-
amide ratios have been used, and whereas some authors have dis-
regarded minor bands, others have included all bands whatever
their concentration. Different methods of preparation and exﬁraction
give rise to varying relative preparations of individual MFGM
proteins, but the same polypeptides appear to be present in all
preparations (Kobylka and Carraway, 1972; Anderson et al., 1974,
Anderson and Brooker, 1975). Coomassie-Blue stained electrophoretic
patterns of human and bovine MFGM proteins were shown to be some-

what similar (Martel et al., 1973; Mather and Keenan, 1975).

Glycoprotein components of the MFGM have been detected by
periodate-Schiff (PAS) staining of polyacrylamide gels. Six glyco—’
proteins have been reported to be present in the bovine MFGM
(Kobylka and CarraQay, 1972; Anderson et al., 1974 , 1975)

whereas only five glycoproteins were observed by Kitchen (1974) and
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Mather and Keenan (1975). Anderson EE.El°(1974) examined the behaviour
‘'of bovine MFGM protéins and glycoproteins in several concentrations
of acrylamide and calculated the free electrophoretic mobility

and retardation coefficient for eéch protéin. From these calculations
three of the glycoproteins appeared to be identical ﬁo three of_the
protein bands, indicated by Céomaésie—blue staining. This conclusién
has since‘been supported by Mathgrrgnd Keenan (1975). Combinations
.of centrifug;tion and ext;actioh techniqués haQe fesulted in the
separation of mixtures containing up to seven PAS-staining components
(Anderson and Cawston, 1975; Kanno et al., 1975; Shimizu et al.,
1976; Murray EE{E}T' 1979). Kéenan EE.Ei'(1977) have used lithium
diiodosélicylate to extract a high molecular weight glycoprotein
fraction from bovine MFGM. This fraction had three electrophoretically
distinguishable élycosylated proteins but was freeiof nonglycosylated
proteins. The isolated final fraction was shown to be water-soluble
and antigenic when injected into rabbits. Nielsen and Bjerrum (1977),
.have establishedrcrosséd iﬁmunoelectrophoretiC'patterns showing a
number.of precipitin arcs when détergent—solubilized bovine MFGM

was electrphoresed into a gel containing anti-bovine MFGM antisera.
The introduction of intermediate concamavalin A gels demonstrated
that all the antigenic MFGM components were glycoproteins. snow

et al. (1977)isolated a water-soluble glycoprotein from bovine MFGM.
This glycoprotein was purified to'appioximately 95% purity by
hydroxyapatite chromatography followed by gel filtration. Chemical
.analysis indicated that it»contains 50% by weight carbohydrate,

30.5% of which.is sialic aciq. The other major monosaccharides are
N-acetylgalactosamine, N-acetylglucosamine, galactose, mannose and
fucose. The major amino acids are leucine, glutamic acid and glycine.

Murray et al. (1979) have studied the ability of glycoproteins of
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bovine and human MFGM to bind to different lectins after electro-
phoretic separation. Seven lectin receptor glycoproteins were
detected in bovine and five in humaﬁ MFGM. The abilities of'these
glycoproteins to interact with certain lectins were alsb reported

to be different. They also separated two major nonionié-deteréenﬁ—'
insoluble glycoproteins from oniné and human MFGM. betergent—
insoluble polypeptides with similar or identical electfophoretic
‘mobilities vere also fepoitéa to be present iﬁ the milk fat glbbule.
membranes from four other species (rat, sheep, pig and ggat);iTryptic
peptide mapping revealed these polypeptides to be nonideﬁtical

between species.

A different approach to the study of MFGM su;féce components
has inyolved the treatment of intact milk fat glqbules with prqteo—
lytic enzymes. Treatment of bovine milk fat glcbules with pronase
resulted in the release from the membrane surface of sialogiyco-
peptides containing, in addition to sialic acid, N-acetylgalactdsamihe,
N-acetylglucosamine, galactose, mannése and fucose (Higginbotham
and Harrison, 1972; Harrison et al, 1975; Harrison, 1977; Farrar
and Harrison, 1978). Newman et al. {1976a)reported that alkaline
borohydride treatment of a crude glycoproteiﬁ preparation from
bovine MFGM gave a fraction from gel filtration th&t contained the
reduced disaccharide B-D-galactopyranosyl-11—+3)-N-acetyl-D-galacto-
saminitol together with two molecules of sialic acid. Périodate-
oxidation and alkaline-degradation studies on the gl&coprotein
mixture suggested that the major alkali-labile oligosaccharide
component was a tetrasaccharide containing B-D-galactopyranosyl-
(1*3)-N-acetyl—D—gélactosamine substituted by sialic acid at

position C-3 of the galactose and C-6 of the N-acetyl-D-galactosamine
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residue (Fig. 24). Later, Farrér and ﬁarrison (1978) isolated this
tetrasaccharide together with the ﬁrisacchafides II and IiI‘(Fig.
24) which were fglly characterised'by methylation analeis coupled
with periodate-oxidation and gas_liquid_chrqmatography; The presence
of tetrasaccharide I (Fig. 24) on.human HfGM also has been suggested

from studies of Newman et al., (1977) .

The exposure of specific carbdhydraﬁe residues on the outer
surface of intact milk fat globules has been little investigated.
Microelectrophoretic,stﬁdies of Newman and Harrison (1973) demon-
strated the exposure of sialic acid on the surface of intact bovine
milk fa; globules, but this.techniqué‘did-not allowbthe detection
of other sugars. Hbrisberger et al. (1977) in an interesting electron
microscopic stui& havé shown the ability of certain gold-labelled
lectins to bind.in a specific manher to the surface of human and
bovine milk fat globules. In view of the possible involvement
of sugar residues in a range of cell surface interactions the nature
of the exposure of such residues oﬁ the outer surface of biological
membranes is of particular interest and the MFGM presents a con-
venient model system for the study of such exposure. Studies of
this type adco:dingly constitute a part of the experimental work

described in the present thesis.

III. Enzymes of the MFGM:

Many enzymes have been identified in cream and in isolated
MFGM. The amount of each enzyme present is probably influenced by
a number of factors including, method of preparation (Mulder and’
Walstra, 1974;Powell et al.,1977),stage of lactatation (Anderson and

Cheeseman, 1975), species (Anderson and Cawston, 1975) and pathological
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state (Anderson et al., 1974a, 1975; Anderson and Cheeseman, 1975;
Kitéﬁen et al., 1970). Plasma meﬁbfane marker enzymes have been
,deteéted'with high specific activity ih bovine MFGM preparations
(Solym and Trams, 1973; de Pierre and K ovgky,l973; Morré et al.,
1974; Tramé and Lauter, 1974). VMitochondrianYMorton, 1954; Baile
~and Morton, 1958; Dowben et al., 1967) and éndoplasmic reticulum
_markers (Kitchen, 1974; Dowben et al., 1967; Keenan and Huang, 1972;
Plantz gﬁigl.,‘l973) are.ab;ent‘from or éresen£ iﬁ very'low spécific
activities in bovine MFGM. Results concerning the-presence of Golgi
-marker enzyﬁes in MFGM are less clear. As previously mentioned,
Wooding (1971a,1973) reported electron microscopic evidence which
implicatgd Golgi vesi¢le>membrane in the mechanism of milk fat
secretion. Hoyever, a number of reports (Keenan et al., 1970;
‘Kéenén'and-Huang;;1972; Kennan, 1974) documented the absence‘of’
Golgi enzymes in MFGM and although Martel et al. (lQ?Z)rerpéted

the presence of glucose—6-phospha£ase and lactose synthetase

(Golgi markersi in human MFGM preparations, they explained ﬁhe
" presence of these enzymes as arising from contamination by
cytoplasmic components. Powell et al. (1977) suggested that the
absence of Golgi markers in isolated bovine MFGM preparations results
from their deactivation by proteolytic enzymes at the relatively
high teﬁperatures used iﬂ the isolation and purification. Galactosyl
transferase was in fact found in MFGM and was shown to be similar

to that extracted from lactating mammary cell Golgi membrane, and

to have a higher molecular weight than the soluble galactose trans-

ferase of milk serum.

Dowben et al. (1967) reported the presence of the plasma membrane

' + +
enzymes ac¢id and alkaline phosphatase and Na and K -activated ATPases
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in bovine MFGM. Patton and Trams (1971) and Huang and Keenan
(1972) have demonstrated that 5;—nucleotidase and Mg++-acti§ated
ATPase were present in the MFGM but théy were unable tp aetermine
the presence of Na+, K+ ATPase which has, in fact, beeﬁjreported
to be present in the basal but not the apical pla;ma’membréne

of the secretory'cell. The presencé of Mg++—activa£éd'ATPase in
bovine MFGM was later confirmed by the immunological studies of
Nieison and Bjerrum (1977). @ike alkaliné phdsphatéses ffom_ Escherichia
coli and other mammalian sources, MFGM‘alkaiine phosphatase is
usually . stable in the presence of:SDS (Mather and Keeﬁan, 1974).
This property allows detection of alkaline»phosphatase in. SDS-
polyacrylamide gels. Table (5) summarizes the énzymesldetécted in

the MFGM by Dowben et al. (1967).
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Enzyme Origin Presence in
’ the membrane
Lactate dehydrogenase cytoplésm_ -
Xanthine oxidase microsomes +
Succinate dehydrogeﬁase mitochondria +
NAbH:cytochrome c reductase microsomes (little)
Cytochrome oxidasé' Mitééhondria -
Catalaée cytopl%sm, leucécytes +
As?artaie aminotransferase cytoplasm -
Risonuclease | lysosomes -
Lipase ? -
Acetylcholinesterase microscomes +
Alkaline phoéphatasé microsomes +
Acia phosphatase . lysosomes little
Glucose-6-phosphatase microsomes ? +
phosphodiesterase microsomes +
M92+ activated ATPgse microsomes +
(Na+ K+ M92+)activated ATPase microsomes +
Aldolase cytoplasm little

Table 5. Milk enzymes and the milk fat globule membrane.

'Origin' refers to the probable site of the enzyme

before secretion.

(After Dowben et al., 1967).



Section A

Isolation and characterisation of sialoglycopeptides

from bovine MFGM.
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‘Materials and Methods

I. Maperials:

D—ga;actose, D4mannosé,'D—glucose, N-acetyl-D-glucosamine,
N—acetyl-ngalactosahine; N-acetylneuraminic acid (sialic acid),
'L;fucose,'L-cysteinehYdrdchloride and thiobarbituric acid were

purchased from Sigma (London) ChemicalACo., London, S.W.6, U.X.

Pronase (B grade, Streptomyces griseus proteinase) was from
-Calbiochem Ltd., London, W.l. Sephédex and Sepharose gels were
from Pharmacia (G.B.) Ltd., London, W.5. Complete and incomplete

Fréund's adjuvant were from Miles Laboratories, U.S.A.

‘The>gas chromatographic columns and packings were from Phase
Separations Ltd., Queensferry,Flintshire, U.K. Mercaptoethanesulphonic
.acid and microflux vials were fram Pierce Chemical Co., Rockford,
illinois, U.S.A. All other reagents and solvents were obtained from
-BDH Chemicals Ltd., Poole, Dorset, U.K. and were AnalaR grade

whenever possible.

SDS markers (IgM p-chain, IgG y-chain, IgG K-chain and ovalbumin)

were donated by Mr. A.M. Jehanli, University of Bath.

II. Methods

Isolation of Milk Fat Globules:

Fresh cows milk, approximately 24 1, from a Friesian herd in
mid-lactation was pooled and maintained within 3 - 4 oC of the
milking temperature in an insulated container. The milk was warmed
to 400C, as soon as possible, and separated in an Alfa-Laval

bench cream separator, calibrated to give approximately 40% cream.
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The isolated cream (1 vol) was suspended in double distilled water
(3 vol) and reseparated. The susbension and deparation procedure
waé fepeated three timés, after which the creém was suspended in
50 mM Tris-hydrochloride buffer (2 vol), pH 7.8, containing 4 mM

CaClz.

Gel filtration and Ion-exchange Chromatography:

Ail gel filtration aﬁd ion—exchaﬁée chréméﬁography.prpcedures
were carried out at room temperature. Sephadex gels were swollen
by equilibration with water, except for DEAE-Sephadex A-25
which was swollen with 0.65 M pyridine acetate buffer, pH 5.

-When not in use, columns were stored in the presence of 0.02% (v/v)

hibitane (Chlorhexidine) to prevent bacterial proliferation.

Flow rates during column elution were maintained with LKB
Varioperspex pump and fractions were automatically collected on an
LKB Redirak 2112 fraction collector with an electronic tiﬁer. Column
eluates were monitored contiﬂuously (at 280 or 240 nm) with a
Cecil 272 spectrophotometer coupled to a Bryans 28,000 chart

recorder.

Protein Determinations:

Total protein in aqueous column eluates was determined colori-
metrically by the method of Lowry et al. (1951). Protein in the
presence of Triton X100 was estimated by the method of Bonsall and

Hurst (1971).



67

Hexose and Hexosamine determinations:

Total hexoée was determined in samples and column fractions
célorimetrically by a modificatioﬁ of the chteine/sulphurié acid
assay (Dische and Dénilchenko, 1967), using a calibration curve
based on D-galactose. Individual sugars, including aminosugars,
were determined in the purified sialoglycépeptides and oligosaccharides
as their alditol acetate derivatives by gas liquid chromatography
(séé‘gasviiq&id chréﬁatpgraphy). Quantitatiye determinations were
done'by using alditol acetate derivatives comparing detector responses

for individual sugars with those of identically-treated standards.

Sialic acid determinations:

Sialic acid in column eluates was determined by hydrolysing
an aliquot (0.1 ml) with 0.2 N-H,SO, (0.1 ml) at 80°cfor 1 h,
followed by assay of the frée sialic acid by using thiobarbituric
acid as described by Warren (1959) and modified by Aminoff (1961).
In the case of column eluates containing pyridine acetate buffer,
aliquots (0.1l ml) were first freeze-dried to reméve the volatile

buffer and then redissolved in water (0.1l ml) before assay as

above.

Gas liguid chromatography

As mentioned above, quantitative estimation of individual sugars
in both oligosaccharides and sialoglycopeptides was carried out by
analysis of their alditol acetate derivatives by gas liquid chroma-
togfaphy(g.l.c.).This involves three steps, namely acid hydrolysis
to release the bound monosaccharides, reduction to the alditol
form by treatment with alkaline sodium borohydride and finally

acetylation by treatment with acetic anhydride.
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Aliquots (0.1 ml) containing purified_oligosaccharides or
sialoglycopeptides (iOO -.200 ug) in 1 ml microflux vials were
dried down at 50°C in a geﬁtle stream 6flnitrogén. 2N-Trifluoro-
acetic écid (TFA) (§O'ul)fcontaining perseitol (1o - 20 ug) .
as an iﬁternal sténda;d, was:édded to eééh éample and the vials
wergnsealed and incubatéd at 1219C‘for 1 h after whiéh théy were

dried aé described above. 3M-NH OH (100 pl) was added to ensure

4
alkaline conditions and. the réduction-oﬁ the released monosaccharides .
was then carried out by addition of freshly-made sodium borohydride
(25 ul) in 3 MjNH40H £26 mg/ml). Vials were sealed
and incubated for l'ﬁvat room temperature. Excess borohydride
was neutralised 5y addition of glacial acetic acid (1 - 3 drops)
followed by addition of dry methanol (100 ui) and drying as described
aboﬁe. The addiﬁiéhlof ﬁethanol (LoO0 pl) was repeated four times the
first of which was:carried out by using methanol-water (1:1). Acetyl-
atien was carried out by addition of dry acetic anhydride (50 ul) and
o

incubation at 121 C for 1 h. The samples were dried and the residue

was dissolved in dichloromethane (50 - 100 ul).

Gas chromatography was performed by injection of samples
(0.5 - 1.0 ul) of the dichloromethane solution directly into
colﬁmns (2 m x 0.25 cm) of coiled glass containing either 3%
OV-17 or OV-225 on High performance Gas Chrom Q in a Pye Unicam
Series 104 (0OV-17) or a Perkin;Elmer, Sigma 3 (OV-225)lgas
chroﬁatograph equipped with a dual flame ionization detector.
Chromatography was carried out isothermally at 2050C (ov-17) or at

200°C (OV-225) with carrier gas flow rates of 45 ml/h.
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Standards were prepared by derivatising aliquots (50 pl) of
equimolar miktures of standard hexoses (gélactose, glucose, ﬁannose
and fucose), hexosamines (N-acetylglucosamine and N—acetylgalacto-'
samine) and internal standard (Perseitol) under the same conditions,
describéd for the samples. Quantitation of individual sugars in
tﬁe purified sialoglycopéptides and oligosaccharides was achieved

by reference to the internal standard using the following formula:

"Peak area of monosaccharide
Peak area of Perseitol

Weight of monosaccharide

peak area of perseitol

xXKFxwt .Perseitol

where KF

Individual sugars were identified by comparison of their retention

times with those of the authentic standards.

Amino acid analysis:

Sialoglycopeptide samples (160 ug) in phosphate buffered saline
(160 pl), pH 7.3, were dried down under vacuum. The residue ffom
each sample was then hydrolysed in a sealed tube under N2 at 1100C
for 22h with 3N-mercaptoethanesulphonic acid (200 pl). The
acid was then neutralised by addition of 1N-NaOH (400 ul) before
being injected into the amino acid analyser. The amino acids
of the samples were identified by reference to standard amino acids
under the same conditions. Samples (200 ul) were injected directly

into Chromaspek amino acid analyser (Rank Hilger).

Preparation of Sialoglycopeptides for immunisation

Sialoglycopeptides prepared in phosphate buffered saline, pH

73, (2 mg/ml) were diluted by addition of equal volumes of Freund's

peak area of equal wet. of monosaccharide
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complete (first injection) or incomplete (subsequent injections)
adjuvant. The emuision (1.5 ml) was then injected into full-grown
New Zealand rabbits at.four sepérate intramuscular sités. Animals
were injected at four-weekly intervals,‘and blood was taken for
estimatioﬂ of antibodies seven days after each injection. Antisera
raised in sheep and rabbits against the whole solubilised bovine

MFGM were generous gifts. from Dr. G. H.Farrar, University of Bath.

Collection of antisera

Blood (10 ml) was taken from_péripheral ear veins and allowed
to clot for 1 h at 37°C. The clotted blood was then left overnight
at 4°C to shrink the clot. éerum was separated and centrifuged
(7,000 X g, 15 min) to‘sediment cells. Aliquots (0.5 ml) of the

'serum were stored at -20°C until required.

. Milk fat globule agglutination assay’

Washed bovine milk fat globules suspenéion (20 ul) was incubated
with a serial dilution of antisera (20 ul) and PBS huffer, pH 7.3,
(20 pl) for 1 h at room temperature in a humid environment after
which the gloiules suspension was examined at x100 magnification using
a light microscope. Control experiments were carried out by using

PBS hiffer, pH. 7.3, in pl ace of antisera.

Inhibition assays were performed‘by preincubating four
agglutination doses of the antiéera (20 ul) for 20 - 3Q min with
inhibitor-containing buffer (20 ul) at room temperature in a humid
envirﬁnment béféxe addition'of the globule suspension (20 ul).

The mixture was aliowed to stand under the same conditions for lh

before beihg examined, at X100 magnification, by a light microscope.
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Agglutination titres were expressed as the reciproéal of the
minimum dilution of the antisera giving less than 30% agglutination.
Inhibition titres weré expressed as the minimuﬁ concentration of
the inﬁibitor, in the final volume, required to inhibit four
agglutination doses of the antisera. The detailed experimental
procedure concerning the preéarétion of milk fat globules for

‘agglutination assays will be given in Section B.

Immunochemical gel preparation techniques
Gels. for double immunodiffusion studies were prepared as follows:
1% (w/v) Agarose (17 ml) together with half its volume of phosphate

buffered saline, pH 7,3 containing 0.02% NaN_ and 1.5% polyethylene

3

glycol with or without 1% Triton X100 was poured onto a glass plate
o
(85 x 95 x 1. mMm) and allowed to stand at 4 C in a humid environment.

Gels for immunoelectrophoresis were prepared by using 1.5% (w/v)
Agarose (17 ml) in 0.025 M barbitone buffer , pH 8.2, containing
0.02% NaN3 and 1.5% polyethylene glycol. The electophoresis

conditions involved application of 14 m amps per slide for 1 h as

described by Hudson and Hay (1976).

Agarose gels were freed from soluble protein, dried and
stained with 0.5% Panceu S in 5% acetic acid. Destaining was

performed in 5% acetic acid.
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Experimental and Results

Proteolytic digestion of milk fat globules

Washed cream (500 ml) was suspended in 50 mM-Tris-HCl buffer,

pH 7.8, (1000 ml) containing 4 mM~CaCl, at 37°C and 50 mM-Tris-HCl

2
buffer, pH 7.8, (500 ml) containing pronase (150 ug/mi) at 37°C

was added. .The digestion mixture was incubated for 1 h at 37°c

with continuous gentle étirrihg,-cooled on icevand centrifuged. 

(2,306 X g; 1h). The aqﬁéous phase_(sﬁbnatant) wés carefuliy séparated
from the fat, concentrated (to 200 ml) by rotary evaporation (at 37°C)
and extensively dialysed against distilled water at 4°C,‘.The
non-diffusible material was further concentrated (to 60 ml) and
centrifuged (100,000 x g, lh) to remove suspended lipid. The resulting
Yellow-brown aqueous phase was concentrated (to 25ml) aﬁd centrifuged
(125,000 x g, 1h) to give a pellet,a lipid layer and a clear solution
containing hexose and sialic acid. The clear layer ;as carefully .
removed and was divided into 4 ml samples which were stored at -ZOOC.V‘

&

Treatment of washed cream in the absence of pronase resulted in

. L ot
‘ . . o .
the separation of a much less. intenSely coloured solution which
ke s _.,> : . _r e
contained almost no soluble sialic acid although smal} amourits of .

fat mg@brangous pellet,.éfesuﬁ;biy resulting from mechanical mani-

pulatioﬁiOf the s%mple were present in the pronase-free control.

Purification of the pronase-cleaved glycopeptides

The pronase-digested material (4 ml) from the above step waé
applied to a column (90 cm x 2.5 cm) of Sephadex G-50 (fine) previously
equilibrated with water at 22°C. The‘column was eluted with water
at 22°C with a flow ?ate of 60 ml/h. Fractions (10 ml) were auto-

matically collected and continuously monitored at 280 nm. Individual
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fractions were assayed for hexose and sialic acid and a major,
included peak was found to contain approximétely 60% of the hexose
and 80 - 90% of the sialic acid of the initial samélé(Fig; 25).
.Practions corresponding to the major sialic acid—héxoée peak

and showing low absorbance at 280 nm were pooled and freeze-dried

to give a white fluffy residue (apérox. 100 mé) which was dissolved
in 0.05 M pyridine acetate buffer, pH 5, (4 ml) and samples (1 ml)
_wére abplied to_a cbiumn (25 cm x'i.S cm) of DEAE—Sephérosé CL-6B
previously equilibrated in the same‘buffer. The column was success-
ively eluted at.22°C with 0.05 M pyridine acetate bdffer, pﬁ 5, (100
ml), O.1 M pyridine acetate buffer, pH 5 (100 ml) and 6.5 M

pyridine acetate huffer, pH 5 (100 ml). Fractions (5 ﬁl)-were
automatically collectgd and aliquots (0.1 ml) wgre»aésayed, after
removal of buffer, for hexose, sialic acid and protein (Fig;'ééj;
Elution with 0.05 M pyridine acetate gave two pe;ks one of which
caontained sialic acid and both of which contained hexose.and protein.
Elution with 0.1 M pyridine acetate gave a small péak.containing
sialic acid with no detectable hexose or protéin. ElutiénIWith 0.5 M
pyridine acetate gave a sharp single peak which contained sialic
acid, hexose and protein. Elution with buffer of highervmélarity
resulted in no more elution of sialic acid and/or hexose-containing
protein species. The sialic acid-containihg peak eluted with -
0.05 M pyridine acetate is referred to as 'sialic acid-pbo;{ (SP)
glycopeptide fraction and that eluted with 0.5 M pyfidine acetate

is referred to as 'sialic acid-rich' (SR) g;ycopeptiderfraction.
Fractions corresponding to each fraction were pooled séparately

and freeze-dried. The residue resulting from freeze-drying the

SP glycopeptide fraction was white and fluffy whereas that resulting
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from SR glycopeptide fraction was a wet brownish residue smelling
of pyridine. The freeie-dried.materials of bothAfractions were
separately dissolved in » 6.1 M acetic acid (1.5 ml) aﬂd applied
to a column (100 cm x 1.52cm) of Sephadex G-25 (fine) and eluted
at 22°C with 0.1 M acetic acid with a flow rate Of 40 ml/h to give
in eaéh case a singlé‘eicluded peak containing sialic acid, hexose
and protein (Fig. 27 a, b). Fractions corresponding to the main two
l peaks were éollected'as_indicated, so-as_to exclude'the fail of
each peak (Fig. 27 a,b) and freeze-dried to give a white fluffy

residue (approx. 5 mgf ﬁhich was stored desiccated at -20°c.

Molecular Weight determination of SR and SP glycopeptides

VThe molecular weight of the SR (Fig. 27a) and SP (Fig. 27b)
glycbpeptides wésréstiméted by .gel filtration on a column (100 cm
x 1.5 cm) of Sephadex G-75 by comparison with protein standards.
Ovalbumin (mél. wt. 43,000) (8 mg), chymotrypsinogen A (Mol. Wt.
25,000) (5 mg) ahd ribonuclease A (mol. wt. 13,700) (6 mg) were
combined together with blue Dextran (2 mg),dissolved in 0.1 M acetic
acid (1.5 ml) and applied to a column of Sephadex G-75 (100 x 1.5 cm).
The column was eluted at 22°C with 0.1 M acetic acid with a flow
rate of60 ml/h. Fractions (5 ml) were automatically collected and
continuously monitored  at 280 nm. The SR (5 mg) and SP (io mg)
glycopeptides were chromaéographed separately under the same
conditions and fractions (3 ml) were assayed for sialic acid and
hexose to give in each case a single symmetrical peak. A plot of
mol. wt. versus Kav (Fiq. 28) gave a straight line from which the
molecular weights of SR and SP glycopeptides were calculated to

be 23,500 and 13,000 respectively.
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The homogeneity of the SR and SP glyéopeptiAes was further
tested and their molecular weights were again éstimaﬁedAby_disc
polyacrylamide gel electrophoresis (PAGE). Protéin éténdards and
sialoglycopeptides (SR and SP) samples were preparéd for electro—.
phoresis as described by Weber et al., (1972) Electrophoretic
mobilities of the protein stanaards and siaioéiydopeptideg samples
were examined at four gel conéentrations (7.5, 10,0, 12.5 and 15.0%
‘acrylamide). Unlike the'protein‘stanéards, neithgr fhérsﬁ nof ﬁhe_
Sp glycopeptides were stained with Coomassie Brilliant Blue [0.25%
(w/v) in methanol/glacial acetic acid/water (5:7:88, v/v/v)]
suggesting that the soluble gialoglycopeptides were not precipitated
at the fixation stage and were being washea qut 6f tﬁe gel. Ho&ever,
when gels were fixed with TCA/sulphosalycilic acid.(30 g; é g) in
w;ter (186 ml) as described by Vésterberq 22,22331977) a single
sharp band was obsefvedbin the case ofrsﬁ glycopeptide and a single

faint band was observed in the case of SP glycopeptide.

Mobility values were calculated according to the following

formala:

distance migrated by protein % length of gel before
Mobility = distance migrated by tracking dye staining x 100

length of gel after
staining
Table 6 gives the mobility values (average of four experiments)
for protein étandards, SR glycopeptide and SP élycopeptide at four
gel concentrations. Fig. 29 shows plots of log mol. wt. versus
mobility for standards. Fig. 30 shows the ‘apparent mol. wt. of the

SR and SP glycopeptides (determined from the calibration curves
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The calibration ploté for four acrylamide gei
concentrations (7.5%@,10.0% 0,12.5%% 15%%f). Substitution
of ﬁobility data for SR and SP glycopeptides (Table

6) in this graph allows the estimation of their

log. molecular weight on any given gel concentration.



82

40 \

301

204

104

APPARENT MOL. WT./ x1000

v

7.5 10.0 12,5  15.0
[
/. ACRYLAMIDE GELS

» Fig. 30. Estimation of asymptotic minimal apparent
molecular weights of SR (e — @) and SP glyco-

peptide (o -—o) at fourgel concentrations.
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of (Fig. 29), plottedragainst acrylamide gel concentrations according
to the procedure of Segrest and Jaékson (1972). The.asymptotic |
minimal molecuiar weighté of SR'aéd Sp glycopeptidés,-determined
according to fhis procedﬁre aré approximately 23,000-and 17,000

respectively.

Desialylaﬁion'of sialoglycopeptides

| The removal of sialic acid Ifrgjp'pur'ified_SP and SR glycopeptide
fractions was carried out by mild acid hydrolysis. Sialoglycopeptide
samples (5 mg) were incubatéd'at BOOCIfor.l h in.O.2 N HZSO4 (1.5 ml)
The hydrolysate was passed‘thiough a column (100 cm x 1.4 cm) of
Sephadex G-25 (fine) t6 sepaiate-free.sialic acid from the residual
desialylated glycopeptides. Thé column was eluted at 22°C with
ao.lM acetic acid’ﬁith;a-flow rate of 40 ml/h. Fractions (3 ml)
were automatically collected and assayed for sialic acid and hexose,

giving, in both cases, a major excluded hexose-containing peak

together with an included peak of free sialic acid (Fig. 31).

Carbohydrate composition of the sialic acid-rich glycopeptide

The purified sialoglycopeptide (200ug) in 2N-TFA (50 upl)
containing perseitol (20 pg), as an internal standard, was hydrolysed
at 121°C for 1 h and the hydrolysate was freed from acid in a stream

of N The free monosaccharides were then converted to alditol

2
acetate derivatives as described in the Materials and Methods section.
The alditol acetate deriv#tives were dried and the residue was
dissolved in dichloromethane (100 ul). Samples (0.5 - 1.0 ul)

of the dichloromethane solution were injected directly into the

gas chromatograph. The chromatographic trace obtained from injections

onto the column of OV-225 is shown in Fig. 32 and that obtained

from injections into the column of OV-17 shown in Fig. 33. Peaks

!
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Fig. 33. Gas chromatogram of alditol acetates from hydrolysis

of SR glycopeptide. Peaks I, II and III represent
N-acetyl-D-glucosamine, N-acetyl-D-galactosamine
and perseital respectively. Chromatography was
performed isothermally at 205°C on a column of 3%
ov-17.
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I, I1, I1I, IV, V and VI in Fig. 32 were identified, by comparison
with authentic'standardé, as the alditbl-acetates of L-fucose,
D—hannose, D—gaiaqtoée, pefseitol, N—acetyl—D;glﬁcosamine and
N;acétyléD—galaCtosamine respectiQely. Peaks I, II and III in
Fig.'33 were similarly identified:és the alditol acetates of
N-acetyl-D—gluéosémine, N-ééetyl—D-galactosamine and perseitol
réspectively. The relative average concentrations of the constituent ‘
sugafs are shéwn in Tabié 7.v-fhe'sialic aqia conﬁent was estiﬁéted
co;orimétrically (P. 67). Derivatives of the desialylated
rglyéopeptide (P;‘. 83 ) obtained by thg same procedure gave -the same
pattern of sugars (apart from sialic acid) in the same relative prop-
ortions. Tﬁis coﬁtroi expefimeﬁt showed that charring, which was
evidént»following h&drolysis of the sialoglycopeptide, but not -

of the deéiélyiafed product, did not influence the apparent mono-

saccharide composition.

Alkaline borohydride treatment of the sialic acid-rich glycopeptide

The purified sialoglycopeptide (25 mg), excluded from Sephadex
G-25 (Fig. 27a) was dissolved in 0.05 M-NaOH containing 1.0 M-sodium
borohydride (25 ml) and the solution was incubated for 14h in
the dark at SQPC in a sealed container under N2. The mixture was
then cooled in ice and excess borohydride was neutralised by
adjusting the soluéion to pH 6.0 by the careful addition of 25%
(Q/v) aceti¢ acid. The solution was then passed through Sephadex
G-25 (fine) column (2.5 cm x 90 cm) to remove the salts. The salt-
free mixture of the residual peptiée and the alkali cleaved fragments
was freeze-dried and the resultant residue was dissolved in 0.05 M

pyridine acetate buffer, pH 5.0 (1.5 ml) and applied to a DEAE-

Sephadex A-25 column (25 x 1.5 cm) previously equilibrated with the
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same buffer. The column was eluted with 0.05 M pyridine acetate
buffer, pH 5.0 (ioo ml) followed by a linear gradient (0.5 -

0.65 M) of pyridine acetate bﬁffer,_pﬂ 5.0(200 ml) wi£h a flow rate
of 40 ml/h. Fractions (5 ml) were collécted and aliquots (0.1 ml)
were assayed for hexose, sialic acid and protein, after remoyal of

the volatile buffer as deséribed before.

The élution profiie obtéiﬁea (Fig.'34) shoﬁed three distinét
peaks (I, II and III). PReak I, which was eluted with the starting
buffer, was found to contain hexose,sialic acid and protein. Peak
II was a broad peak of two ﬁajor components both of which contained
he#oSe, sialié acid and reiatively low levels of protein. Peak III,
on the other hand, was a single symmetrical peak and contained hexose
ard sialic acid with no detectable protein. Fractions corresponding
to each éeak were pooled and freeze-dried. The freeze-dried material
corresponding to Peak I was dissolved in 0.1 M acetic acid (1 ml)
and chromatographed on a column (100 x 1.5‘cm) of Sephadex G-25
(f&ne) to give a single excluded peak containing high levels of
hexose and relatively low levels of sialic acid and protein (Fig.
35). Fractions corresponding to this peak were pooled and freeze-
dried to give a fluffy residue (approx. 2.5 mg). Samples (200 ug)
of the freeze-dried material were hydrolysed with TFA and-éonverted
to alditol acetate derivatives as described for the native sialoglyco-
peptid;. The gas chromatographic trace obtained from injections
onto the column of 0OV-225 is shown in Fig. 36. Peaks I, II, III,

IV, Vv and VI in Fig. 36 were identified by comparison with authentic
standards as the alditol acetates of L-fucose, D-mannose, D-galactose,
perseitol, N-acetyl-D-glucosamine and N-acetyl-D-galactosamine

respectively. Relative concentrations of the constituent sugars are
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Fig. 35. Desalting on Sephadex G-25 of fractions
corresponding to peak I (Fig. 34). The column
was eluted with 0.1 M acetic acid. Aliquots
(0.1 ml) of fractions (3 ml) were individually

assayed for hexose (A4 o ®), sialic acid (A5 o)
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and protein (A7 A).
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shown in Table 7.

Samples (200 ug) corresponding to peak II and III iﬁ Fig. 34
‘were hydrolysed with TFA and converted to alditol acetates. While
the chromatographic trace of peak II was found to be similar to that
of the residual glycoéeptide (peak‘I, Fig. 34),'indicating.relatively
high contaminaions of the iatter pgak, the trace of peak III was
- found to contain énly D—galactose'and-N;acetyl—D-galactosamine
(Fig. 37). together with sialic acid. The molar ratio of D-galactose:
N-écetylgalactoéémine :sialic acid, in this peak>was found to be

1:1:2 respectively.

Periodate oxidation of the sialic acid-rich glycopeptide

Samples of the purified desialylated>glycopeptide (10 mg) in
0.05 M sodium acetate buffer, pH 4.5 (2.5 ml) containing 50 mM
sodium metaperiodate were incubated for 14 h at 4°C under an

atmosphere of N, in the dark. Excess periodate was destroyed by

2
addition of 20 mM ethyléne glycol (1.5 ml) and the mixture was
passed through a column (25 x 1.5 cm) of Sephadex G-25 to remove
the salt. The column was eluted at 22°C with 0.1 M acetic acid
with a flow rate of 40 ml/h to give an excluded peak containing
hexose and protein and an included salt-containing peak. Fractiéns
corresponding to the excluded peak were pooled and freeze-dried.
Samples (200 ug) of the'freeze—dried material were hydrolysed
with TFA and converted to alditol acetates as described for the

) nativeAglycopeptide._-The chromatographic trace obtained from

injections onto the column of 0OV-225 is shown in Fig. 38 and that

" cbtained from injections onto the OV-17 column is shown in Fig. 39.
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response
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0 8 16 24
Retention time/ min.
Fig. 39. Gas chromatogram of alditol acetates from hydrolysis of

periodate treated SR glycopeptide. For chromatography
conditions and identity of peaks I -1II see Fig. 33.
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Peaks I, II, III, IV and V in Fig. 38 were identified, as described
befére, as the a}ditol acetates of D-mannose, D-galactose, perseitol,
N—acetyi—D—glucoéamine and N—acetyl—D—gaiactosamine respectively.‘
Peaks I, II and IIi in Fig. 39 were simiiarly identifeid as the
alditol acetates of N-acetyl-D-glucosamine, N-acetyl-D-galactosamine
and perseitol respectively. Relative concentrations of constituent
sugars of the periddate—treated SR glycopeptide are shown in Table
7. C§nt:oi expe?ihé;ts peffbrmed by omitting the périodéte step.
showed that the carbohydrate content of the glycopeptide was
essentially the same as that for the native glycopeptide (Table 7).
As can be seenifrom Table 7, approximately 30% of the galactose

éna mannose wéré destroyed by periodate. N-acetyl-D-glucosamine
and N-acetyl-D-galactosamine were largely protected from the action

of periodate although about 8% of the latter was destroyed.

Treatment of the sialic acid-rich glycopeptide with mixed

glycosidases from I;;chemgnasé foetus

The glycosidase extract from T. foetus has been found (Watkins,
19663; Wwestwood et al, 1976) to contain fucosdiase, galactosidase and
hexosaminidase. The purified desialylated -SR glycopeptide (10 mg)
was incubated with T. foetus extract (5 mg) in 100 mM potassium
phosphate buffer, pH 6.4, (2.5 ml) at 37°C for 4h. The mixture
‘was then paésed through a Sephadex G-25 (fine) column (100 x 1.5 cm).
The column was eluted with 0.1 M acetic acid with a flow rate of
40 ml/h. Fractions (3 ml) were automatically collected and continuously
monitored at 240 nm and aliquots (0. 1lml) were assayed for hexose
té give an exéluded hexose peak and an included peak of free sugars.
(Fig. 40). Fractions corresponding to the excluded peak were pooled .

and freeze-dried to give a white fluffy residue (approx. 5 mg).
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Samples (200 ug) were hydrolysed with TFA and converted to alditol
acetates as described for the natiVé glycopeétides. -Thé chromato- -
graphi¢ trace obtained from injection of therT. foetus treatéd SR
glycopeptide onto the column of 0OV-225 is éhoﬁn iﬁ:Fig. 41. Pegks
I, 11, II1I1, 1V, V, VI and VII in Fig. 41 wére identified by comparison
Qith authentic étandards a§ the alditol acet#tes of-L—fﬁcosé,
D-mannose, D;galacfose, D-glucoseg berseitol,‘N—acet?l—D-glucosamine
. and N—acetyi;D-galéctosamine regpéétively. Rélétivé concehtfagions.
of the constituent sugars are shown in Table 7. Dialysis (against
0.1 M acetic acid or water) of the T. foetué t;eated SR glycopéptide
to remove the released monosaccharide residues was found to be as
effective as chromatography on Sephadéx G-25. .The nbﬁ—diffusible
material showed essentially the same chxomatégfaphic trace and
carbohydrate composition as that of the excluded peék ih'fig. 40.
Control experiﬁents carried out by repla;ing the enzyﬁe wifh buffer
alone or with heat inactivated (lOOOC, 10 min) enzyme showed that

the carbohydrate content was similar to that of the native g;ycopeptide.

Carbohydrate composition of the sialic acid-poor glycopeptide

The purified sialoglycopeptide (200 ug) was hydrolysed with TFA
and converted to alditol acetate derivatives as described fpr the
SR glycopeptide. The chromatogréphic traqe obtained from injections
of the derivatised material onto the 0OV-225 coluﬁn is shown in Fig.
42 and that obtained from injections onto ﬁhe ;olumn of OV-17 is
shown in Fig. 43. Peaks I, II, III, IV, V and VI in Fig. 42 were »
identified by comparison with authentic stanaérds as the élditbl
acetates of L-fucose, D—ménnose, D-galactose, perséitol, N-acetyl-

D-glucosamine and N-acetyl-D-galactosamine respectively. Peaks I
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Fig. 43. Gas chromatogram of alditol acetates from hydrolysis
of native SP glycopeptide. For identity of peaks
I -III -and chromatography conditions see Fig. 33.
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I, and III in Fig. 43 were similarly identified as the alditol’
acetates of N—acetyl-D—glncosaminé, N-acetfl—D—galactosamine and
perséitol respecti?ely; The relative averége'concentrations of

the éonstithenﬁ sugaré are shown in~fable 8. ' Again, derivatives

of the desialyianed SP giycopeptidesnobtained by the same procedure
gnve the same patnefn-of sugérs (apart from sialic acid) in the
same relative p;oportions indicating that the hydrolysis step has V

no effect on the sugars other than sialic acid.

Periodate oxidation of the sialic acid-poor glycopeptides

Samples of the purified desialylated SP glycopeptides (10 mg)
in 0.05 M sodium acétaté buffer, éH 4.5, (2.5 ml) containing 50 mM
éodium netaperiodate nere treated with periodate as described for
the SR glyédpeﬁtide. Samples (200 ug) of the periodate treated SP -
glycopeptide were hydrolysed with FTA and converted to alditol
acetates‘as described for the native glycopeptide. The chromatographic
trace obtainéd from injections onto the column of OV-225 is shown
in Fig. 44 and that obtained in from injections onto the column
of OV-17 is shown in Fig. 45. Peaks I, II and III in Fig. 44
were identified by comparison with authentic standards as the alditol
acetates of D-mannose, persetiol and N-acetyl-D-glucosamine
respectively. Peaks I and II in Fig. 45 were similarly identified
as the alditol acetatés of N—acetyl—D—glucoéamine and perseitol
respéctively. Relative concentrations of the constituent sugars of
tneperiodate treated SP glycopeptide are shown in Table 8. Control
experiments carried out by omitting the periodate step showed that
the carbohydrate content of the glycopeptide was the same as that
of the native sialoglycopeptide. As can be seen from Table 8,
fucose, galactose and galactosamine were completely dest;oyed by

periodate whereas approximately 44% of mannose was destroyed and
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Fig. 45.
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Gas chromatogram of alditol acetates from hydrolysis
of periodate treated SP glycopeptide.Peaks I and II
represent N-acetyl-D-glucosamine and perseitol
respectively. For chromatography conditions see

Fig. 33. :
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glucosamine was totally protected from the action of periodate.

Treatment of the sialic acid-poor glycopeptides with mixed glycosidases

from Trichomohas foetus

The purified desialylated SP glycopeptide (10 mg) was treated
with T. foetus extract (10 mg) as described for the SR gl&copeptide.
The mixture was then passed through a column (100 x 1.5 cm) of
'éephadek G-25. The column was eluted with O.i M aceﬁic acid with a
flow rate of 40 ml/h. Fractions (3 ml) were automatically collected
and continuously monitored at 240 nm and aliquots (0.1 ml) were
assayed for hexose. The elution profile obtained(Fig. 46) showed an
extra peak (Peak II) in comparison with the elutioﬁ profile of the
T. foetus treated SR glycopeptide (Fig. 40). Fractions corresponding
to ;he excludgd peak (peak I, Fig. 46) and to peak II (Fig. 46)
were pooled separately, freeze-dried and samples (200 ug) were
converted to alditol acetates as described above. The chromatographic
tréce obtained from injections of derivatives of peak I (fig. 46)
onto the column of 0OV-225 is shown in Fig. 47 in which peaks I, II,
I1I, 1V, V, VI and VII were identified as the aldiﬁol acetates
- of L-fucose, D-mannose, D-galactose, D-glucose, persetol, N-acetyl-
D-glucosamine and N-acetyl-D-galactosamine respectively. The
chromatographic trace obtained from injections of derivatives of
peak II (Fig. 46) onto the column of OV-225 showed that it is
composed largely of D-glucose together with traces of D-mannose
and D-galactose (Fig. 48) and was in fact the same as that obtained
from alditol acetate derivatives of T. foetus extract itself. This
suggests that peak II (Fig. 46) is in fact fragments of the enzyme

and that peak I (Fig. 46) represents the residual SP glycopeptide.
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Fig. 48.

12 24 PY:)
RETENTION. TIME/ MIN.

Representative gas chromatograms of alditol acetates
from hydrolysis of samples corresponding to peak II
(Fig. 46) and also from hydrolysis of samples of

T. foetus extract. A and B represent traces of D-mannose

and D-galactose respectively. Peaks I and II represent

D-glucose and perseitol respectively. For chromatography
conditions see Fig. 32.
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Control experiments performed by repiacing the enzyme with buffer
alone or with heat inactivated (100°C, 10 min) enzyme showed that
the carbohydrate content of the glycopeptide was the same as that
of the native glycopeptide. Relative concentrations of the con-
stituent sugars of the T. foetus treated SP g;ycopeptide are shoyﬁ

in Table 8.

Amino acid analysis

The amino acid contents of the SR and SP glycopeptides were
deﬁermined (Materials and Methods) by using a ChromaspekvaminoA'
acid analyser. Samples (160 ug) were hydrolysed (llooc, 22h) with
3N-Mercaptoethanesulfonic acid (200 ul). . The acid was neutralised
and samples (200 ul) were injected directly onto the amino acid

analyser. The data obtained are expressed as nmol/ml samplev(Table 9).

The SR glycopeptide showed the presence of relatively high
amounts of serine, threonine, glutamic acid{ glycine and leucine in
comparison with the SP glycopeptide which was found to contain
relatively high amounts of aspartic acid. In both glycopeptides
cniy traces of the aromatic amino acids (tyrosine and phenylalanine)
were detected. This was expected as both fractions showed a very

low absorbance at 280 nm.

Immunochemical Studies

I) Immunochemical characterization of the sialic acid-rich glyco-

peptide fraction

i) Generation of antisera

.Antibody-containing serum against the purified SR glycopeptide
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Amino acid SR glycopeptide ' SP glycopeptide
Aspartic acid 39.3 S | >'_162.3
~Threonine 103.0 - : -j . 40.3
Serine ' 131.1 o 52,1
Glutamic acid 31.6 _ 9.6
Proline . ND - .>' ~ ND
Giycine | o 32.6 | » ' 10;8
Alanine 68.8 > ' - R 38.3
Cystine Nﬁ _ o ND
Valine - 18.8 . ' ’ 25.5
Methionine 6.4 |  trace
Isoleucine 2.4 ' T Itrace
Norleucine ND‘ o ) ND
Leucine 17.8 - N trace
Tyrosine trace _ - ' trace
Phenylalanine ‘ 7 trace - trace
Histidine 24.0 11.4
Lysine 7 6.6 . 6.0
Arginine ; 3.5 trace
Tryptophan ' trace . . o trace

Table9. Amino acid composition of the SR and SP glycopeptides.

ND = not determined. Values are nmol/ml sample.



was raised in rabbits (Materials and Methods). Anti SR glycopeptide
antibodies were first detected, by means of Ouchteflonyidouble—
diffusion expefiments, approximately 8 weeks:aftef the fifst injection
of the rabbit and the highest antibody'fitre was detééted approximately

14 weeks after the first injections.

ii) Ouchterlony Double-diffusion

AOuchterlopf déubleédiffugion ekperiments in %hich gﬁti SR
glycopeptide antisera was tested against a serial dilution of the
antigen showed that the end_point, as judged'by the abseﬁce of
precipitin lines, was within the réngé 6f 23_4 (titres are expressed
as the reciprocal of dilution). The eﬂd'points obtained Qith serial-
dilution of the desialylated glycoéeptide antigen weré within the
range of 25_-6 suggesting that carbohydrate aetéfminants coﬁid-play
a role in the antigenicity of the SR glycopeptide,.Precipitates
were also obtained with the crude (membrane material before partial
purification on Sephadex G-50) pronasé—digést and Qith the partially
purified (PP) sialoglycopeptiae off Sephaéék-G—5O (Fig. 25). In
both cases the end points were wifhin the range of 21_2; vOnly
very faint diffuse precipitates were obtained using the SP glyco-
peptide indicating that thé anti SR glycopeptide antisera is fairly
specific for the SR glycopepfide. Neither the periodgte-treated
SR glycopeptide nor the T. fbetus-tfeatediSR glyéopeptide were able

to interact with the anti SR glycopeptide.

(iii). Agglutination of bovine milk-fat glocbules

The ability of the anti SR glycopeptide antibodies to

interact with pooled bovine milk fat globules was studied and, as
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expected, the globules were found to be agglutinated by relatively

high dilutions of the antibody (Table 10).-

_ inﬁibiﬁion'Studies shgwed_that only the native and desialylated
: glycopeptides antigen were éble to iﬁhibit the agglutinatioﬁ of
bovine milk fat globules»by four agglutinétionddbses-of the antibody.
As showﬁ'with thé immunodiffusion experiments, neither the periodate
treated'SR glycopeptide nor.the T. foétus treated SR ledobeptide
were able to'inhibit tﬁe agglufinatioﬁ §f the boviﬁé giobules by
four agglutination doses of theAantibody (Table 11) indicating

thaﬁ carbohydrate fesidues are involved in the antibody binding

site.

In_?iew:of the eVi&ence,_obtained from periodate and glycosidase
treatment,. of ‘the impbrtax;ace\of cairbohyd.rate residues in the ability
of SR giyéopéptide to‘inhibit agglutination, the effect of various
monosaécharides on the ;gglutination assay was investigated. Of
the fange of monosaccharides used in the inhibition assay only
N-acetyl-D-galactosamine and to a lesser extent D-galactose were
able to strongly inhibit the agglptinatiqn of the bovine globules
by four agglutination doses of the antibody (Table 12). N-acetyl-
D-glucosamine was found to be a weak inbibitor, whereas D-mannose
"and L-fucose did not show any. inhibition effect (Table 12).

'

II  Immunochemical characterisation of the sialic-acid-poor glycopeptide

fraction

i) Generation of antiseta

Antibody-containing serum against the purified SP glycopeptide

fraction was raised in rabbits (Materials and Methods). Anti SP
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Antiserum

Washed bovine milk
fat globules

Anti SR glycopeptide antisera
Anti SP glycopeptide antisera

Anti whole MFGM antisera

(raised in rabbits)

Anti whole MFGM antisera

(raised in sheep)

2°76

Table 10. Agglutination titres of washed bovine milk fat

globules agaihst serial dilutions of antisefa

raised against MFGM and MFGM-derived sialoglycopeptides.

Titres are expressed as the reciprocal of the minimum

dilution of agglutinin (antisera) resulting in no

agglutination of the globules suspension.
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glycopeptide antibodies were first detected in relatively high titres
(23—‘_1) only four weeks after the firét. injection indicating that
the,SP giycbpeptide is a strénger immunogeh than thévSR glycopeptide.
The highestréntibody titre~(26),was detected approxiﬁately lb weeks

after the first injection.

_ .ii) Ouchterlony double-diffusion

As Qith'the cése_of SR_glycopeptidé; preqipiéin lines wefe
~obse;ved when Anti SP glycopeptide antisera were tested against
native Ssp glydgééptide,the crude (membrane material before partial
purification onASephadex G-50) and against the PP sialoglycopeptide
" (Fig. 25). Neither the éeriodate'treated SP glycbpeptides nor the
T. foetus treafed SP glycopeptide were apparently able to interact
yith £he?anti SP glycopeptide antisera. No interaction was obtained

with the SR glycopeptide.

(iii) Agglutination of bovine milk fat globules

Again, pooled bovine milk fat globules were found to be
agglutinated by relatively high dilutions of anti SP glycopeptide
, éntisera (Table 10). Inhibition studies showed that the agglutination
of the globules bf four agglutination doses of the anti SP glyco-
peptide antisera was inhibitéd ﬁhe-native SP glycopeptide and by
éhe PP sialoglycopeptide (Table 11). The periodate treated SP glyco-
peptide and the T.foetus treated SP glycopeptide showed no inhibitory

effect {Table 11).

Inhibition studies using a range of monosaccharides showed that
N-acetyl-D-gucosamine and to a lesser extent D-galactose ‘were able

to inhibit the agglutination of the globules by four agglutination
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doses of anti SP glycopeptide antisera (Table 13).

III. Studies with anti whole bovine MFGM antisera

Anti whole bovine MFGM antisera was kindly provided by Dr. G.H.
Farrar, University of Bath, with the information that'it agglutinates
bovine milk fat globules and interacts only with the PP sialoglyco-

peptide and SP glycopeptide.

Inhibition studies showed the same pattern observed with the
case of anti SP glycopeptide antisera. Thus tﬁe SP glycopéptide
and the PP sialoglycopeptide together with N-acetyl-D—glﬁcosamine
inhibited the giobule's agglutination (Tables 11, 145..The inhibitory
activity of the SP glycopeptide was cqmbletely-desrroyed by cﬁrre—

sponding treatment with periodate or glycosidases (T.'foetus).
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Discussion

In view of the mechanism of secretion of milk fat globules
in which the emerging globule is coated by the apical membrane of
the secretory cell, whigh theh_beeomes the miik fat globule |
membrane (MFGM),'the latfer,membrane can serve as a convenient
source and model for epiﬁhelial mammélian membranes in general
(General'Introduqtion to this thesis). The glycoproteins of the
membrane surfacé.vwhich éXtend out onto the aqueous surrounding are
of éarticulaf ipte:est in thét tgef might be expected to carry many
of the recognition characters of the parent membrane and the present
thesis is largely concerned with an examination of the structure,

exposure and function of these giycoproteihs.

Most prévious work on the g;ycqprotein components of bovine
MFGM has concentraﬁed,on the isolation and characterisation of the
intact molecules extracted in various ways from the membrane.
Membrane proteins obtained in this way are generally hydrophobic and
can only be maintained in solution throughout the isolation and
fractionation procedures by the use of detergents. In the present
studies, proteolytic enzymes are used to cleave the exposed glycopeptides
from the outer surface of intact milk fat globule membrane. In this
way water soluble glycopeptides are obtained which should.contain

many of the recognition factors of the original membrane.

Prior to their treétﬁent with prote&ses, it is necessary to wash
the fat globules with water or isotonic buffer in order to remove
entrained or adsorbed milk serum components (e.g. casein) (Patton
and Keenan, 1975). Such washing may well also remove loosely associated

membrane constituents and while this is a disadvantage, it is one that
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is common to nearly all membrane fractionation procedures. Treatment "
of washed_bévine milk fat gloﬁules with pronase résultéd in the
release of a sia;bglycopépﬁide fraction which was chromatographed
on Sephadek G—SO as a singierpeak containing approximately 80 - 90%
of the sialic acia and 60% of fhe hexose applied to the column.
Control experiments using milk fat glcbules in the absence of
pronase and vice vgréa showed that the glycopeptide fraction was
iﬁdeed p;oteolytiéélly clea?gd ffqm the g;oﬁulé surfacé. Eufther
fractionation of the-sialoglycopeptide fraction on a colum of DEAE-
Sepharose CL 6B gavé two sialogiycopeptide fractions, the sialic-
acid-poor (SP’ and the sialic_acid—ricﬁ (SR) glycopeptide. The SP
and SR glycoéeptides were further analysed by gel filtration on
Sephadex G—75Awhich:shdwed th;ﬁ both glycopeptides were homogenous
(in terms of size)naha‘éhat their respeétive molecular weights

were 13,000 and 23,000. -

The moleculaf weights of the'Sialoglyéopeptides and their
homoéeneity weré further in&estigated by'polyacrylémide gel
electrophoresis in the presence‘of sodium dodecyl sulphate (SDS-PAGE).
The method empldyed for preparation of acrylamide gels was that
described by Weber gE_gl,(l972).IHowever, when staining was carried
out according to this meth&d it was not possible to visualise any
bands for eithéf the SP or the SR gl yxopeptide in‘spite of the fact
that bands correspondiné to the protein standards were easily
obtained. Tﬁe ;bsence of protein bands in the_ case of SP and SR
glycopeptidés could proﬁably be due to the fact that fixing-(by
methanol-glacial acetic‘acid) of ﬁhe glyéopeptidés was not efféctive
and they were consequeﬁtly washed away. Recently, Vesterberg et al.

(1977) described a procedure for fixing proteins in isoelectric
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focusing gels which involves the use of trichloroacetic acid (TCA)

in the presence of sulphosaiycilic'acid.bFixing the gels according

‘tb this method and subsequent sfaining and destaining as described‘

b& Weber et al.(1972) allowed the detection of prbtein bands cofre—
spoﬁding to the SP and SR glycopeptides, although they were relatively

faint in the case of the former.

Glycoproteins éfe knowﬁ to 5ehave_éno;alouslyriq molecular‘weight
determinations on SDS-PAGE and an empirical procedure has been
deveioped to take account of this (Sergrest_gg al., .1971). Apparent
‘molecuL&‘weights of glycoproteiﬁs, determined from mol. wt./mobility
_plots of standard proteiﬁé, are found to decrease with increasing
acrflamide gel concentration, asymptotically approaching a limiting
value. Extrapolation of such a curve to the asymptotic minimum
value has accordingly been recommended for molecular weight deter-
minations of glycoproteins; Application of this procedure to the SP
and SR élycopeptides gave molecular weights of l7,000_and 23,000
respectively (Fig. 30).vwhile molecular weight estimation of the SR
glycopeptide by SDS-PAGE was the same as that obtained by gel
filtration, the former technique gave a higher wvalue in the case of
SP glyéopeptide. It may well be that the SDS-PAGE value is too high
‘in the case of thé SP glycopeptide. It is generally acknowledged
that glycoproteinsvbinds less SDS ﬁhan normal proteins and so
migrate less far. This descrepancy could be at least partially
Compensated in the SR glycopeptide which has a high content of

negative-charged sialic acid.

The Sp glycopeptide fraction was found to contain relatively

high levels of D-mahnose and N-acetyl-D-Glucosamine together with
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lower levels of L-fucose, D-galactose, N—acetyl—D-galactosamine and
sialic acid. The presence of high levels of mahnosé anavglucosamine

in this fraction suggests thatvthe majority éf ﬁhg 6ligosaccharide
chains of this glycopeptide are N;gIYCosidically linked to asparagine
which was indeed found to be theﬁmajor amino écid on the SP‘glycdf
peptidé. Thué, the major oligoéaccharide chéinélof the SP leco-
peptide could be of the fsimpie' - type (Fig. 12) which contain

'only D-mannose and N-acé;yl—D-giuqosémine and/or of £he';compléx'f
type which additionally cohtains g;lactose and sialic acid. {Fig. 12.).
The structure shown in Fig.lzl has Beén suggestéd (Montreuil, 1975)

as being typiéal of N-glycosically linkéd oligosaccharides 6f

soluble glycoproteins and the limitedvstudies thét h;ve been cérried
out on membrane-bound glycopréteins éuggest that itAmay well apply

to them also (Sturgess et al, 1978; Kornfeld and Kornfeld, 1980).

The SR glycopeptide, on the other hand, was found to contain relatively
high levels of D-galactose, N-acetyl—D;galactosamine and sialic acid
together with lower levels of D-mannose and.N—aéetyl—D—glucosamine.
The presence of high levels of galactose and galactosamine in the

SR glycopeptide suggests that the majority of the oligosaccharide
chains in this fraction are O-glycosidically linked to serine and/or
threonine which were indeed the major amino acids in this glycopeptide

fraction (see later).

Treatment of the SR glycopeptide with alkaline borohydride
resulted in the release of a teﬁrasaccharide which has previously
(Farra131978) been-established as N-acetylneuraminyl (2-+3)-B8-D-
galactopyranosyl-(l»B)-[ N—acétylneuraminyl-(2*6)] -N-acetyl-D-

galactosaminitol. In addition to this tetrasaccharide, Farrar (1978)
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reported the isolation (from the eqﬁivalent of peak II in Fig. 34)
of two trisaccharides (N—aéétylneuraminyl—(2;3)-B—D-galactopyranosyl—
(l+3)-ﬁ—acetylgalécﬁosaminitol and B4D—galéctopyranosy1-(1#3)-
N—acétylneuramiﬁyl;(Z;ﬁi _—N-acetyl-Dégalactosamininitol. In all
my ekberiments'thé tetras&ccha:ide wasialways recovered intact and
wiﬁh the same repoifed composition. Material corrésponding to peak II
(Fig. 34), on the other hand, was found to show a composition
_corfespoﬁdiné to thatlof>a_mixtﬁre—of_the trisaccﬁériées contaminaféd
by relatively high levels of protein from the residual glycopeptide.
Farrar (l978) showed that the trisaccharide mixture can be recovered
in relatively'pureforﬁ by thin 1ayer>chromatography or by high voltage
electr0phoresi§ and éape:’chromatography (Lisowaska et al., 1980).
VTﬁe protéin contaminatién of the released oligosaccharides is
probably due fé‘redﬁgfive degradation of peptide bonds by sodium
borochydride. The‘ability of sodium borohydride to induce redﬁctive
degradatioﬁ was utilized to isolate Fc fragments from IgM, IgG
(Yakulis et a_l, 1968) and IgA (Yakulis et al., 1969). These studies
showed that sodium‘borohydride acts firstly to reduce the sulfhydryl
bonds linking the subunits of these immunoglobulins and then on
the peptide bonds between Fc and Fab fragments. It is of interest.to
mention that in the case of IgM only the bond linking the Fab and Fc
appea?s to be affected by sodium borohydride and that it is conceivable
" that sodium borohydridgé alters the special configuration of the
protein in a way to make this area of the chain available for
redﬁctive cleavage without affecting the other ones (Yakulis et al.
1968) . Protein degradation was also reported by Lisowska (1969)
who showed that alkali-labile oligosaccharides isolated from M and

N active glycoproteins and glycopeptides were associated (but not
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linked) with low molecular weight peptides fhat were liﬁerated during
their treatment withralkaiine borohydride. Agaln “this p0551b111ty
‘was not ruled out by Iyer and Carlson (1971) and Lisowska et al.,

- (1980). Proteln degradatlcn of the SR glycopeptlde follow1ng its
treatment w1th alkallne borohydrlde was particularly reflected in the

iow yield of the residual (élkali—stable) glycopeptide.

Pericdate treatment of the SP glycopeptide resulted in the
complete destruction of fucose, galactose and N-acetylgalactosamine
whereas approximately 44% of mannose was destroyed while N-acetylgluco-

and/or C, positions

3

samine was protected. This suggests that the C 4

in gal;ctose and‘N-acetylgélactosamine are free énd approximately

50% of these poSitians éfeAfree‘in mannosé.'Fucose is usually
tefminai-and ité'éompleteAdeéﬁruction by periodate was expected.
Similar‘treatment of»the.SR glycopeptide resulted in the destruction
of approxima;eiy-BO% oﬁ galactose and of mannose whereas N-acetyl-
galactosamine'and N—acetylglucosamine were protected. ihese results
suggest tha£ approximately 70%0f the galactose and of the mannose
reéidues are substituted ét position C3. As with the SP glycopeptide,
fucose was completely destroyed by periodate suggesting that it is

terminal in the oligosaccharide chains.

Treatmeﬁt bfAthe desi%ljhted SR glycopeptide with T. foetus
extract resultéd inAﬁhe release of approximately 80% of the original
galactose and 56% of the original N—acetylgaiactosamine. The total
carbohyd:até release was approximately 42% (apart from sialic acid).
Fucose, mannose and Nfacétylglucosamine werevprbtected from the

action of T. foetus glycosidases. This could have resulted from the
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preserice on the SR glycopeptide oligosaccharide chains of a terminal
.sugar (pbssibiy fuéose) which is joined to the penultimate sugar

by a linkage which is résistant fq the action of the'cofresponding
enzyme (fucosi@ase) in the T. foetus extréct as suggested by

Westwood et al.(1976). Thus, in such cases thgre will be intact
sequences of monosaccharides from the N-acetylglucosamine linkea

to the asparagine through to the terminal sugar (fucose). Similar
treatment of‘the_desialylAted-S?.éi&copeptide, but by uging;doubler
the T. foetus extract concentration, resulted in the release of
approximately 78% of the original carbohydrates (apart from sialic
acid). This is consistent wifh the results of Westwood et al. (1976)
who showed that ﬁréatment of the caréinoemberyonic antigen (CEA)

with T. foetus extract resulted in the reie;;é af 70 - 80% of the
. CEA carbohydrates, but there was no report on the conceqtration of

T. foetus extract used in their experiment. The release of approximatly
84% of fucose, 85% 6f mannose, 73% of N-acetylglucosamine and 53%
‘of N-acetylgalactosamine as a reéult of treatment of the desialylated
. SP glycopeptide Qith T. foetus glycosidases suggests that terminal
fucose resistant residues, if present, are less in the SP glycopeptide
than in the SR glycopeptide although it must be borne in mind that

the concentration of the T. foetus extract with the former was

double thaﬁ used with the latter. It is important,in the context

of the immunological studieé to mention that the T.‘foetus glycosidases
have been shownvto have no proteolytic activity (Watkins, 1966a;

Westwood et al., 1976). Further studies are required to establish

the optimal conditions to achieve maximum carbohydrate release.

Preliminary amino acid analyses of the SP and SR glycopeptides
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were carried out by hydroleis of the glycopeptides with 3M-mercapto-v
ethanesulphonic acid (lOSob, 22h). The résulté sﬁowed,a clear diff;
erence in the amino acid comébsitibn offthé twb glycopeptides;

The SR glycopeptide was fouﬁd to contain ielafively high levéls~

‘of serine, threonine, glutémate ana glyéine in CGﬁpariéon with the

SP glyéopeptide which waé found to contaiﬁ felativeiy high levels

of aspartate (asparagine). The high 1evgls of asparagine and low
1évels of serine a@d threonine in the'SPAqucoéeptide c§uid_indicate ‘
that the majority of the oligosaccharide chains of the SP glyco-
peptide are most likely to be of the N-glycosidically linked type.
This is consistent with the fact that the mﬁjor carbohydrates of

the SP glycopeptide are mannose and ﬁ-acetyigluéasamine. -Similarly
high levels of serine»aﬂd thrednine~together Qith low levels of
asparagine could indicate that the‘ﬁajOri£ybof_the oligosaccharide
chains are most likelty to be of the Nleycosidically linkad type.
Again, this is consistent with tﬁe fact that the major carbohydrates
of the SR glycopeptide are galaétose'énd N-acetylgalactosamine.
Hydrolysis for 36 and 48 hrs were not cérried out because of technical

problems with the amino acid analyser in the department.

In view of the presence of compelx glycoprotein and glycolipid
molecules at the outer surface of animal cells, it might be expected .
that these moleculeé'are involﬁea in the intefaction of cells with
their surroundings (see the General Introduction, p. 24 ).

It is an attractive concept that carbohydrate patterns might play
a major role.in cell surface recognition phenomena. In a number of
cases this has been found to be so, while in others the contribution

of carbohydrate to the demonstrated specificity of certain membrane
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glyéoproteins remains unclear. Taking this into consideration, one
aim of this work was to study the possible contribution of surface
carbohydratesrof the bovine MFGM to the overall antigenicity of the

membrane. A CTs

Antis;ra.were raised in rabbits against bofh the SP and SR
glycopep;ides. The antibody response to the SP glycopeptide fraction
Gaé OBSerQQd four Qééks aféer_the first injeééion of the rébbit whereaé
.the'antibody response to the SR glycopeptide was not detectéd until
"approximateiy l4_weeks:after the first injection. The relatively léte
antibody reSponse of the rabbit, in the latter case, could be due to
the présence‘of ﬂigh nﬁmbef of sialic acid residues in the glycopeptde
éntigen. This could mask the glycbpeptide antigenic determinants
(c;ypfié‘anfigens). Alternatively the presence of a high negative
charge on the glycopeptide molecules might imit the humber of B cells
which can bind to the antigen. These dbservations together with the
fact that only the SP glycopeptide fraction interacted with anti whole
MFGM antisera suggests that the major membrane antigens are carried on
the SP glycopeptide and none of these antigens are carried on the

SR glycopeptide or if it does they are masked (e.g. by sialic acid).

Pooled bovine milk fat globules were found to be agglutinated
by anti whole ﬁFGM antisera, anti SP glycopeptide antisera and
anti SR glycopeptide antisera. The agglutination of the bovine
globules induced by anti SP glycopeptide and by anti whole MFGM
antisera was specifically inhibited by the SP glycopeptide and
the partially purified (PP) sialoglycopeptide mixture off Sephadex

G-50. The agglutination of the globules by anti SR glycopeptide
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antisera was specifically inhibited by the native and desialylated
%R_glycopeptidé Andiﬁo a much lesser e#tent_by the Pﬁ sialoglyco-
}peptide m;xturé.>The SR glycopeptide did not inhibit the‘égglutination
of fhe.globules by.anti SP glycopeptide antisera and vice versa -
ipdiéafing that each-antisera binds to different receptors on the

membrane surface.

" Inhibition studiesvusing a r&nge-of ponosaqcﬁérides;shswed that
N-acetylglucosamine specifically inhibited the agglutination of
the bovine glaobules by anti whole MFGM antisera and by anti'SP
giycbpeptide antisergfr On the other hand, N-acetylgalactosamine and
to a lesser extent galactose were found to.inhibit theAagglutination
.of the glaobules by.énfi SR glycopeptidé antisera. Thus,it seems
thét the antigénic dete;ﬁinants of the SP glycopeptide are associated
with the alkali-stable (N-glycosidically linked) oligosaccharide
chains whe:eas those of tpe SR glycopeptide are associated with
the alkali-labile (O-glycosidically linked) oligosaccharide chains.
The abiiity of N-acetylglucosamine to inhibit the agglutination of
| the bovine globules Byranti whole MFGM antisera and by anti SP
glycopeptide antisera and its failure to inhibit the agglutination.
of tﬁe globules by anti SR glycopeptide antisera suppor#s the earlier
conclusion that the major antigenic determinants on the bovine MFGM
are carried on the SP glycopeptide fraction. The invdlvement of
cafbohydrate iﬁ‘the antigenic determinants of the bovine MFGM
was further demonstrated by inhibition studies by using periodate
treated-and T.-foetus extract ﬁreated glycopeptides; Treatment of
the desialylated SR glycobeptide-with T.foétus extractvresulted in

the release of approximately 80% of galactose and 56% of N-acetyl-
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galactosamine. These-losées ingalactose and N-acetylgalactosamine
could account for the inability of the T. foetus extract treated

SR glycopeptide to inhibit the agglutination of the globdles by
énti'SR'glycopeptide antisera. Similarly the inabilit& of the
periodate treated SR glycopeptide to inhibit the globules agglutin-
ation by anti SR glycopeptide éntisera could be attributed to the

loss of 30% of galactose. Similafly, treatment of the SP glyqopeptide
with periodate or T. foetus extract rendered the glycopeptide unable
to inhibit the agglutination of the globules by anti whole MFGM ana

by anti SP glycopeptide antisera.

The results obtained from the agglutination-inhibition asSays
were confirmed by immunodiffusion studies. Ouchterlony douﬁle
diffusion experiments showed that anti SR glycopeptide antisera
reacted only with native and Aesialylated SR glycopeptiée and to a
lesser extent with the PP sialoglycopeptide mixture off Sephadex
G-50 as judged by the formation of precipitin lines. No interaction
was observed between anti SR glycopeptide antisera and SP glycopepfide
and vice versa suggesting that each antisera is specific to its
antigen, i.e. the SR and SP glycopeptide has no common antigenic
determinants. As shown by the agglutination-inhibition assays, T.
foetus extract treated and periodate treated SR glycopeptide did
not interact with anti SR glycopeptide antisera as judged by the
absence of precipitin lines which again stresses the involvement
of the carbohydrate residues in the antibody binding sites. This
could be as a result of direct involvement of the carbohydraté
residues in the antibody binding site, as judged by the agglutination-

. inhibition assays, or that the carbohydrate residues are very close
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to the antigenic determinants on the glycopeptide antigen. As with
the SR glycopeptide, T. foetus extract treated and periodate treated
SP glycopeptide did not interact with either anti whole MFGM antisera

and anti SP glycopeptide antisera.

Unlike the SR glycopeptide, the SP glycopeptide was able to
form precipitin lines when tested against‘anti whole MFGM antisera
which, again, suggests that the major antigenic determinants of the

bovine MFGM are carried on the SP glycopeptide fraction.



Section B

Lectin receptors on the surface

of milk fat globules.
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Introduction

In view of the péssible involvement of cell surface carbohydrate
.',fesidues,in a range of recognition phenomena.(see the General
}Introduction) there is a need for reagents capable of detecting
spécific carbéhydfate residues on the surface of intact cells.
Lectins (also referred to as agélutinins,'phytohaemagglutinins,
phytoagglutinins and protectins) are a class of ndturally-occurringf

compounds that go some way towards fufilling this requirement.

The main cha;acteristics of lectins are their ability to bind
sugars, to agglutinate cells, and to.stimulate lymphocytes. The two
létter activities depend upon the former and each lectin shows
.specificity in its ability to bind certain mono or simple oligo-

saccharides (Table 15).

Through their sugar-combining sites, lectins interact directly
with polysaccharides and glycoproteins to form precipitates in a
manner similar to the interaction of antibody with antigen, in that
it is specific, exhibits concentration dependence on both lectin
and polysaccharide or glycoprotein and may be inhibited specifically
by low molecular weight 'haptens'-compounds identical with or derivgd

from the sugar(s) for which the lectin is specific.

The occurrence, in plant extracts, of proteins that possess
the ability to agglutinate erythrocytes was first reported by Stilmark
back in 1888. This was followed by the introduction of lectins in
immunological studies by Ehrlich in the early 1890's, who showed that

specific immunity to the toxic lectins ricin (Ricinus communis)
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S Carbbhydrate*

ource ces s
specificity

Plant

Phytohaemagglutinin (red kidney bean) D.GalNAc

Wheat germ agglutinin

Ricinus communis (castor bean)
Soya bean agglutinin
Concanavalin A (jack bean)

Lens culinaris (lentil)

Arachis hypogaea (peanut)

Bacterial

Escherichia coli

Salmonella typhimurium

Pseudomonas aeruginosa

Animal
Rabbit liver
Avian liver

Helix pomatia (garden snail)

Limulus polyphemus (horseshoe crab)

D.GlcNAc, sialic acid

B-D-Gal

 D-GalNAc, D-Gal

a-D-Man, a-D-Glc
Man, Glc

TF-antigen, Gal
Man
Man

Gal

Gal

GlcNAc

GalNAc

NANA

Table 15. Some plant and animal lectins

* GalNac: N-acetylgalactosamine; GlcNAc; N-acetylglucoseamine;

Gal: galactose; Man: mannose; Glc: giucose; NANA: N-acetyl-

neuraminic acid.
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and abrin (Abrus precatorius) could be achieved by repeated injection
éf small amounts of these antigens into white mice. In 1908, Landsteiner
~and Raubitschekﬂestablished.ihat the relative haemagglﬁtinating activi-
ties of various seed extracts were quite different when tested with
blood cells from different animals. In spite of this demonstration

of species specificity, it was presuﬁed for several decades that
_plant agglutinins were non-specific. It was not until the end of the
l940fs Ehat Boydvand Reguera 11949) and Renkonen (1948) indpéndently
discovered that certain seeds contain agglutinins specific for some
human blood group. antigens. The first evidence that sugars are
determinants of blood group specificity was obtained in 1952 by
Watkins and Morgan who studied the A-specific lectins and type

H(Q)-specific lectins from the serum of the eeel (Anguilla anguilla)

and the seeds of Lotus tetragonolobus respectively. As haemagglutin-
ation by A-specific lectins was specifically inhibited by N-acetyl-
galactosamine, Watkins and Morgan (1952) concluded that this sugar
serves as determinants of human blood group A specificity. Similarly,
haemagglutination by type H(O)-specific lectins was specifically
inhibited by methyl-a-L-fucopyranoside indicating that the a-L-
fucopyranoside is the determinant of H(O) specificity. Both con-
clusions have been fully substantiated in subsequent studies (for

reviews, see Watkins, 1972; Hakomori and Kobata, 1974).

In spite of the findings of Watkins and Morgan (1952), interest
in lectins was limited until the discovery of the mitogenic activity
of phytohaemagglutinin (Nowell, 1960) and of the preferential

e

agglutination of malignantly transformed cells by what germ

agglutinin (Aub et al., 1963, 1965; Burger and Goldberg, 1967).
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As a result, lectin research and application entered, within a short

period of time, a new and very active phase of development.

The nature of the cellular structures with which lectiné interact
has been probed by:
A (i) Light- and electron-microscopic analysis of tissue
sections following reaction with appropriately derivatized
lectins (é.g. radiolabelled lectins, or iectins labelied
with fluorescein, ferritin, Perioxidase or haemocyaniq)
[collard et al., 1975; Friberg and Hammarstrom, 1975;
Horisberger et al., 1977; Lis and Sharon, 1977].
(ii) Mono- and oligosaccharide inhibition of lectins or lectin
derivatives (Lis and Sharon, 1977; Goldstein aﬁd Hayes, 1978) .
(iii) Competiti?e binding between lectins of known specificity -
(Feller, et al., 1979)
(iv) The effect of enzymic or chemical modification on lectin
reactivity (Novogrodsky et al., 1975; Carter and Sharon,
1976; Verbert et al., 1976; Lis and Sharon, 1977).
(v) Isolation of the reactive structures (Sharon and Lis, 1975;
Lis and Sharon, 1977; Newman and Uhlenbruck, 1977;

.Goldstein et al., 1978; Lotan and Nicolson, 1979).

However, in applying any of these methods one should‘take great care
that the lectins (or their derivatives) are homogenous and héve
been isolated with their biological activity unchanged. Moreover,
their binding should be shown to be indeed sﬁgar specific, i.e., it

can be inhibited or reversed by the appropriate saccharide(s)-.
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As a result of these studies many ﬂormal and transformed cells
showed différential agglutinability when tested with concanavalin A
(Con a) [Inbar and Sachs, 1969a;b; Moscana, 1971; Roth et al.,
1975], wheat germ agglutinin (WGA) [Burger, 1969, 1973; Roth _eig.,

1975] , Ricinus communis agglutinin (RCA)’Eﬂicolson and Blautein,

1972; Roth et al., 1975], soya bean agglutinin (SBA) [?ela et al.,

1970] and lentil lectin [Roth et al., 1975].

It was initially thought that the increased agglutinabiliity of
transformed cells resulted from the presence of a greater number
of lectin binding sites on the latter cells (Lis and Sharon, 1977).
This idea was supported by the fact that many untransformed éells ‘
which were not agglutinated by low concentrations of a lectin»were‘
agglutinated after mild proteolysis or neuraminidase treatment
(Lis and Sharon, 1977). This suggested that cryptic (hidden) sites
on the cell surface were being exposed by enzymic treatment resulting
in agglutination. However, when the actual numbers of lectin on
transformed (agglutinated) and their untransformed (non—agglutinated)
counterparts were systematically compared it was found that with some
exceptions [é.g. agglutination of erythrocytes and lymphocytes, by
peanut lectin (Carter and Sharon, 1976; Novogrodsky et al., 1975)]
there were no quantitative differences in binding of a given lectin
to the two cell types. It has become clear that the reasons for
»the increased agglutinability of transformed cells are far more
complex and that difference in this respect are also found between
adult and embryonic cells and between interphase and mitotic cells
{Stobo, 1972; Stobo et al., 1972; Mosier, 1974; Reisner et al.,

1976 ; Sharon, 1976). Early ideas that high agglutinability could
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also be directly connected with loss of contact inhibition (Burger,
1971) and tumorigenicity'(de.Micco and Berebbi;1972) have also beeh
abandoned (Berman, 1975; . Glimelius'gg_géf,»197s;‘ Ukena et-al., 1976)
-and many factors relating to both the Celi surface and to the relevant.
lectin have been implicated in whét is clearly a far from simple

process (Table 16).

B Another'importanﬁ effect of the intéraction ofvlectins with
cells is the triggering of quiescent, non-dividing lymphocytes into
a state of growth and proliferation (Lingrand Kay, 1975; Rosenthal,
1975; Openheim and Rosenstreich, 1976). As has been mentioned above,
studies on lymphocyte activation beéan'with the discovery by Nowell
(1969) that phytohaemagglutinin (PHA) can stimulated lymphocytes
to grow and divide. For a while PHA was tﬁe‘oniy mitogen known.
This was followed by the disco&éry of two mofe mitogens both of which

were lectins pokeweed mitogen (PWM) (Farnes et al., 1964) and

the lectin from Wistaria fioribunda (Barker and Farneé, l§67) .

The most significant findiné,‘in this fiéld,&as the discovery of-the
mitogenic effects of Con A (Wecksler et al., 1968; Douglas et al.,
1969 ; Powell and Leon, 1970; Novogrodsky and Katchalski, 1971 )
because of the fact that Con A was the first mitogenic lectin whose
activity could be readily inhibited in a reversible manner by low

concentrations of simple sugars..

In earlier studies, mitogenic stimulation was estimated by
counting under the microscope the number of lymphocytes that had
been transformed into large, blast-like cells as a result of

prolonged incubation (48 hours) with the mitogen tested. Now,
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I. .Properties of lectins:
(i). . Number of saccharide~binding sites.
(ii) Strength of saccharide binding.
(iii) Electric charge-

(iv) Molecular size.
II. Chemical structures of cell surface receptors.

ITII. Cell surface properties:

(i) Number, accessibility and distribution of receptor
Sites. -

(ii) Mobility of sites (membrane fluidity).
(iii) Electrical charge.
(iv) Surface rigidity.

(v) Surface structures (microvilli, etc.).

IV. Cytoplasmic components:
(1) Membrane peripheral proteins.
(ii) Microtubule-microfilament system.

(iii) Energy supply.

Table 16. Factors affecting cell agglutination by
lectins.

(After Lis and Sharon, 1977).
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mitogenic stimulation is determined by measuring the increase in

the rate of incorporatién of'iabeiled thymidine, uridine or .leucine
into DNA, RNA or,érotein, respéctiQeLy,.after.suitable periods of .
incubation of lymphocytes with'the:mitogen tested (Hirschhorn et al.,
1974) . More recently, however,'Udey éE.il"(198o) reported that WGA
(a non mitogeﬁic or anti-mitoéenic lectin) and Con A (a well known
mitogen) showed the same qualitative and quantitative effects on
human peripheralvbléod mononﬁclear cells and éurified iymph&cyteé

in regard to ét least three paraemters (protein phosphorylation,
aminobutyric acid transport aﬁd biosynthetic labelling of particulate
proteins) of early activation. They suggested that the absence of
more marked DNA synthetic'and cémpléfe proliferative responses in
human lymphoéytes stimmlated with WGA may be due to delayed inhibitory
or cytotoxic effects of.WGA'pnrmonocyteS and perhaps subpopulations
of lymphocytes as well. These results emphasise the importance

of studying more markérs of activation other than the traditional
procedures. Indeea, what is needed is an assay based on an early
irreversible step in the activation process which in addition to
being practical, rapid and precise, would provide a better estimate
of the number of cells responding to an activator and the degree

of activity of these cells (Waithe and Hirschhorn, 1978).

The dbservations of Bain et gl.(1964) and of Bach and Hirschhorn
(1964) that mixtﬁres of lymphocytes from two genetically non-identical
individuals aré capable of stimulating each other in vitro (the mixéd
iymphocyte reaction), and the subsequent genetic and immunological
analysis of this phenomenon (Bach and Amos, 1967; Albertini and
Bach, 1968; Amos and Bach, 1968 established the mixed lymphocyte

culture as a means of measuring the degree of histocompatibility
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(see the General Introduction) between individuals and has provided
an important tool for the study of immunobiology and geneticé of
tissue transplantation (Silvers et al., 1967; Hirschho;n, 1968;

Schellekens et al., 1970; Dausset gg al., 1970).

The major celi types ;esponding to a stimulant are T lymphocytes
and EE.XiEES lymphocyte activation (transformatidn) is thought to
refiect T cell function and cell-mediated immunity (CMI) (Bach et al.,
1971; Greaves aﬁd Janossy, 1972). Non-specific transformatien by
mitogens can be used as an indicator Qf_overall T cell function since
a high percentage 6f cells are 'triggg;ed' normally and a low level
of transformation géually correlates Qell with depressed CMi. A
significant degrée.of transformation.(i.e. at least thrée times
greater than ﬁhe séontaneous in¢orporation) to a given antigen
usually indicates prior éensitivity to that antigen (Urbaniak et al.,

1978).

Transformation tesfs are technically demanding and afe subject
to many variabiés. It is essential to include a normal control or
even better a 'reference pool of responders' with each experiment.
If responses are significantly different from control values serial
tests are necessary for confirmatibn. _Some patients (e.g. cancer-
bearing subjects)>may héve inhibitors present in their serum which
will be detected if culturés éré.done with autologous as well as
with 'standard' sera. Converéeiy, if cultures are always performed
with autoiogous serum sémevnegativerresuits may be due to the preseﬁce
of inhibitors and notvto‘depression of CMI (Whitfaker SE'El" 1971;

Knocke et al., 1974). Methods of lymphocyte stimulation have been
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reviewed by a number of authors (Oppenheim and Rosentreich, 1976;

Wender and Parker} 1976; Waith and Hirschhorn, 1978).

The properties just described led to increased interest and
in the isolation of lectins from many sources (bacterial, fungi,
snails and mammals). This appears to warrant an expansion of the term
'lectin’ as it was frequently used to describe substances which differ
mérkedly from those élassicallyrc;nsideiea-1ectins, that is plant
seed carbohydrate-binding proteins. As a result Goldstein et al.,
(1986) proposed a more strict definition of lectins according to
which they should have the following properties:
(i) A lectin is-a éugar-binding protein or glycoprotein of
non-immune origin which agglutinates cells and/or
‘precipitates glycoconjugates.
(ii) Lectins should bear at least two sugar binding sites.
(iii). The specificity df a lectin should be defined in terms of
monosaccharides (or simple oligosaccharideé).that inhibit

lectin-induced agglutination (or precipitation) reactions.

There are several other types of sugar-binding proteins including
sugar—épecific enzymes (giycosidases, glycosyltransferases...),
transport protein; hormones (thyroid-stimulating hormone, follicle-
stimulating hormone,...) and toxins (abrin, modeccin, ...) etc. Under
some conditions, sugar-specific enzymes with multiple combining
sites can agglutinate cells (and/or precipitate glycoconjugates) and
so act as lectins. On the other hand, in spite of similarities to
true lectins from the same sources, toxins (which bear only one.

sugar combining site) should not be called lectins since they do not
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"agglutinate cells or precipitate glycoconjugates (Goldstein et al.,
1980) . More recently, Kocourek and Horejéi (i981# proposed- the
fo;lqwing definition of leqtinsﬁ_lectins are sugérfbinding pfoteins.
or glycoproteins of non—immuné origin whi;h are devoid of enzymic
activity towards sugars to which they bind and do hot require'freé

glycosidic hydroxyl groups'on these sugars for their binding.

" Lectins, their isolation,lbiological activities and applications
have been reviewed by many authors (Lis and Sharon, 1973, 1977;
Kornfeld et al., 1974; Sharon and Lis, 1975;V.Goldstein and Hayes,

1978; Lotan and Nicolson, 1979; Weir, 1980).

One of the most exten#ively investigated lectins, and the only
one for which the primary sequence aé Weil ;s the .three-dimensional
structure have been established is the leétin from jack .bean(Canavalia
ensiformis) concanavalin A (Con A).AIt was first isolated and
crystallized by Sumner in 1919 and latei‘itsrability to precipitate
polysaccharides have been studied in some detail by Sumner and
Howell (1936), who were the first to suggest that haemagglutination
by Con A may be the consequence of the reaction of the lectin with
carbohydrates in strbma proteins. In additidn to its ability to
agglutinate celis and to precipitate glycoproteins and polysaccharides,
Con A possesses strong mitogenic activity. Géldsfein et al. (1964)
established that the Con A binding site appears to require un@odified
hydroxyl groups at positions C-3, C-4 and C-6 in the six-membered
ring of a—mannoéyranosides or a-glycopyranosides. Mannopyranosides
and glycopyranosides bind to Con A in the C-1 chair conformation

(Brewer gg_gl., 1973 ) and it has been suggested (Poretz and Goldstein,
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1970) that the protein has a specific site capable of interacting

with the anbmeric ok&gen atom of the &-linked glycosides of these
‘sugars. It is now known (Hardman and Alnsworth, 1972;. Wang et al.,1971;.
EﬂmundSpntEE‘il;,197l) that Con A-consists of polypeptide subunits,
of,molecﬁlér-weight 26,000. At pH 5.6 and below, two protomers

are associéted in a dimer of molecular weight 52,000; above pH 5.6,

the idime; aggretate, forming tétramer. Con A exhibits also a
reversible, tgmpératuie dépéndgnt dimérftétramér transition(¢orden

and Marquardt, 1974 )

- There is one binding site for saccharide per subunit (Yariv et al.,
1968), és well as-one fér Mﬁ2+ and one for Ca2+ (Kalb and Levitzki,
1968),-_Both metals are reversibly removed from the protein at
low pH; The Mh2+ can be readily replaced by other transition metals,
such as Ni2+ to yield fully active lectin preparations (Shoham EE.EL"
1973). Occupation of the transition metal site is required for the
bindinngf Ca2+, and both appear to be necessary for the binding of
saccharides (Kalb and Levitzki,'1968) although there is some un-
certainty about the exact role of Ca2+; according to one view, it
is not absolutely necessary for saccharide bindiné but acts only
by enhancing the rate of confor;ational change leading to the formation
of the functional protein (Koenig et al., 1973; Richardson and Behnke,
1976) . Stark and.Shefry (1979) reported that a variety of individual
metal ions or mixtures of ions added to demetallized Con A convert
the protein to the conformational form which has a high affinity
for saccharides with the rates of conversion dependent upon the
- identity of the ions added and the sample pH. They also concluded

2+ 2+ 2+ . .
that Zn , Co and Pb were able to fill both metal binding sites
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.- , + +
and convert Con A to its active structure. Mn2 and Ca2 appear
to stabilize the conformation of thé protein,protecting it against
héat inactivatidn (Doyle et al., 1976) and hydrolysis by proteolytic

eﬁzymes (Thomasson and Doyle, 1976).

Among the various applications of Con A.is the isolation of Con
A-binding glycoproteins from nqrmél and transformed cells of various
;peciés (for review-see than and‘Nicoison, 1979)using Coﬁ.A ;ffinity
columns, measurement of acute phase proteins in serum of man and
animals during inflammation and tissue breakdown (Kohn et al., 1980), -
ﬁogétﬁer with its wide use as a mitogen. Middlebrook et al. (1979)
studied,thevinteractioﬁ of Con A with diphtheria toxin and suggested
ﬁhat Con A could be‘uséd as a tool to study how the toxin crosses
the cell membrane as Con A was found to prevent the internalization
“of fhe toxin"into the cells. More details about the lectin can be
found in a number of reviews (Cunningham, 1975; Bittiger and Schnebli,

1976; Goldstein and Hayes, 1978).

One of the lectins emphasised in this work is the peanut lectin

(Arachis hypogaea), whose discovery was associated with the phenomenon

of T-polyagglutinability which usually arises as a result of in vitro
contamination of biood specimens thréugh the degradive action

of bactérial neuraminidase. This was first observed in 1927 by
Thomsep who assnﬁed that there exists a ;eceptor L (latent), common
to ali red cells but normally Latent, which is activated or revealed
through the effects of thé bacterial 'agent' which wés referred to

as transforming bacterial enzyme by Friedenrich (1930). Thus the

receptor was called T-receptor and the corresponding serum element
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T-agglutinin. The bacterial enz&me was later identified aé.neura—
minidase (Klenk,'l956; Gottschalk, 1960), but the nature of the
_Tfrecepﬁot (Tfantigeﬂ) on.the;red cells remained.obscﬁre, despite

the fact that neuraminidase-treated rea cell glycoproteins showed a -
strong inhibitory power towards the T-agglutinin (Klenk and Uhlenbruck,
1960) . Following the work of other authors (Springer and Ansel,‘

1_958} Mikeld and Cantell,1958; Painter et al., 1962; Klenk et al.,
1962) and—from their_o&n inhibition studies, Kim and Uhlenbruck'

(1966) were eventually able to determine the structure of the T-antigen
to be the disaccharide B-D-galactopyranosyl (1+3)-N-acetyl-D-
galactosamine. The T—antiéen was later referred to as the Thomsen-
Friedenrich aﬁtigen (NeWmaﬁ.gE'Ei., 1977) to avoid any confusion

with T for thymocyte or tumor antigen.

Bird (1964) was the first to extract from peanuts a T-agglutinin
which resembled the naturalLy occurring antibody in having high
affinity towards the disaccharide Gal—B-(l43)—GalNAc. The peanut
lectin was also found to be inhibited, to a legser extent, by
galactosides but not by the free N-acetylgalactosamine. The peanut
lectin has been purified (Lotan et al., 1975; Terao et al., 1975)
using affinity chromatography with a molecular weight of 110,000.

The finaing of a ungiue sequence for the five NHZ—terminal amino
acids of the peanut lectin suggested four identical subunits

(Lotan et al., 1975). The lectin was also shown to have no
covalently bound carbohydrate.‘Dahr et al. (1974, 1975 c)showed that
the TF-antigen is part éf the alkali-labile tetrasaccharide

thatlis involved in MN bloéd group activity. These findings confirmed

. the earlier report of Klenk and Uhlenbruck (1960) that the TF-antigen
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is a cryptic antigen on human erythrocytic membrane glfcop;qteins and
is usually covered by sialic acid. The lectin was found to be

» mitogenié (Novogrodsky gﬁ;gi., l975)vté.huﬁan.peripherél blooa
lymphocytes and to rat lymphocytes bnly after treatment of the cells
with neuraminidase, butinot to stimulate mousé gnd guinéé pi§
lYmbhocytes. on the §ther hand, thevieétin was reported (Terao et al.,
1975) to have no mitogenic effects towards either native or neura-
minidase trgatéd human periéhefal bléod»lymphécytes iﬁ spite of the.
similarity of the lectin preparations by both groups. The question

of mitogenicity of the peanut lectin, ﬁherefore; remains unresolved.

The peanut lectin has been uéed for clinical determinations
of T—polyagglutinabiiity (Bird_and Wingham; 1971) to detect surface
TF-antigen on normal'mammary epiﬁhéli#l cells (Klein, et al., 1978),
to detect TF-antigen on blood group.M and N substances (Dahr et al.,
1975c)and glycoproteins isola£ed from bovine MFGM (Newman et al.,
1976a) . More recently, Reisner 22.§£-<1980) reported that preleukaemic
bone marrow and spleen cells of irradiated C57BL/6 mice that were
inoculated with the radiation-induced leukaemia virus variant
D-Rad LV differ from autonomous end-stage leukaemia cells in the
expression of fhe receptor for peanut lectin. As a result, the
preleukaemic cells are agglutinated by peanut lectin and the end- .
stage cells are not. They élso-demonstratéd that the cells susceptible
to D-Rad LV transformatién in the thymus were present mainly among

the peanut lectin-receptor-bearing cells.

Interest in the MN and precursor antigens has recently grown

with the reports by Springer et al., ( 1975, 1977) that the TF-
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antiggn is demonstrable in human malignant breast tissue and that
anti-TF antibody, which. is présent in all normal human sera, is
severely_depressed.in a'significant number of patients with-
‘cancer of #he breast. Depression of anti-TF antibody was reported
to be caused éither by bihdihg of antibody to TF-antigen on the
surfaéés-of intact tumour cells or by the éresence of antigen shed
from the tumour cell membrane (Springer et al., 1977; - Angliﬂ
‘ 2342£¥, 1971 . | Thesé findings weré latér contested By Newman
- et al.(1979) who showed no significant differerence in the levels
of anti-TF antibody and TF-antigen in serum and tissue cultures of

‘normal individuals and patients with breast carcinoma.

As has been discussed in the general introduction to this thesis,
‘the'miik fat glabule membrane can be regarded as a model mammalian
membrane and in particular a model for epithelial cell meﬁbranes
of the donor species. 1In view of the known difference in recognition
tYpe interaction between corresponding membranes from different species
(Newman et al.,1976a,b) it was of interest to compare the exposuré of a
range of individual monosaccharide residues on the surfaces of
bovine and human milk fat globules. This approach is of special
importance since most of the analytical studies on MFGM carbohydrate
of various species have been concentrated on the extraction of
-glyéoproteins by various methods from MFGMs (Newman et al., 1976&;
Keenan et al., l977;vNewman and Uhlenbruck, 1977; Murray et al., 1979).
Sugar residues exposed on the surface of intact milk fat globules
may well be subjected to differential extraction or to conformational
changes during purification of glycoprotein fractions while glyco-

lipid components, are largely lost. It is clear that contribution of
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carbohydrate structures to specific interactions of the MFGM and, by
implicatibn, also the mammary‘epithelial cell membrane, can most

>_directly be studied in the intact fat globule.

This sectioﬁdesc;;besa comparative study of the accessibility
of various sugar residues on the surfaces of nati&e ahd neuraminidase
treated human and bovine milk fat globules. The study makes use of
£he'fluorescenée-activated cell sgrter and of—iectin;iﬁAuced agglutination

of milk fat globules.
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Materials and Methods

Materials:

Arachis hypogaea (peanut agglutinin), Ricinus communis (type I .

and II), Lens culinaris (lentil lectin) concanavalin A (Con A), wheat

germ agglutin, and Lotus tetragonolobus, both purified lectins and

conjugated to fluorescein were all obtained from Sigma Chemical Co.,
London SW6, U.K. Native and fluorescein-conjugated phytohaemagglutinin

(PHA) were generoué gifts from Dr. R.A.Newman, Department of Immunology,

L)

Imperial Cancer Research Fund, London. Source plant material for

soya bean, Ulex europeus and Dolichos biflorus lectins, extracted

agglutinin from Helix pomatia and typed human red blood cells were
genefous gifts from Dr. D.J. Anstee, South West Regional Blood

Transfusion Centre, Southmead, Bristol. Vicia graminea seeds were

kindly supplied by Dr. W. Dahr, Department of Immunobiology,
Medical University Clinic, Cologne, W. Germany. Phosphate buffered
s.aline (PBS) tablets were obtained from Oxoid Ltd., Basingstoke,
Hants, U.K. Microtiter plateg were obtained from Sterilin Ltd.,

Teddington, Middlesex, U.K.

Neuraminidase [Vibria comma (cholerae)] was purchased from
Behringwekre, Marburg/Lahn, W. Germany. All other reagents were from

BDH Chemicals Ltd., Poole, Dorset, U.K.

Fresh bovine milk was obtained from Friesian cows in mid-lactation
and each sample was a pool from four individual animals. Human milk

and blood were from individual volunteers in established lactation.
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Methods:

Washed milk fat‘globuies

Fresh mi;k_(lo_ml)‘was:cept#ifuged.at lSOOO.x:g;for"iO min at.
22°C. The separated milk fat giobules (cream) were resuspended in
phosphate-buf fered saliﬁe;(PBS), pﬁ 7.3 (10 ml) and recentrifuged
under the éame conditioﬂs.érThe washing procedure was repeated é
further tﬁree times afterAwhich the milk fat globules were resuspended
in P?S, pH 7.3, so as to give'an-optical déﬁsity of éppro#imaéely

1.7 0.D. when read against water at 700 nm.

Neuraminidase treatment of milk fat globules:

Washed milk fat globules (from 5 ml original milk) were suspended

in PBS (1 ml), pH 5.6, containing 1 mM CaCl, and neuraminidase

2
(50 ul, i IU/ml) andrthevmiXture was‘incubated at 37°C for 30 min.
%euwwaﬁwdﬁﬁaemmmdwcmuﬁwamnalmmxg
for 10 min at 22°¢’and resuspended in PBS, pH 7.3, (5 ml). The
washing procedure was repeated a further three times after which

the sialic acid-free globules were resuspended in PBS, pH 7.3, as

described above.

Lectin-induced agglutination of milk fat globules:

A suspension of washed milk fat globules (20 ul) prepared as
dese¢ribed above was mixéd with lectin solution (20 ul) and PBS,
pH 7.3, in a recessed microscope slide well and the agglutination
was allowed to proceed aﬁ 22°C for 1 h. in a humid environment.
" The fat globules were examined at 100x magnification using a light
microscope. Agglutination titres were expressed as the reciprocal
of the minimum dilution of lectin giving agglutination of less
than 30%. Control experiments were carried out by using buffer in place

of lectins.
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Inhibition studies were performed by incubating the lectin
solution (20 ul) (diluted 2x-3' wherer.2x is the agglutination titre)
with inhibitor (ménosacéharideé o;.MFGM—derived'glycoﬁeptideé)
containing buffer (20 ul) %or 30 min at 22° prior'to addition of
milk fat globule' suspensian’ (20 ul).: The mixture was allowed to
stand for 1 h.at 22°C in a huﬁid.environment after which the fat
globules weré examined at_lOQx magnification using a light micro-
scope. Agglutinatioﬁ tiﬁres afe expresséd as ghe_reciprocal éf tﬁe
minimum dilution qf lectin giving agglutination of less than 30%

of the total fat globules.

Analysis of human and bovine milk fat globules by the fluorescence

Activated cell sorter

I. The instrument:

The fluorescencevéctivated cell sorter (FACS) is an automatic
electronic device of éotentially great importance. It is capable of
identifying and separating functionally distinct groups of viable
cells that have, or can be made to have, either different fluorescence
intensities, different light-scattering characteristics, or different
combinations of these two variables. The instrument, its various
modes of operation and its application have been described by many
auﬁhors (Bonner et al., 1972; -Hulett et al., 1973; Greaves et al.,

1976) .

A simplified diagram illustrating the general principles is
shown in Fig. 49. The cells are suspended in saline and emerge
essentially in single file from an ultrasonically vibrated nozzle.

The cell suspension breaks up into regularly-spaced droplets forming
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a stream éf 50 u diameter which is intersected by a beam from an
'argoh—ion laser. As individual cells pass through the beam they
scatter some of the light and, if labelled, they also fluoresce.
The two types of signals from the cells are detected separately
(using microscope objectives), amplified and converted into voltage
pu;ges the size of which is proportional to the input signal After
the pulse hiehgt analysis, these data_are displayed in the form of
a histogram (see later); the ordinates feprésenting the number 6f
eQents (i.e. ceils)Arecorded aéainsﬁ pulse héight ki.e. cell fluores-
cence intensity or size). Cells having particular characteristics
ofrinterest can be both enumerated and physically separated from
the remainder. Separation is achieved by imparting a charge to
the droplet stream. By 'informing' the FACS of the characteristics
of thercells to be separated and by the use of finely controlled
timing, droplets containing cells of intérest can be charéed and
deflected into collection tubes, as they fall between charged
plates (Fig. 49) . Data are presented as polardid-photographs of

the storage display following analysis of 10,000 globulés. Standard
settings of the FACS were, Laser: 200 mW, Photomultiplier tube;

760 v, fluorescence gain: 16/0.1 and scatter gain; 2/1.

II. Sample preparation

~

Native or neuraminidase-treated miik fat globule suspension
(100 pl) prepared as descriSed above, was incubated at 22°C with
fluorescgin—labelled lectin solution (50 upl) and PBS buffer, pH 7.3,
(20 uyl) for 30 min, after which more PBS buffer, pH 7.3, (2 ml)
was added. The globules were then sep#rated by centrifugation at
15000 x g for 1C min and resuspended in PBS buffer, pH 7.3, (1 ml)

before examination by the FACS.
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Inhibition studies were performed by incubating fluorescence-
labelled lectin solution (50 ul) with inhibitor-containing buffer
(20 yl) for 30 min at 22°C afté: which globule sﬁspension (100 ul)
was added and the mixtﬁre'wasjallOWed to sﬁand'at 22°% for 30
min before éeparating'and'resuspending the globﬁles in buffer (1 ml)
for examination by the FACS‘aS'describéd above. Inhibitor cohcen—
trations were 0.1l M_invthe case of mohosaccharides and 1 mg/ml in

the case of inhibition by MFGM-derived glycopeptides.

Lectin Solutions:

Commercially-obtained lectins were dissolved in PBS buffer,

PH 7.3 , to an initial concentration of 2 mg/ml except in the case

of Lotus tetraéonolobus when 1 hg/ml were used. Samples were

serially diluted (2x) with PBS buffer, pH 7.3, for agglutination assays.
For FACS analysis aliquots (50 pl) of fluorescein-labelled lectin

solution containing lectin (150 ug) were used.

For lectins extracted directly from plant material, dry source
material (1 g) was ground in a mortaf and added to PBS buffer,
pH 7.3 (10 ml) at 4°%c. The suspension was homogenized (MSE bench
hémogenizer, 6 x 30 sec) at 4OC and allowed to stand at 40C for a
further 5 min before centrifugation at 14,000 x g for 10 min at 4°c.
The agueous supernatant was e#tracted (3 x 1 vol.) with diethyl
ether, separated and freed from residual ether in a stream of N

2
at 4°c.

The activities of all lectin solutions were checked by demonstrating

haemagglutination of neuraminidase-treated type O,NN red blood cells
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(or native type A cglls in the case of Helix pomatia and Dolichos
bifldrus) by high>dilu£ions of the lectin solution (Table 17).
Spécificities were cénfirmed b§ show;ng complete inhibition of
haemagglutinatioﬁ‘qaused'by four haemagglutination doses of lectin
when a 10 mM-solution of the immunodominant sugar (20 ul) was in-
.cubated with the lectin solution for 30 min at 22°C prior to addition
of red blood cells in the haemagglutination assay. The specificity -
_of’agglutinétion‘of milk faf glébules was alsé checked direétly

by similar inhibition of three agglutination doses of lectin by 30 mM
 solutions of -the respective immunodominant sugar. In the case of

Arachis hypogaea specificity of milk fat globule agglutination was

demonstrated by inhibtion of three agglutination doses of the lectin

by 10 mM concentrations of purified Thomsen-Friedenreich antigen.

Haemagglutination assays:

Samples of human red blood cells (50% suspension in acid-citrate
dextrose anti-coagulant) were diluted (to 10 ml) in PBS buffer,
pH 7.3, and centrifuged at 3,500 x g for 10 min. The pelleted cells
were resuspended in PBS and again centrifuged. The washing procedure
was repeated three times after which, pelleted cellg were diluted
(to 3% v/v) in PBS buffer, pH 7.3, before being used in agglutination

studies.

: Neuraminidase—treated cells were prepared by suspending pelleted'
native red blood cells (0.5 ml) in PBS buffer, pH 5.6, (4.5 ml)
containing 1 mM CaCl2 and neuraminidase (50 pl, 1 IU/ml) and the
mixture was incubated at 37OC for 30 min. Cells were freed from

neuraminidase and free sialic acid by repeated (3x) centrifugation
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) Typed human red blood
Lectin . cells
' O, NN "A, MN

Ricinus communis (type I) ' : 215 215

_(galactose, N-acetylgalactosamine)

1
Lens culinaris 2ll 2 1
(mannose, glucose)
' 5 5
Lotus tetragonolobus o 2 . 2
(fucose) _
2 12
Helix pomatia 2 2
- (N-acetylgalactosamine)
o ' 6
Dolichos biflorus neg 2
- (N-acetylgalactosamine)
Ulex europus - 23 2
(fucose)

. . - 9 : 3
Vicia graminea 2 2
(in part TF antigen)

Arachis hypogaea , v neg neg

(TF.- antigen)

Table 17. Shows the activities of some of the lectins used.
Qitﬁ eryéhrocyte indicator celis; Titres are
expressed as the reciprocal of the minimum
dilutioﬁ of lectin resulting in no agglﬁtination

of 3% suspension of cells.



159

at 3,500 x g for 10 min and resuspended in PBS (pH 7.3, 10 ml).
Final packed washedc:.cells were suspended (3% v/v) as described above

for Agglutination studies.

For the haemagglutination assay, tested cells, prepared as
described above (20 ul suspension) Qere mixed with PBS buffer
pPH 7,3 (20 ul) and serially diluted lectin solution (20 ul) and
allbwéé to stand in the weli ofra microtitre plate for 1 h at 260C;
Absence of agglutination was indicated by the presence of a compact

'button'of cells at the bottom of the well.

Isolation of sialoglycopeptides from bovine MFGM:

Sialoglycopeptides were cleaved off intact washed bovine milk
fat globules by treatment with pronase as described in Section A.
The pronase digested membraﬁe materials were.fractionated on
Sephadex G-50 to give a major excluded peak which when fractionated
by ion-exchange chromatography gave two fractions SP and SR (Section
A, p. 72). The SR glycopeptide fractioﬁ was shown to contain
high concentrations of the unsubstituted TF-antigen. Treatment of
this fraction with mild acid (0.2 N sto4 at 80°C for 1 h) followed
by chromatography on Sephadex G-25 resulted in the isolation of
a purified sialic acid-free fraétion containing approximately O.3 mM

of the free disaccharide B-D-galactopyranosyl- (1-3)N-acetyl-D-

galactosamine (TF-antigen) (Section A, p.83).

Preparation of free Thomsen-Friedenrich antigen:

As shown in Section A, treatment of the sialic acid rich (SR)
glycopeptide (Fig. 27a) with alkaline borohydride resulted in the

release of the alkali labile tetrasaccharide N-acetylneuraminyl- (2+3)-
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B—D—galactopyranosyl-(l+3) [N-acetylneuraminyl-(2+6)]' -N-acetyl-
D—galactosaminitdl (Peak iII, Fig. 34). Fractions corresponding to
the ﬁetrasaccharidé peékrwere combined ana freeze dried to give a
residue (0.5 - 1 mg). Combined residual tetrasaccharide material
(5 mg) were inéqﬁated with 0.2 N H2304 (1.5 m1) at 80° C for 1 h.
Tﬁe hydrolysate Qas-applied to the top of previously équilibrated
éolumn ofADEAE-Sephadex A—2g (16 x 1.3 cm). The column was eluted
with_SO-mM pyridineAacétate.buffeé, pH 5, (100 ﬁl) fgllowed by a |
linea;_gradient (50 - 650 mM) of pyridine acetate (200 ml) at 22°%C
-with a flow rate of,40 ml/h. Fractions (5 ml) were automatically
collected and aliquoﬁs (0. 1 ml) were assayed for sialic acid and
hexose as,deséribedlin éectién A.A The elution profile is shown in
fig. 50. Fractions corresponding to peak I (Fig. 50) were collected
and freeze-driéd ﬁo give the disaccharide B-D-galactopyranosyl-g-

D- (13) N-acetyl-D-galactosaminitol (=2 mg).
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Results

I. Lectin-induced agglutination of human milk fat globules

Native and neuraﬁinidase #reated humap milk fat giobules
were subjected to agglutination.by a fange of purified lectins
rusing the assay described in the Methods section and the average
titres obtained are shown in Table 18. Titres represent'the means
of 20 sampies from different individuals of varying ABO and MN blood

gfgups.

The individual titres obtained from a number of donors by

. using the peanut agglutinin (PNA), Arachis hypogaea, are shown in

Table 19. The da;a éhown'in Tablé 19 clearly demonstrates that unlike
hupan'blood cells, which are agglutinated by PNA :.only after treat-

: ment‘with'neuraminiaaée, human milk fat globules from'healtpy
individuals are readily agglutinated by high dilutions of PNA
irrespective of the blood group of the donor with no significant
>inéiease of the titre after,ﬁeuraminidase treaﬂwzﬁt of the globules.
‘ These findings indicate that in contrast to normal human red blood
cells, receptors of PNA at the surfaces of normal human milk fat
globules are almost totally unsubstituted with sialic acid. Thus,
high concentrations of the unsubstituted Thomsgg;riedenrich (TF)
“antigen (B-D—éalactopyranosyl-(l+3)—N—acetyl-D-galactosamine) are
exposed at the surfaces of norﬁal human milk fat globules, and acces-
sible to the lectin. Indeed, this was confirmed by inhibition of
PNA-induced agglutinati&n of human milk fat globules by 10 mM
coﬁcentrations of the purified (Materials and Methods) TF-antigen
and.by glféopeptide fraction (Séction A, Fig. 31 ) cdntaining

0.3 mM of the unsubstituted (free) TF-antigen.
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¥ 5
HUMAN MILK FAT GLOBULES

o - NATIVE NEURAMINIDASE-
Lectin , , WASHED TREATED
Ricinus communis type I o 2lo 210
(galactose, N-acetylgalactosamine)

s . 8 8
Ricinus communis type II1 2 2
(galactose) '

- . 5 7
- Soya bean agglutinin - . 2 2
(galactose)
Concanavalin A : _ 28 . 2lo
(mannose/glucose)
Lens culinaris 28 29'-lO
(mannose/glucose)
-9
Wheat germ agglutinin 28 28
(N-acetylglucosamine)
Ulex europaeus l . . neg neg
(fucose)
Lotus tetragonolobus neg 2°
(fucose) .
Arachis hypogaea _ 27“8 27_8
(Thomsen-Friedenreich antigen)
Vicia graminea neg " neg

(in part Thomsen-Friedenreich

antigen)

Helix pomatia neg 23

(N-acetylgalactosamine)

Dolichos biflorus ' neg . neg

(N-acetylgalactosamine)

* Values are the means of titres obtained by using 20 samples
of milk all from different individuals of varying ABO and MN
blood groups. No differences in titre were observed with

different blood groups

Table 18. Agglutination titres'of human milk fat globules with

different lectins
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As shown in Table 18, human milk fat globules were not agglut-

inated by the fucose-specific lectins, Ulex europeus and Lotus

tetragonolobus although weak agglutination was detected with the

latter lectin following neuraminidase treatment of the human globules.

Human milk fat globules were not agglutinated either by Helix pomatia

or by Dolichos biflorus lectins irrespective of the blood group

of the donor. Helix pomatia, however, was able to agglutinate human
‘globules following their treatment with neuraminidase (Table 18).

Vicia graminea failed to agglutinate human milk fat globules even

after their treatment with neuraminidase (Table 18), which indirectly

supports the results obtained with PNA (Vicia graminea requires the

TF-antigen in part in its receptor). Table 18 also shows that human
milk fat globules were specifically agglutinated by high dilutions

of Ricinus communis (type I and II) soya bean, concanavalin A,

Lens culinaris and what germ agglutinin, demonstrating the accessi-
bility of galactose (Ricinus type I and II, soya bean), mannose |
and/or glucose (Con A, Lens lectins) and N-acetylglucosamine (wheat
germ agglutinin) on the surfaces of intact human milk fat globules.
Of these lectins, soya bean, Con A, Lens and to a lesser extent
-WGA showed increased activity following treatment of the globules

with neuraminidase (Table 18).

II. Lectin-induced agglutination of bovine milk fat globules:

Native and neuraminidase treated bovine milk fat glébules
were agglutinated by a range of purified lectins as descriﬁed in
the Methods Section(p. 152 ) and the average titres are shown in
Table 20. Titres represent means of experiments using five batches

of pooled milk each of which was pooled from four individual cows.
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BOVINE MILK FAT GLOBULES

*

Lecti '

ectin Native, Neuraminidase-

washed treated

. . 6 8
Ricinus communis type I 2 2.
(galactose, N-acetylgalactos-

amine)

L s . 7 9
Ricinus communis type II 2 2
(galactose) .

- 7 9
Soya bean agglutinin 2 2
(galactose)
Concanavalin A 24"5 27-"8
(mannose/glucose)
Lens culinaris 21 22_3
(mannose/glucose)

. 8 8
Wheat germ agglutinin 2 2
(N-acetylglucosamine) '
Ulex europaeus neg neg
(fucose)
Lotus tetragonolobus heg neg
(fucose)

2~ 5-6

Arachis hypogaea 2 3 2
(Thomsen-Friedenreich antigen)

o . 6-7
Vicia graminea neg 2
(in part Thomsen-Friedenreich

antigen)

9 1
Helix pomatia 2 2 °
(N-acetylgalactosamine)
) . N 6
Dolichos biflorus 2 2

(N-acetylgalactosamine)

*Values are the means of titres obtained by using 5 samples of

milk each of which was pooled from 4 individual cows

Table 20. Agglutination titres of bovine milk fat globules

with different lectins.
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Pooled bovine milk fat globules were found to be agglutinated

by high dilutions of Ricinus communis (types I and 1I), soya bean

énd what germ agglutinins, Concanévalin a and Hélik pomatia lectin.
In all cases agglutination was specifically inhibitéd by the corres-
ponding monosaccharide receptor (Tablev26). Specific aéglutination
by these lectins demonstrates the aécessibility’of galactose (Ricinus
types I and II, soya bean), mannose and/or.glucose (Concanavalin a),

N-acetyl-D-glucosamine (wheat germ agdlutinin) and N—acetyl—D—

galactosamine (Helix pomatia) on the surfaces of intact bovine milk
- fat globules. As with human globules, bovine milkufat.globules were

not agglutinated by the fucose-specific lectins, Ulex europeus and

Lotus tetragonolobus, although fucose was detected in bovine MFGM-

derived glycopeptides (Section A,vp; _88). Bovine milk.fat globules
wereAagglutinated by Lens ‘and éNA to a lesSef'éxtent than human
globules and in both cases the agglutinatiqn‘titres were increasgd
following treatment of the globules with neuraminidase (Table 20).
Thus the TF-antigen at the surfaces of bovine milk fat globules

is apparently present both fiée and subséituted with sialic acid.
These findings agree with the Agglutination titres obtained with

Vicia graminea which agglutinated bovine globules only after treatment

of the latter with neuraminidase (Table 20).

IIT. Fluorescence activated cell sorter analysis of the interaction

of lectins with human MFGs:

The degree of interaction of each of a range of purified
lectins with native and neuraminidase-treated normal human milk fat
globules was assessed by examining the percentage of globules carrying

fluorescent-labelled lectins as described in the Methods section.
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The‘results obtainedAare shown in Table 21 which demonstrates. a

high percentage of fluérescent—labelling of the human globules by
flﬁorescein—labelled PNA, Ricinus (type II), soya bean aggiuﬁinin
" and wheat;germ agglutinin. The percentage of labelling’incréased_
after neuraminidase treatment of fhe globules in the case of Ricinus
and Soya bean lectins but no significant incrg;se was cbserved in
the case of PNA (Fig.HSl A and B) and wheat germ agglutinins (Table
21). No‘intéraction between the‘human glbﬁules and pﬁytohaebagélutinin
w%s observed even afﬁér tréatment éf the ‘globules Qith neufaminidase
(Fig. 52 a and B). These findings agree with those obtained from the
milk fat globule agglutination assay (Table 1é), and, indeed, étresses

the sensitivity of the agglutination assay.
The labelling of the globules with lectins listed in Table
21 was specifically inhibited by 30 mM concentrations of the respective

receptor of each lectin.

Fluorescence activated cell sorter analysis of the interacation of

lectins with bovine MFGs:

The degree of interaction of each of a range of purified lectins

with nafive and neuraminidase treated bovine milk fat globules

was assessed by examining the percentage of globules labelled with
fluorescent lectins as described for human globules. The results
obtained (Table 22) were in general consistent with those obtained
from thé milk fat globule agglutination aséay (Table 20). As shown
in Table 22, pooled bovine milk fat globules were highly labelled

by fluorescent Ricinus (type II), wheat gefm agglutinin..Unlike

human globules, bovine milk fat globules were poorly labelled with
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NORMAL HUMAN MILK FAT GLOBULES

Lectin ’ Native, washed Neuraminidase-
treated

Ricinus communis 90% + 1 97% + 1

type II (galactose)

- . - i

Soya bean agglutinin 80% + 1 88% + 1

(galactose) '

Arachis hypogaea . 88% + 1 . 90% + 1

(TF-antigen)

Wheat germ agglutinin 76% £ 1 78% + 1-

(N-acetyl-D-glucosamine)

Phytochaemagglutinin —ve —ve

(N-acetyl-D-galactosamine)

Table 21. Percentage of fluorescence-labelling of native.
~ and neuraminidase treated normal human milk
fat globules following their incubation with a range

of fluorescent-labelled lectins.
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POOLED BOVINE MILK FAT GLOBULES

Lectin _ : s

. ‘ Neuraminidase-

Native, washed
treated

Ricinus communis . 82% * 1 89% = 1
type 1II (galactose) '
Soya bean agglutinin 50 + 1 72% + 1
(galactose) ’
Arachis hypogaea . 10%- = 1 40% * 1 -
(TF-antigen)
Wheat germ agglutinin 72% -1 73% * 1-
(N-acetyl-D-glucosamine)
Phytohaemagglutinin ' -ve - ve

(N-acetyl-D-galactosamine)

Table 22. Percentage of fluorescence-labelling of native
and neuraminidase treated bovine milk fat
globules following their incubation with a

range of fluorescent-labelled lectins.
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fluorescent PNA, but the percentage of labelling was dpamatically'
increased (3 fold) following treatment of the gléﬁules with neura-
minidase (Fig.51£!and‘D; Fig. 53) sﬁggesting.that.thé'1ectin
receptor (TF-antigen) is largely substitutéd with siéiic acid.
Percentages of labelling of the bovipe globules were algo increased
after their treatmeht with neuraminidase in the case of fluorescent
soya bean agglutinin (Fig.f54) and to a lessef extent by fluorescent
Ricinus (type II). As in the case of thé huﬁan globulés, bovine
milk fat globules did not interact with phytohaemagglutinin even
after their treatment with neuraminidase (Fié. 52 C andfb). The
interaction of bovine milk fat globules with the lectins_listed in
Table 22 were specifically inhibited 5y 30 mM-COncentrations of the’

respective receptor of each lectin.

Inhibition by bovine-derived siaioglycopeg;ideé of the interaction

of specific lectins with human milk fat globules:

The ability of each of é rangé of bovihe MFGM-derived éialog—
lycopeptides (Section A) to iﬁhibit the'a££a¢hment of specific
lectins to human milk fat globules was assessed by using the
fluorescent activated cell sorter as described in the Methods
section. The results are shpwn in Table 23. As can be seén from
Table 23, the partially purified (PP) sialoglycopeptides mixtures
(Section A)completely or partially inhibiﬁed the interaction of
human milk fat globules with fluoreééent soya bean agglutinin,

PNA, WGA, Ricinus (type II) and Helix pomatia lectins. Mannose

and/or glucose (Con A) and N-acetyl-D-glucosamine (WGA)-specific
lectins were best inhibited by the SP-glycopeptide fraction indicating

that the carbohydrate residues in this fraction are accessible to
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Fluorescence Aétivéted Cell Sorter (FACS)
analysis of peanut lectin binding to human
and bovine milk fat globules.

Ofdinate: felative_fluorescence intensity,

Abscissa: relative globule size.

'A. Lectin incubated with native human

:gloBﬁles.'
B. Lectin iﬁcubated with neuraminidase-
treé;edAhuman-globuléé.
C. Lectin ihcubated with hative bovine glébules.
D. Lectin incubated yith neuraminidase-treated

‘bovine globules.
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FACS analysis of ﬁhytohéemagglutinin
binding to human and bovine milk fat
globules.

Ordinate: relative fluorescence intensity
Abscissa: relative globule .size

A. Intact human milk fat globules.

B. Neuraminisae-treated human globules.
C. Intact bovine milk fat globules.

D. Neuraminidase-treated bovine globules.
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FACS'analysis-of peanut lectin to bovine

milk fat globules.

Ordinate: relative globule number

. Abscissa: relative fluorescence intensity.

A. Lectin incubated with native globules
B. Lectin incubated with neuraminidase-

treated globules.
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>these lectins (Fig. 56 and Table 23); On the other hand, the SR-
'élycopeptide fraction did not inhibit the interaction_ofvfluorescen£
'WGA and of fluorescent Ricinus IT with human globules but ;ﬁhibited

the globules interaction‘with fluorescent Con Atoa mﬁcﬁ»léséer

extent than the inhibftion obtained using the SP—glycépe_p.tic‘i‘e,‘ |
-fraction. The SP—glycoéeptide fraction al$o ihhibitéd the interaction

of the hgman globules with fldorescent soya bean agglutiniﬁ. In‘
fac#,wébya béan intéfac£ion'with thé.hﬁménbgldﬁules was 50§p1é£ely-
inhibited by all glycopeptides used (Tabie 23), demonstrating the

: accessibility of galactose residues in these g;ycppeptides t6>tﬁe
lectinf Arachis (PNA) interaction with the human éiobulés Waé<

only inhibited sign‘i’fic;antly by the acid hydrolysed sg" giyé:opeptide ,
fraction (Fig. 57) (sialig acid free) which was shoyn_td_qdhtain_ -
approximately 0.3 mM of the free TF-antigen (Séction.A).rThe Pé;' ’“‘

- glycopeptide mixture inhibited flﬁo;escent PNA inté}éctionrwith.;

the human globules by only 20% (Table 23) which céﬁld accéunf-fot_

the interaction of PNA with galactose as the ieétin isnkﬁown_té

have affinity towards galactose. To overcome tﬁe[g;éuﬁeﬁt tﬁat

PNA binds galactose rather than the TF-antigen,'cbmpetitive binding
experiments were carried out using fluorescent Ricinus (type”II)together
with non-labelled PNA and vice versa. The perqentages of-lgbelling of
the human globules in this experiment (Table 24) shows fhat each:.

of Ricinus (type II) and PNA attacheé to different receptérs:aprfﬁé__;
surfaces of intact human milk fat globules. Indeed, wﬁén inhibition
stﬁdies were carried out by using galactoée and'TF—antigén.the results
,shéw;d that 10 mM of the TF-antigen were required to ccmél?teiy
inhibit PNA interaction with the human globules whiiei33'mM_of‘

galactose were required to demonstrate the same inhibitiqn. This PR
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% of labelled

globules ( 1) - 75% 72% 88% 80%

A+ =7fluorescent Arachis

A = non-labelled Arachis

R+ = fluorescent Ricinus (type II)
R = non-labelled ﬁicinué (type II)

Table 24. Competitive binding of Ricinus and Arachis lectins

to human milk fat globules.
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strongly suggests that the binding of PNA to human milk fat globules

is through the TF-antigen rather than galactose.

The SR-glycopeptide fraction failed to inhibit Ricinus (type
II) which has high affinity towards galactose indicating that receptors
of thié lectin in the glycopeptide are probably masked by sialic
acid. Indeed this was shown to be the case when 50% inhibition was
échieved by using the sialic acid frée SR-glycopeptide fraction and
by the alkaline.borohydride tfeated SR-glycnpeptiae fraction (Fig.

55).



Fig. 54.
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FACS analysis of soya bean agglutinin binding
to bovine milk fat globules.

Ordinate: relative globule number.

Abscissa: relative fluorescence intensity,

A. Lectin pre-incubated with galactose.

B. Lectin incubated with native globules.

C. Lectin incubated with neuraminidase- -

treated globules.

FACS analysis of Ricinus-II binding to human
milk fat globules.
Ordinate: relative globule number.
Abscissa: relative fluorescence intensity.
A. Lectin pre-incubated with galactose.
B. Lectiﬁ pre-incubated with desialylated

SR glycopeptide.

C. Lectin incubated with native globules.
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FACS analysis of con A binding to human milk

fat globules; |

Ordihate: relaﬁive globﬁle numﬁer.

Abscissa: relative fluorescence intensity.

A. 1. Con A pre-incubated with SP glycopeptide
2. Con A pre-incubated with SR glycopeptide
3. Con A. .

B. 1. Con A pre-incubated with mannose

2. Con A.
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. Fig. 57. FACS'énalysis of peanut lectin binding to
human milk fatvglobuies.

Ordinate: relative fluorescence intensity
Abscissa: relaﬁive-globule size.

A, Lectin

B. Lecﬁin pre-incubated with SR glycopeptidé |
c. Lectin pré-iﬁcubated'with PP glycopeptide
D. Lectin pre-incuba£ed with desialyléted'

SR glycopeptide.
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Discussion

| It is now well established that the milk fat globule membrane
(MFGMX is defiyed primérily from the-apicai plamsa membrane of
' mammary aiveoléi,epitﬂelial cells (Pétton and Keenan, 1975).
while the MFGMYhas,become increasingly popular as a médel for
. studies. of élaéma membrane properties, most reéearch has ﬁééﬁ
congentrated od,the extraction of proteins and glycoproteins by
:vaxioﬁs methédé-from ﬁiik_féﬁ élébule ﬁembréﬁeé. Sﬁgar residﬁes
exposed on the surface of intact milk fat globules may well be
subjected to differential extraction or to conformational changes
‘during p#rification of glycoprotéin fractions while glycolipid
'componenté are léigély lost. It is clear that contfibution of
carbéhydrate structures to specific interactions of the MFGM and,
bf implication, also the mammarf’epiphelial cell membrane, can
"most  directly be studied invéhe iﬁtact fat globule. Exposure
‘of monosaccharide residues has accordingly been examined on the
A'outéf.ﬁémbrane surface of.intact and neuraminidase treated bovine
and human milk fat glcbules by ﬁaking use of lectin-induced
agglutination of milk fat globules andfof the fluorescent-

activated cell sorter - (FACS).

Pooled bovine milk fat globuleé were found to be agglutinated

by high dilutions of Ricinus communis (types I and II), soya bean

and wheat germ agglutinins, concanavalin A (Con A) and Helix pomatia
léctin. In aii.cases agglutination was specifically inhibited |

by tﬁercorresponding monésaccharide recépior. Speéific agglutination
,‘by thege iectins demonstrates the accessibility of galactose

(Ricinus types I and II, soya bean), mannose and/or glucose (Con A},
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N-acetyl-D-galactosamine (Helix pomatia) énd N-acetyl-D-glucosamine

(wheat germ agglutinin) on the surfaces of intact bovine milk

fat glébules. The degree of iﬁteraction of the fluorescent
derivatives of the above lectins (with the exception of Con A)

was assessed by the FACS and the results obtained were in general
agreement witﬂ those obtained from the agglutinatién assay, a
correlation which stresses the usefulness of the agglutination
assay és a sensitive and reliable tecﬁnique ih studying surfaée
receptors on milk fat globules. These observations are entirely
consistent with the gas chromatographic eviaence in that sialo-
glycopeptides isolated from the surface of bovine milk fat globules
by proteolytic treatment contain all the above sugars together
with sialic acid and fucose (Section A). Sialic acid was shown
(Newman and Harrison, 1973) by microelectrophoretic technigue

to be exposed on the surface of intact bovine milk fat globules
whereas other sugars were not detectable by these means. Although
the presence of fucose in bovine MFGM-derived glycopeptides has
been demonstrated by gas chromatography (Section A), this was not
reflected in agglutination of the globules by either of the fucose-

specific lectins, Ulex europaeus or Lotus tetragonolobus.. Horis-

berger et al.(1977) were similarly unable to demonstrate marking
of bovine milk fat globules by gold-labelled anti-H lectin and

it appears that although fucose is normally a chain-terminal unit,
access to the sugar is hindered not only in the case of gold-

labelled lectins but also in that of the underivatized reagents.

In contrast to the findings of Horisberger et al. (1977), specific

interaction of bovine milk fat globules with peanut agglutinin
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(Arachis hypogaea) could be demonstrated by means of.the agglutin-
ation assay and by the fACS. Peanut agglutinin has been shown

(Lotan et al., 1975; Pereira et al., 1976)to have high affinity

for the Thomsen-Fredenreich(TF) antigen (B-D-galactopyranosyl-
(1»3)-N-acetyl-D-galactosamine) and the Arachis-induced agglutination
Vof bovine milk fat globules was specifically inhibited by low
concentrations of the free reduced TF antigen. Another piece of
_evidence suppérting the aboée obéervations was:provided by the

fact that the desialylated SR glycopeptide, which is known (Farrar,
1978) to carry high_concentrations of PF antigen, specifically
inhibited the Arachis-induced agglutination of bovine globules,
Awhefeas both native and alkaline borohydride-treated SR glycopeptide
shbwed no inhibitory activities. Sialic acid-substituted TF

antigen has been shown to be released from the PP sialoglycopeptide
(Farrar and Harrison, 1978) as well as from the SR glycopeptide
(Farra, 1978) by alkaline borhydride treatment in the form of

two trisaccharides and a tetrasaccharide fraction (Fig. 24). The
unsubstituted TF antigen was not specifically sought in these
studies but has been detected in a phenol-extracted glycoprotein

- fraction from bovine MFGM by Newman et:al., (1976) who used a
haemagglutination-inhibition technique. The present evidence

for the exposure of unmasked. TF antigen on the surface of bovine
milk fat globules clearly complements these latter findings and
indicates that tﬁe presence of unsubstituted disaccharide in
extracted glycoproteins does not result from artefactual cleavage
of sialic acié residues during the extraction procedure. The failure
of Horisberger et al., (1977) to mark bovine fat globules with

gold-labelled peanut lectin could reflect a more restricted access
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of the bulky labelled reagent to the surface receptors.

As might be expected, pre-treatment of bovine milk fat globules
with neuraminidase led to cleavage of sialic acid residues from
the surface tri-and tetra-saccharide (Farrar,-l978; Farrar and

Harrison,1978) with consequent exposure of the TF antigenic core.

It is of interest that Vicia graminea which is known (Uﬁlenbruck

éﬁd Dahr, ;97li'to réguire the éfeéeﬁce of TF éﬁtigenﬁin ifs
specific receptor site, only causes agglutination of bovine’globules
after neuraminidase treatment of the glabules when the>concentrati§n

of exposed disaccharide was increased.

The presence of N-acetyl-D-galactosamine in_an exposed form
on the surface of bovine milk fat globules was shown by the specific

agglutinations induced by Helix pomatia and Dolichos biflorus

lectins. This supports previous reports (Newman gg_él,, 1976; .
Newman and Uhlenbruck, 1977) that phénol-extracted glycoproﬁeins
from bovine MFGM carry unsubstituted N-écetyl—b—galéé£0$émine.‘
This is also consistent with our findings that treatment of

the SP glycopeptide with periodate (Section A) resulted in the
destruction of all its N—acetyl—D—gal;ctosamine indicating that
this sugar is terminal in position. The agglutination titre -
was slightly increased by neuraminidase treat@ent of the boviné

globules.

Human MFGM is less readily available than the bovine membrane
and has been correspondingly less studied. Human milk fat globules

were found to be specifically agglutinated by high dilutions of
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Ricinus communis (types I and II), soya bean, concanavalin A, Lens
and wheat‘germ agglutinins, demonstrating the accessibility of
§alactose.(Ricinus, soya bean agélutinin)mannose and/ or giucose
(Con A, Lens) and N-acetyl-D-glucosamine (wheat germ agglutinin)
on the surfaces of intact fat globules. Agglutination of human
globulés by these lectins is generally simiiar to that of bovine
globules although titres, particularly for Con A and Lens, were
hiéher iﬁ ﬁhé human Case; As for bovine globules, agglutiﬂations
were specifically inhibited by the corresponding hapten sugars.
These observations are entirely consistent with the gas chromato-
graphic evidence (Safi, 1981) that sialoglycopeptides isolated
from the surface of human milk fat globules by proteolytic
.treatment contain all Ehé above sugars together with sialic acid
and fucose. These findings also support the electrpn microscopic
data of Horisberger et al. kl977) in which human milk fat globules
were found to be marked by gold-labelled soya bean, wheat germ
agglutinins and, althoﬁgh to a lesser extent, by Con A. The
ability of intact human milk fat globules to bind soya bean
agglutinin contrasts with the behaviour of extracted human MFGM
glycoprotein components which interact weakly (Newman and Uhlenbruck,
1977) or not at all ( Murray et al., 1979) with soya bean
lectin. It may be that soya bean lectin-induced agglutination
of intact human milk fat globules and marking of the globules
by gold-labelled soya bean lectin (Horisberger et al., 1977)
involves exclusively glycolipid-bound galactose; The increased
interactions (Table 22 and Horisberger et al., 1977)observed
following neuraminidase treatment of the globules suggest, however,

that glycoprotein-bound galactose is involved at least in the
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response of siélic acid-free globules to soya bean lectin because,
as Horisberger et al.(1977) have pointed out, MFGM proteins mask
membrane ganglibsides from neuraminidase attack (Tomich EE“EL"

1976) .

As with bovine globules, human milk fat globules were not

agglutinated by the fucose-specific lectins, Ulex europaeus and

Lotus tetragonolobus although weak agglutination was detected

with the latter lectin follwoing neuraminidase treatment of the

human globules. Most lectins do, in fact, show increased agglutin-
ation titres after treatment either of bovine 6r human fat globules
with neuraminidase. It is likely that such increases generally
reflect unmasking of relevant sugar receptors as a consegquence

of the‘removal of terminal sialic acid-residues. It could be

that enhanced agglutinability under such circumstances simply

arises from non-specific aggregation resulting from loss of

surface negative charges although the lack of increase of
agglutination of‘human fat globules by Arachis following neuraminidase

treatment of the glcobules, argue against this.

The human milk fat globules were also agglutinated by
relatively high dilutions of the peanut agglutinin and as in the
case of bovine fat globules, agglutination was specifically
inhibited by the free (reduced) TF antigen and by the desialylaﬁed
SR glycopeptide which is rich in the unsubstituted TF antigen.
Neither the native SR glycopeptide nor the alkaline borohydride
treated SR glycopeptide inhibited the Arachis-induced agglutinatian.

The exposure of substituted TF antigen on the surface of intact
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human milk fat glcbules has not previously been demonstrated,
;lthough Kleinvgg_él;(l978) have provided evidence for exposure

of the antigén on tﬁe surface of nqrmal hammary epithelial cglls
‘fram which the'globule“membfane isg derivea. These results are
contrary to those of Springer et al.(1975) who found the TF

- antigen to be exposed on breast carcinoma but not in normal

tissue. Our results are also consistent with thelfindings-of
Newman EE.Ei'(1979) who foﬁnd TF antigen ig breast tissue

cultures of normal individuals. As is the case with soya bean -
-agglutinin, peanut lectin apparently behaves differently with
extracted human MFGM glycoproteins. Thus, Newman and Uhlenbruck
(1977) were unable to show inhibition of peanut lectin-induced
agglutination of desialylated erythrocytes either by native

or by desialylated human MFGM glycoprotines indicating that the

TF antigen was not accessible on their glycoprétein extract, despite
the fact that it was detected chemically in the same fraction

(Glockner et al., 1976).

As mentioned above, human fat globules were not rendered
more agglutinable by peanut lectin following their treatment
with neuraminidase. This contrasts with the behaviour of bovine
milk fat globules which carry appreciable amounts of sialylated
-TF antigen in tri- and tetrasaccharide forms (Farrar, 1978;

Farrar and Harrison, 1978) exposed on their outer surface. These

conclusions are supported by the results obtained using Vicia graminea
lectin which failed to agglutinate human fat globules even after
neuraminidase treatment of the glcbules. Under similar circumstances

the TF antigens of bovine milk fat globules were apparently
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unmasked sufficiently to allow agglutination by high dilutions

of Vicia graminea lectin, evén though, as in the human case,
nétive globules wefe not agglutiﬁated by ﬁighest concentrations

of lectin. The above conclusions are éuporﬁed by the findings

of S#fi (1981) that treatment of a major sialoglycopeptide
isolated from intact human milk fat gldbulés with alkaline
borohgdride resuited in the release of a tetrasaccharide fraction
coﬁtaining sialic acié, galactose,tN—ace£yi;D-gluco§aminé and
N-acetyl-D-galactosamine in the approximate molar ratios 3:3.5:2:1
respeétively. TF antigen containing oligosaccharides were
not rgported in the human MFGM-derived sialoglycopeptides

(safi, 1981).

In contrast to bovine globules, human milk fat globules
- were not agglutinated by N-acetyl-D-galactosamine-specific

lectins, Helix pomatia and Dolichos biflorus, irrespective of

the blooé group of the human donor. It is of ihteresﬁ that donors
of A—biood group specificity express the A antigen (N-acetyl-D-
galactosamine) on their red blood cells (by definition) but not
apparently on milk fat globules. The opposite is true of the bovine -

system in which unsubstituted Helix pomatia receptor has been

detected on intact milk fat globules but not on erythrocytes
(Kim and Uhlenbruck, 1966). Results obtained from membrane-derived

glycoprotein fractions agree with these findings in the bovine
aot
(Newman et al., 1977; Newman and Uhlenbruck, 1977) butfin the
wers
human case, when Helix pomatia receptorSfdetected on phenol-extracted

glycoprotein fractions from human MFGM (Glockner et al., 1976).
The above findings were, as in the case of bovine globules,

assessed by the FACS and in all cases results were consistent_with
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thos-e cbtained from the milk fat globule agglutination assay

again stressing the validity of the latter assay.

The aécessibility of carﬁohydraté residues in bovine MFGM-
derived sialoglycopeptides to a range of fluorescent labelled
leétiné was studied by inhibition of fluorescein labelling of
humgn_é;obules by these lectins. Thus, the SP glycopeptide
fraction inhibited. labelling of the globules by Con A (mannose-
specific) and wheat germ agglutinin (N-acetyl-D-glucosamine-
specific). This is consistent with the gas chroﬁatographic
eyidence that the SP glycopeptide is rich in mannose and N-acetyl-
D-glucosamine (Section A) and suggests that these sugars are
accessible to the above lectins. The SR glycopeptides, on the
other hand, did not inhibit labelling of the globules by either
Con A or wheat germ agglutinin whereas its desialylated and alkaline
borohydride treated derivatives inhibited the labelling of
globules by Con A but not by wheat germ agglutinin. This increased
acti&ity with respect to Con A could be due to unmaskihg Qf

subterminal mannose residues following desialylatien.

Sialic acid has been reported (Lis and Sharon, 1977; Goldstein
and Hayes, 1978) to be important in the binding of wheat germ
agglutinin to glycoprotein and glycopeptides but the present
results do not support this. Agglutination titres of bovine and
human globules by this lectin Qere not decreased following
neﬁraminidase treatment of the globules and the SR glycopeptide
failed to inhibit the interaction of this lectin with the human

globules.
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In spite of the gas chromatogréphic'évidence that the SR
glycopeptide is rich in galactose, it did ﬁot inhibit interaction
of Ricinus II with the globuleé. This is coﬁsisﬁent with thérfact
that most of the galactose is internai in poéition as part of the
sialic acid-substituted TF aﬁﬁigén withAthe fact fh%t‘only 308 of
total galactose was destrqyed by periodéte-tréatment (Section A).
Indeed, desialylation and alkéline borohydride t;eatment»of’the
SR Qlycopeptide incréased this iﬂﬁibitidn £o 50%. éalacto;e
residues on the SP glycopeptide were similarly inaccessible to
Ricinus-II. This was as:thié glycopeptide.ffaation'is poor
in galactose and the sugar could be totally masked by sialicAacid.
Galactose residues on all glycdpeptideé tested (Table 23), on
the other hand, were accessible ﬁo soya bean agglﬁtinin. These
observations are in agreeﬁent with tﬁ§setof Murray et al. (1979)
who showed that soya bean agglutinin‘was able to bind all seven

glycoproteins isolated from bovine MFGM.

The milk fat globule agglutination‘assay employed in this
study is a simple technique éapable of rapidly providing
quantitative information about the accessibility of a wide range
of membrane-bound sugar components without the need for chemical
derivatization. The general agreement of results obtained from
this method and from the highly advanced FACS implies that the
agglutination assay, besides 5eing rapid and easy to perform is
highly sensitive. The method is applicable to surface antigens
in general and has been used to define immunodominant groupings
(Section A) and receptors for bacteria (Section C) on the surfaces

of bovine MFGM. The occasional differences between the agglutination
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assay and FACS on the one hand and the elegant but more limited
studies of Horisberger et al. (1977f Qsing gold-labelled lectins,
.bn the othei,'can'be explained in térms-of‘hindered_access of

the relatively-bu;ky gold-labélléd'lectins'to the globule

surface. Differences betﬁeen interactions of lectins with intact
globules onrﬁhé one hand and with isolated glycobroteins on
the.other,‘are more marked and could well reflect changes resultinq
. fr&m extracﬁion in the‘Iattek case. It ma§ also be that glyéo—
v;ipids contribute significantly to the specific interactions of

the MFGM surface.

, 0ne>of thé moét significant differences between human and ’
bovine MFGM showAby agglutination and FACS studies is the lack
of effecﬁ'of.neuraminidase on peanut lectin interaction with human
globules suggesting that the latter do not carry significant
amoﬁnts of tri- and tetrasaccharide residues which have been
isolated.froﬁ-bovine globules (Farrar, 1978; Farrar and Harrison,
1978) . These oligosaccharides have been characterized in membranes
of human erythrocytes (Thomas and Winzler, 1969), porcine
erythrocytes (Dukov, 1980),rat brain (Finne, 1975) and on other
membranes (Krusius and Finne, 1977) and their apparent absence
from human milk fat glcbules faises the problem of their function
gener;lly. A secénd major difference concerns the presence of

Helix pomatia receptors on bovine but not on human milk fat

globules despite the A-blood group specificity of many of the

human donors. It is an iftriguing fact that in both these cases the
_structure present on bo&ine but not on human globules has been
reported in human but not in bovine erythrocyte membranes (Kim
and Uhlenbruck, 1966; Thomas and Winzler, 1969; Emers”§n and

~

Kornfeld, 1976).



The contribution of MFGM lectin receptors to specific
interactions of the ﬁilk fat globule, or moré significantly, of
‘the mammary epifhelial cell membrané, remain to Ee elucidéted,
but it is likely that these exposed sugar residues wiil be shown
to pléy‘an important ?ole in recognition processes invokving

mammary cells or epithelial cells generally-



Section C

Investigation of exposed receptors for the
K99 adhesin on the surfaces of bovine milk

fat globules and sheep erythrocytes
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Introduction

The mucous membranes of mammals are the major routes of entry
for microbial infections, and ihfegtipns which are localized in, of
invade via, the gastrointestinal tract are important causes of

morbidity and mortality{' Gastrointéstinal diéorde;s are especially

common with many deaths occurring fram Eééherichia coli (E. coli)
infection (Sojka, 1973) and from transmissible gastroenteritis.
' The latter has a mortality aﬁprdachiné 100% in pigs under 7 dayé

of age although older pigs‘are»hot seriously affected (Bohl, 1973).

Metchinikoff (1905) was one}of the first to consider the dis-
turbing implication of man's 1ifel§nq coéxisﬁence withrthe huge
numbers of potentia;lf unpléasant organisms within him. Now, the
immunological relationshié of host ﬁo pﬁﬁhogen in the intestine is
better understood, but still mény questions remain concerning the
nature of the usually peacefulArelationship between the animal host
and its normal enteric flora. The 'm‘ajorl érope‘rty of the immune system
is its ability to distinguish with great specificity between 'self'
and 'non-self' oréanisms or substances. In the gastrointestinal
tract, however, the. immune system hés evolved alongside the development
of powerful and specific systems which allow totally separate
organisms (such as man and E. coli or bacteroids) to maintain close
symbiotic relatioﬁships.Thus,-the immunoloéical system of the
gastrointestinal mucosa must have eyolved the ability to distinguish
not merely between self and non-self antigens, but also between
'acceptabie' and 'non-acceptable' microorganisms within the intestine;
It thereby preserves the ability to mount a defensive response against
pathégens, and avoids the production of an appropriate response
against the normal microflora (McCelland, 1979). Besides the

adaptive immunological mechanisms of the intestinal immune system,
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non-imﬁune faétors including diet, gastric acid secretion, intestinal
mobility, anatomical disturb;nce;>biie salt concentration, pH, redox
potential as well as the interactions of various members of the
intestinal micibfi&ra with eéch,other_and with the ﬁost (Savage,
1972; ,Joﬁes_andrRutter, 1972}:are also involved. The overall
stability‘éf the,inteéﬁinal flora is dependent upon the complex

interactions between the above factors (Fig. 58).

- Certain enteropathogenic strains of E. coli are associated with
.diarrhoeal diséases in pigs, calves, lambs and humans. Despite the
differences between strains isolaied from different animal species
there are twé general fequifements for the production of disease;
fifstly successful binding of the organism and colonisation of the
intestine and secqndly release of heat-labile or heat-stable éntero-
toginé. | Tﬁe heat-labile enterotoxin of E. coli resemble

n
cholera éterotoxin and activates adenylate cyclase with a resultant
incxeasé in cAMP and inhibition of sodium absorption. Thus, sodium
no longer acts as a driving force and chloride is actively moved
from blood to lumen, pulling cations and water with it into the gut

lument to maintain the osmotic equilibrium with blood plasma (Fig. 59).

(Finkelstein, 1976; Du Pont and Pickering, 1980).

The first clear evidence of the significance of bactérial
adhesion in expressing pathogenicity came in the early 1970s when
Smith and Linggood (1971)Areported that the virulence of E. coli
for early-weaned piglets increased after the bacteria had acquired
the ability to produce K88 adhesin (antigen). This was followed

by the report of Jones and Rutter (1972) in which they demonstrated
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/ oSt
“interaction

commensal between host and flora R commensal
microorganism"A" | « microorganism "B"

interaction
within the gut

Pathogen

Fig. 58. The normal bacterial flora of the intestine are
determined by complex intéractions of baétetia with each
other and with host's defence mechaﬁisms;' A pathogen
must be able to disturb these iélationships to estabiish

itself and produce disease (After McClelland, 1979).

E.coli

Cc .
Enterotaxin holera Toxin

— Abinding __ffagment

<+ Active fragment

Cl'. Na"; H0

Membrane

/ Adenylate Cyclase
ATP

T .
| Attered

cAMP_ Cellular
Function

Fig. 59 Schematic representation of intestinal binding of cholera
toxin and heat—labile E. coli toxin leading to intestinal
secretion of fluid and electrolytes (After Du Pont and Pic-

Kering, 1980).
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that thé K88 adhesin was éynthesized by a K88-positive enteropathogenic
E. coli (EPEC)'in the upper intestine'of both gonobiotic and con-
ventional neonatal piglets where it functioned as an adhesive

agent enabling the bacteria to aéhére.to and colonize the intestinal
mucosa. K88-negative mutant strains, on the other hand, did not
adhere to and-coloqize the mucosa.. More recently, Rutter_gg.gli (1976)
reported tha; piglets suck;edlby dams vaccinated with K88 vaccine

- are not susceptible to challengé'Wiih K88-positive EPEC.

Another adhesin, referred to as Ko adhesin, was reported to

be present in enteropathogenic strains in calves and lambs. (Smith
and Linggood, 1972j. The adhééin is now known as K99 adhesin (@rskov
et al., 1975) énd has since been found on some atypical strains of
.VE, coli isolated-from piglet neonatal diarrhoea (Moon et al., 1977).
Burrows et al.(1976) concluded that fhe K99 adhesin is résponsible
for both adhesive and haemagglutinating (of sheep erythrocytes)
properties of K99 positivg E. coli strains. Bo;h the K88 (Smith and
Linggood, 1971) and the K99 (Smith and Linggood, 1972) adhesins

are governed by transmissible extrachromosomal genes or plasmids.
K99 adhesin isolated by acetate p?ecipitation from E. coli B4l
~ (the establishgd K99 reference‘strain) was found to be anionic

with pI of 4.2 and to agglutinate guinea pig and sheep eryth;ocytes
(Morris et al., 1978a). Similarly, Burrows et al.(1976) reported
that the K99 adhesin isolated from a K12 (k99') recombinant by
ammonium sulphaﬁe precipitation was catiﬁnic with a pI of 10 and
failed to agglutinate erythrocytes from either guinea pigs (Isaacson,
1977) or sheep (Morris EE“EL'; 1978a). Subsequent work by Morris
EE,EL'(1978b) showed that cell-free K99 adhesin from the reference

strain B4l is composed of two antigenically distinct components, an
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‘anionic component with stable haemagglutinating activity and a
cationic component with a labile haemagglutination réaction..

More recently, it was shown thaf both componénts .ad_her.e to calf -
brush borders (Morris et al., 1980a).'As with the case of piglets,
lambs can be passively protected froﬁ diar?hoea after oral challenge
with a viiulent enteropathoéen by ingestioﬁ of colostrum from dams
vaccinated with K99 vacciné (Sbjka,gE_El.( 1978) . This was attributed
to the neutralisation of the adhesive propértie§ of tﬁe x99
positive E. coli by colostral aptibodies (Morris et al,, 1980b)

The general characteristics of tﬁe K88 and K99 adhesins are shown
in Table 25. More details about bacterial'adﬁesion can be found

in a number of reviews (Carpenter, 1922; Mcciellénd, 1979;APorter,

1979; Arbuthnott and Smyth, 1979; Du Pont and Pickering, 1980).

Reiter and Brown (1976) briefly repoited that bovine milk fat
globule membranes have the ability ﬁo inhibit the agglutination
by K99 adhesin of sheep erythrocytes. Ih'vieﬁ of the availability
of surféce glycopeptides of bovine milk fat globule membrane (MFGM)
it was decided to investigate their possible involvement in the
interaction of the K99 adhesin with the brush border membrane, the
suggestion being tha£ certain membrane components might be common
to bovine epithélial membranes. In the first instance the
interaction of K99 adhesin with MFCMbcomponents Qas investigated

by using the agglutination assay described in the previous section.
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Materials and Methods

-I. Materials

-‘K99 adhesin frbmrE. coli reference:strain‘B4l wés kindlyjsgpplied
by Dr. J.A. Morris, Céﬂtral Veteriqary Laboratory, Weybridge,
Surréx, U.K. Fucose, manﬁose, galactose, glucose, N-acetyl-glucosamine
and N-acetylgalactosamine were all obtained from Sigma Chemical Co.,
London, SW6. Sephadex gels were froﬁ Pharmacia Ltd., London W5.
Phqsphété buffered saline (PBS) tablets wére obtained from O#oﬁi
Ltd., Basingstqke,'Hants, U.K. Microtiter plates were obtained from
‘Sterilin Ltd. ,> Teddington,. U.K. 2Anti A and Anti B antibodies
were genéreus giftS'fram_Dr. D.J. Anstee, South West Regiénél Blood

Transfusion Center, Southmead, Bristol.

Fresh bovine milk was obtained from Friesian cows in mid-lactation
and each samplefwas»é pool from four individual animals. Human milk

was from individual volunteers in established lactation.

Human blood type A and B was from individual volunteers,
University Medical Centre. Sheep blood was obtained from Flow
Laboratories, England, and calf blood from Tissue Culture Services,

England.

All other reagents were from BDH Chemicals Ltd., Poole, Dorset,

U.K.
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II. Methods

Milk fat globulé agglutination assay

The milk fat globulé agglutination assay was carried out using
the 399 antigen as described for leétins iﬁ the previousvsection;
Inhibition studies were carried out by using free sugars and bovine
MFGM-derived sialoglycopeptideé. ‘The inhibitor was Serially
dilutedr(2X) and incubated at 26°% for 15 min with four agglutinating
doses of tﬁe k99 antigen fbllgwea b;raddiﬁion pf-giobule suspension
prepared as described in the previous section. The starting concen-
. trations of the inhibitors were 1 M in the case of free sugars and
8 mg/ml in the case of sialogijcopeptides. Agglutination titres are
expreﬁsed as the reciprocal of the minimum dilution of the K99 antigen
giving agglutination of less than 30% of the total fat globules.
Inhibition titres are expressed as the minimum concentra;ion of the
inhibitor required to inhibit four agglutination déses of the K99

antigen.

Haemagglutination assays

Blood samples were washed and 3% cell suspensions were prepared
as described in the previous section. For the haemagglutination
Vassays, test cells (50 pl,of 3% suspension) were mixed with K99
antigen (56 ul) and allowed to stand in the well of a microtitre
plate for 1 h aﬁ 26°c. Aabsence of agglutination was'indicated.by
the presence of_a compact 'button' of cells at the bottom of
the well. Inhibition studies were carried out by preincubating
'four agglutination doses.of the K99 adhesin with inhibitor-containing
5uffer éor 15 min at 26°C'foliowed by addition of the cell suspension.

Inhibition titres are expressed as stated for the globule assay.
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Bovine MFGM-derived 51aloglycopept1des

Slaloglycopeptldes were cleaved off intact washed bovine milk
fat globules by treatment with’ pronase ad descrlbed in Section A.
‘The pronase digested membrane materlals were fractionated on
Sephadex G-SO to give a major peak which, when fractionated by
lon—exchange chromatography gave two fractions SP and SR (Section A).
'TheASR glycopeptide fraction was shown to contain high concentrations
.of.galactose-and'N;agétylgtléctqsaminé whgréas the SP»frattidﬁ-was

shown. to contain high concentrations of mannose and N-acetylglucosamine.

. ChemiCal and enzymic modifications of the sialoglycopeptidés

were carried out as described in Section A.

.Gas liggid'chtomatqgrapgx

Qﬁantiative estimation of individual sugars in the K99 adhesin
as tﬁeir alditol acetate derivatives was carried out by gas liquid
chromatography as described in Section A for the glycopeptides.
Samplés contéining 2.4 mg protein of the adhesin were derivatized .
and aliquots (l pl containing 120 ug protein) were injected onto
columns (2 m x 0.2 cm) of coiled glass containing 3% OV-225.
on H.P. Gas Chrom Q. Chromatography was done isothermally at
ZOOQC with a flow rate of 45 ml/min. The instrument wasra Perkin-
Elmer Sigma 3 gas-chromatograph equipped with dual flame ionization

rdetectors.
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Results

Agglutination by K99 adhesin of inﬁact cells and fat globules
K99 adhesin Qas found to agglutinate éheep red biood cells

- with a titre of 27—8, in accordance with the presently accepted use
of this system as a measure of K99 adhesin activity (Burrow et al.,

1976; Morris et al., 1980 a).

: Wa;hed boviné milk fat»élobules were also agglutinaﬁed by
similarly high dilutions of K99 adhesin, suggesting that bovine
intestinal cell membrane receptors for the adhesin aré also present
on bovine milk fat globules. In accord with the demonstrated
species specificity of the pathogenicity of the parent K99-bearing
strain of E. coli, human milk fat globules were not agglutinated

by K99 adhesin.

In contrast to bovine milk fat glcobules, calf red blood cells
were not agglutinated by K99 adhesin. Human erythrocytes were, on
the other hand, agglutinated, type A cells being more strongly
affected than type B cells.

The agglutination titres are listed in Table 26.

Inhibition of agglutination of bovine MFG by glycopeptides of

bovine MFGM origin

Sialoglycopeptides were cleaved from intact bovine milk fat
globules as described in Section A..and partially purified by gel
filtration on Sephadex G-50. Material corresponding to the major

hexose-sialic acid peak (Fig. 25) was freeze-dried and tested as an
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Agglutinationvtitres-

7-
Sheep blood cells 2»8
. , . 4-5
Bovine milk fat globules 2
Human milk fat globules -ve
Calf blood cells - : : -ve
C 7-8
Human type A cells 2
4-5
Human type B cells 2

Table 26. Agglutination titres of a range of blocd cells and milk
fat globules by K99 adhesin. Titres are ekpressed~as“
the reciprocal of the minimum dilution of the K99'giving

no agglutination.
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inhibitor of agglutination of bovine milk fat globules as described
in the Materials and Methods section. This material, .referred to as
PP (partially purified) sialoglycopeptide, showed an inhibitionrtitre

.of 1.3 mg/ml (Table 27).

Further fractionation of PP-sialoglycopeptide by ion-exchange
chromatography on DEAE Sepharose CL6B allowed separation of a siaiic
poor (SP) and a sialig acid:rich (SR) giycopeptiae as desétiﬁed‘in
Section A (pp. 72-76). Both of these glyccpeptides showed increased
inhibitory activity in the bovine fat globule agglutination assay>
relative to that of the precursor (PP glycopeptide) but:the ;ctivity

of the SR glycopeptide was particularly strong (Table 27).

In order to try and determine the relative contributions ij'.
the various components of the sialoglycopeptide molecules to their
inhibitory activity, both SR and SP glycopeptides were systemaﬁically
modified in a number of ways and the modified glycopeptideé were
examined as inhibitors of the agglutination assay. Thus dégiéifiatidn
of either SR or SP sialoglycopeptides increaséd the inhibitory activity
by a factor of 2.3 fold showing that the activity was not simply a
non-specific anionic effect (Téble 27). In.order to assess the contri-
bution made by the carbohydrate components of the glycopeptides to
their inhibitory activity, both SR and SP glycopeptides wére f;eated
with periodate (Section A, pp.93,103 )and reassayed. Again the
result was the same in both cases but this time showed complété
abolition of inhibitory activity suggesting the importance of.the.
carbohydrate in th%s respect. This conclusion was supported by

further experiments in which approximately 50% of the carbohydrate
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Inhibitor

Inhibition titre. .

PP sialoglycopeptide

Alkaline borohydride treated éP
SR glycopeptide |
Desialylated SR

Periodate oxidiéed SR

T. Foetus treated SR-

Alkaline borohydride treated SR
SP glycopeptide ‘
Desialylated SP

Periodate oxidized SP

T. Foetus treated SP

L-Fucose

D-Mannose

D-galactose

D-Glucose
N-Acetyl-D-glucosamine
N—Acetyl—D—galactoéamine

TF antigen

1.30 mg/ml
2.60 mg/ml
0.08 mg/ml

0.04 mg/ml

-ve
0.04 mg/ml

0.66 mg/ml

o. mg/ml
-ve

o

Table 27. Inhibition titres of K99-induced agglutination of

bovine MFGs by MFGM-derived sialoglycopeptides and a range

of free monosaccharides. Titres are expressed as the

minimum concentration of the inhibitor (in the final

volume) required to inhibit the agglutination. of bovine

MFGs by four agglutination doses of the K99 adhesin.
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residues of both SR and SP glycopeptides were removed by a mixture

of glycosidases from Trichomonas foetus (Section A, pp. 97, 107)

and the treated glycopeptides failed completely to inhibit the
agglutination of bovine milk fat globules (Table 27). In contrast
to these findings, however, treatment of the SR glycopeptide with
aikaline borohydride, Aesigned to remove O—glycosidically¥iinked
oligosaccharide residues from the glycopeptide slightly increased
its ihhibitoryVactivity._éorreéponding'treatmeht of PPfglycopeptide,
on the other hand, led to a two fold decrease in inhibition potency

(Table 27).

In view of the evidence, obtained from periodate and glycosidase
treatment, of the importance of carbohydrate residues to the ability
of the MFGM sialoglycopeptides to inhibit agglutination, the
effect of various monosaccharides on the agglutination assay was inv-
estigated. As can be seen from Table 27, only N-acetylgalactosamine
showed any ability to inhibit the agglutination of bovine milk
fat globules and even this suéar was only effective at rélatively

high concentrations.

The Thomsen-Friedenreich, B-D-galactopyranosyl-(1+3)-N-acetyl-
D-galactosamine, is known (Section A)to be a major component of
the SR glycopeptide and the antigen, or more accurately, its reduced
form, B-D—galactopyranosyl-(l+3)N-acetyl-D-galactosaminitolvwas
examined as a potential inhibitor in the agglutination assay. No
inhibition could be demonstrated at the levels of the disaccharide

(0.33 mg/ml) tested.
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Inhibition of agglutination of sheep érythrocytes by glycopeptides

_from MFGM

The modified sialoglycopeptide fraction$>fr§m bovine MFGM were
tested for their ability to inhibit the agglutinatién of_sheep?red
blood cells. Inhibitions were in all cases iess poweffﬁ1>;5ap in;
the corresponding case for bovine milk fat globules bﬁt the général
tendencies were the same (Table 28). Thus inhibitory activity
was slightly incréased by desialylétion or alkaline bofohydride
treatment of the glycopeptide and completely destroyed by corres-
ponding treatment with periodate or glycésidaéés. Nfacetyléalactosamine,
alone among the monosaccharides tested, was capable of ihhbiting
the agglutination of erythrocytes and this required relatively high

concentrations of the sugar (0.5 M).

Carbohydrate composition of the K99 adhesin

The purified K99 adhesin was subjected to hydroleis and
carbohydrate analysis exa;tly as described in Sectioﬂ A for milk fat
globule—derived sialoglycopeptides. The results of gaé chromato-
graphic analysis of individual monosaccharide components
are shown in Table 29 and the chrqmatographic trace is shown in

Fig. 60.
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Inhibitor 7 . Inhibition titre
PP Sialoglycopeptide . » '2.0 mg/ml
' Alkaline borohydride treated PP | 4.0 ﬁg/mi
SR glycopeptide : 'i 2.0 mg/ml
Desialyiated SR : 1.0 mg/ml
Periodate oxidized Sﬁ . i - -ve »
7. Foetus treated SR o ' - -ve
Alkaline borohydride treated SR 1.0 mg/ml
SP Glycopeptide : '}10.0 mg/ml
Desialylated SP 8.0 mg/ml
Periodate oxidized SP | o -vé

T. Foetus treated SP . o ‘-Qe
L-Fucose ' ‘ : -ve
D-Mannose | | -ve
D-Galactose -ve
D-Glucose | _ -ve
N-acetyl-D-glucosamine ‘ -ve
N-Acetyl-D-galactosamine 0.57 M

TF antigen ’ ) -ve

‘Table 28. Inhibition titres of K99-induced agglutination of
sheep erythroéytes by MFGM-derived sialéglycopepfides '
and a range of monosaccharides. Titres'are_expressed
as the minimum concentration of'the inhibiforrrequired
to inhibit the agglutination of sheep erythrocytes by

four agglutination doses of the K99 adhesin.
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Monosaccharide = o Content mg/100 mg protein
L-Fucose _ ) : -

D-Mannose , _ 0.30
D-Galactose . 0.54

D-Glucose - __‘ : - | -
N—acetyl—D—gluéosamine R - - 0.40

N-acetyl-D-galactosamine - - 0.20

Table 29. Carbohydrate composition of the K99 adhesin
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Discussion

The ability of certain bactéria to adhere to biolodicalimembranes
is recognised as being a fundamental requirementqur éoloﬁisation
of the host in vivo. With pathogenic 6rganisms adhesivé:mecpanisms
can be of paramount importance for these strains té be egtablished
in preference to normal commensals. In particuiarlﬁhis phenomenon
plays an important réle in the patﬁogenesis of enteric ihfections
and dental plaque. While it is éleaf that adhesion is an'importaﬁt_
factor in pathogenicity the biochemistry of the process in general
is poorly understood. A clear undérstaﬁding of the biochemical basis
of adherence requires knowledge of the surface components on the
pathogen responsible for adherehée and knowledgéq@'thé'coriesponding
receptor (s) on the tissue cells of.the host. Model systeﬁs may
play a valuablé role in definingrsuéh feceptors and édhsequently
the mechanisms involved in the a&hesion procéés. Ih this respect
haemagglutination techniques can often prévé useful and, indeed,
an association of adhesion and haemagglutinating broperties is now
well recognised in many species of Enterobacteriaceée (Duguid et al.,
1955; Duguid and Gillies, 1958). Thus, the ability of the K88
adhesin of procine enteropathogenic E. coli to effect haemagglutination
of guinea pig erythrocytes has been used in detection (Jones and
Rutter, 1974) and in correlation of the adhesin with adhesion.
(Gibbons et al., 1975). More récently, Parry and Porter K1978)
showed that chicken erythrocytes can provide a useful model for
defining the undeflying mechanisms of interaction bétween K88
adhesin-bearing E. coli.and host cell membranes. Burrow et al.
(1976), on the other hand, showed that K99 adhesin activity is
;eadily demonstrated by haemagglutination of sheep erythrocytes

and brush border attachment tests. This waa later confirmed by
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Morris et al.(1980a) who showed that the anionic component of theA
K99 adhesin which is able to adhere to calf bruéh borders also
agglutinated sheep) guinea pig and horse erytﬁroéytés; The cétionic
component, on the other hand, failed to adhere to calf brush |
borders and also to agglutinate sheep erythrocy;es (Isaacsson,
1978; Morris et al., 1980a) bﬁt was able to agglutinate horse
erythrocytes (Morris et al., 1980a) . From these resultg‘it was
céncluded that’ﬁhe_adhesin(s)‘fot éalf’brush_bordeis Aie carried 

on the structure that haemagglutinates sheep erythrocytes.

Reiter and Brown (1976) have briefly reported that.thé agglutin—
ation of sheep erythrocytes by the K99 adhesin céuld be-inhibited
by bovine MFGM p;eparaticns. Following this repértvand in Qiew of
the establishment of the milk fat globule agglutinatibﬁné;§;§
(Section.B), it was decided to investigate fhe use-of boviné‘MfGM
as a model system, in which to study the interaction‘qf'thelxggr

adhesin with intestinal brush border membranes.

Bovine milk fat glcbules were found to be agglutinated by
relatively high dilutions of K99 adhesin while humaﬁ:milk fat globules
were not agglutinated even by uhdiluted adhesin. In view of the |
fact that the K99-bearing strain of E. coli (B4l) is pathogenic‘to
calves but not to humans, this suggests that tﬁe speéific re;éptor
for the adhesin is, as hoped, common to and spécific for the
epithelial membranes of the intestinal and mammarf cells of the
cow. The specificity of agglutination was further:demonétrated
by the inability of K99 adhesin to agglutinate calf erythrocytes.

Insofar as erythrocytes and milk fat globules of particular species
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have been systematically compared with regard to their surface
properties, iﬁ has been fbﬁnd that there is little simiiarity

to be found in-thelélycqpeétide components of ﬁhe two membranes
(Newman gE_glf; l976a,b;~$géti§n B, pp. 182-193).Further evidence
of the diffetgncés betweeﬁ Eaé giobules and erythrocytes from the
same species was provided by the observation that, unlike human
globules, human erythrbcytes_and particulariy type A cells were
readily agglutinétedAby rélati?ely high dilutioné of the.K99
adhesin. This supports‘the above arguments and raises the possibi-
lity that N—abetylgalﬁctosamine'ié.important inAreceptor binding

sites for the K99 adhesin. =

In an approach to defining £he molecular nature of the
receptor(s) for K99 adhesin on the surface of bovine milk fat
globules éxperiménts'wefe carried out in which the agglutination
of bovine milk faﬁ glabules by K99 adhesin was inhibited by MFGM
surface componénts;v'Thué,ragglutinaiion was found to be sﬁrdnély
inhibiﬁed by a ciﬁdé'sialoglycopeptide fraction (PP) cleaved by
proteolytic enzymes from bovine miik fat globules suggesting that
the PP sialoglycopéptide carries at least part of the K99 adhesin
receptor(s). When the PP sialoglycoéeptide was further fractionated
by ion-exchange chromatograpﬁy the resulting f?agmen;s (SP and SR
glycopeptideé)sho@ed‘increased inhibitory activity in the boviné
milk fat gldbule agglutination assay relative to that of the
precursor glycoéep;ide. The activity of the SR glycopeptide was
particularly strong Qith An end'poiﬁt of 0;08 mg/ml which représents
over sixteen fold increase following ion-exéhange. fhese results
strongly suggest that the_major receptors for K99 adhesin on the

surfaces of bovine milk fat globules are carried on the SR glycopeptide



fraction. It initially seeﬁed possible that the inhibitory Activity

of the SP and SR glycopeptides might simply reflect the presence

of negatively-charged gialic acid units exerting a non-specific
effect. _In order to examine this possibility the sialoglycopeptides
were individually desialylated by treatment with dilute acid and:

then retested as inhibitors in the agglutination assay. Far from
being decreased; the inhibition actually increased following desialy—
lation indicating that the sialic acid residues were not the
impdrtant-factors in the inhibitory effect; A similaf cbnciusion 

can be drawn from the observation that inhibitory activity also‘
increased when the SR glycopeptide was treated with alkaline |
borohydride. Alkaline borohydride is known to remove oligosaccharides
rich in sialic acid (SectionA) and it appears that the sialic acid
residues might be acting to shiéld the true receptors from.interaéting

with the adhesin.

Treatment of either SR or SP glycopeptide with periodate
resulted in the abolition of their inhibitory activity suggesting
that the carbohydrate residues on the glycopeptides are important
in their interaction with the K99 adhesin. It is possible, however,
that loss of activity as a result of periodate treatment of the
glycopeptides could have resulted from the oxidation of amino acids,
particularly hydroxy amino acids, in the glycopeptide chains. Spiro
(1964) has stressed that the molar ratio of periodate:glycoprotein
is critical if the specific destruction of carbohydrate is to be ensured
and recommended ratios of 100:1 and 300:1 for this purpose.

Ratios in excess of these values could lead to oxidation of protein

residues. In our experiments the ratio of periodate:glycopeptide was



within these limits (200:1) and the loss of activity of the periodate-
treated SR and SP glycopeptides can most prabably be attributed solely

to the destruction of carbohydrate residues.

In order to further examine'this>cohcluéion bo£h3SR and SP
glycopeptides were treated with mixed glycoéidéses_from T. foetus
béfore being examined -as inhibitors bf the agglutination assay.
Neither the SR glycopeptide nor the SP.glycoéeptide retained its
inhibitory activity iﬁ tﬁe bovine m;lk fat globule agglutination
assay following exposure to giycpsidases. Thesg observations.
strongly support the idea tha£ carbohydrates are important in the
interactions of the K99 adhesin with the bovine MFGM-derived
sialoglycopeptides and by implication-with bovine MFGM itself. As
a check on the extent of deélycosylation'brdught about by the
glycosidase mixture, the reéidual polypépfideé were analysed by
gas-liquid chromatography when it was found that'approximately 42%
and 78% of total carbohydrate had been removed from ;he SR and SP
glycopeptides respectively. It has been shown by others (Watkins,
1966a; Westwood et al., 1976) that the T. foetus mixture is free

from protease activity.

Inhibition studies usﬂd. thevparticular carboh§drate residues
that are involved in the binding of the K99 adhesin'to bovine MFGM.
Of these monosaccharides only N-acetylgalactosamine was able to
specifically inhibit the agglutination of boviﬁe milk fat globules
by the K99 adhesin. Even in this case relatively high concentrations
(0.5 M) was required before an effect was observed. The inhibitory
activity of N-acetylgalactosamine helps to explain the fact that the

K99 adhesin reacted more strongly with human type A erythrocytes
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‘than with type B erythrocytes and supports the finding that the

SR glycopeptide, which has high‘levels.of N-acetyigalactosamine,

was the most active glycopeptide in'thé'inhigition assay. Furthermore,
the:failure of the K99 adhesin to interéct'ﬁith the human_milk fat
globules might well be partially expiained by their lacking exposed

N-acetylgalactosamine on their surfaces (Section B).

A§ N—actylgalactosamineiis part of ghe fhomsen—Friédenreich
(TF) antigen (B-D-galactopyranosyl-(1+3)-N-acetyl-D-galactosamine)
and in view of the presence of relati?e;y ﬁigh ievels offfhe substi-
tuted TF antigen in the SR glycopeptide (Sectién A) it was thought
that the K99 adhesin might actuélly»have specificity for the TF
antigen. As shown in SectionAa, treatmeht.of tﬁe SR glycoptptidev
with alkaline borohydriae reéulted in the reléége 6fvthe'tetra¥~
Vsaccharide N-acetylneuraminyl—(2+3;-B-D—g&lactoﬁyfanésyl-(i+3)—[
N-acetylneuraminyl—(246)] —N—acetyl-D-galactosaminihitol. Mild
acid hydrolysis (0.2 N HZSO4,‘800C, 1hf qf:#his tetrasacéharide
followed by ion-exchange chromatbgrapﬁy on DEAE-Sepharose CL 6B
resulted in the isolation of the free reduced TF antigen (B-D-
galactopyranosyl—(l+3)-N-acetyl-D—galactqsaﬁinitol). Experiments
using the reduced TF antigen at a concentration of 0.33 mg/ml
showed no inhibitory activity. In facﬁ the failure of the TF
antigen to interact with the K99 adhesin mightvwithvhindsight,
have been predicted from the fact thét the K99 adhesin failed to
agglutinate human milk fat globules, which were shqwn (Sectipn B)
to have high levels of the unsubstitﬁtéd (free) TF antigen exposed

on their surfaces. However,higher concentrations of the TF antigen

should be used in the assay in order to confirm the above conclusion.
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These concentrations were in practice limited by shortage of
,matefial. The results of alkaline bofohydride‘t¥eatment of the
siéloélycopeptide‘afe not clear cut. Alkaline borohydride treatment

of glfcopnoteins relééses the alkali—labile oligosaccharide chéins
which are Qfglycosidicaily—linked to serine or threonine via
gfacetylgalactosamine'residues. Thus, one might expect thét tfeatment '
with alkaline borohydride wquld_reéult in the release of all N?acetyl-
g@lacﬁoéamihe of the Qiycopeptide as ﬁhié sugar is.uéﬁally_éohfined

to Qfglycosidically-linked complexes. However, gas liquid chromato-
graphy of thé residual'giycopeptide showed that onlyvapproximately'
53%0f tﬁe N—écetylgalactoéamine was released by these means. The
slighf increase iﬁ inhibitory acﬁivity-ofithe SR'glycopeétide following
‘alkaline borohydride treétmentAmatches that brought about by simple
desialylatian Aﬁd}can perhaps best be explained in terms of unmasking

of an underlying (gélactosamine-containing) carbohydrate structure.

From»the data discussed above it can be concluded that
carbéhydrate'ccmplexes - containing N—acetylgalactosamine are the
most likely candidates as the K99 receptors on the surfaces of

bovine MFGM and by extension also the intestinal epithelial membrane.-

Similar inhibition experiments CAIried~out with agglutination
of sheep érythrocytes rather than bovine milk fat globules gave
esséntially pa;allel results. Thus,the MFGM-derived sialoglyco-
peptidés and their modified derivatives inhibited agglutination
according to the same pattérn although the inhibitory activities
were less in the case of sheep eryéhrocytes. The parallel results

from bovine milk fat globule and sheep erythrocyte . agglutination
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assays stresses the point that the bovine milk fat globule'ésgéy

ié, indeed, a valid assay tb demonstrate the acﬁivity of the K99
adhesin ig_ziﬁgg, The use of milk fat globules in geheral as a

model system for epithelial membranes is of conéideréble potential -
importance although it is premature to draw decisive conc;uéionsf

as more detailed studies are needed to establish pbssible correiaﬁiohs
between different adhesins and milk fat globule mémbranes_of their
respettive hosts as well as other susceptible animals. Such |
studies may well lead to the establishment of the MFGM as a tool in

studying the biochemical basis of the adhesion process. -

The chemical nature of the K99 adhesin is not clear.‘Morris et
al. (1977) concluded that the K99 adhesin of E. coli B4l is a
glycoprotein with a terminal N-acetylgalactosamine méiety which is’
respénsible for or involved in the K99 haemaggiutination aétivity
i.e. receptors for this sugar are present on the external-surface
of sheep erythrocytes. This conclusion was based on two obseréations
fifstly thé loss of K99 adhesin activity following its treatment ;
with periodate and secondly the great reduction (by 132 haemagglutination
units) of the K99 haemagglutinating activity following its absorption
ivwth human anti A (anti GalNAc) substance.'They could, however,
not support this conclusion by using glycosidases. In contrast to
the findingé of Morris et al.(1977), Isaacsson (1977) reported that
the total carbchydrate content of the K99 adhesin isolated from K12
(K99+) recombinant was only 0.6% and failed to detect the preseﬁce
of either N-acetylglucosamine or N—acétylgalactosamine. Our experiments
on the K99 adhesin (provided by Dr. J.A. Morris) showed that the

total carbohydrate content was only 1.44% which suggests that these
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low levels of éafbohydrate répfesent éimply contaminations of the
protein adhesin molecule. Such conﬁaminatibhs may well afiserfrom _
the cell wall of‘the baCteriqm during the'pfocess of isolation.

With regard to N—acetylgalactosamihe, ifs.apparent cénéentration_

in the adhesin was 0.2%. Such'avcoﬁcentrétion is unlikelyrto account
for the activity of the adhesin,és'réla;ively.high éoncentrations

of the free sugar ﬁere-réquired before any inhibitiqn of the
haemagglutination or milk’fét.gloﬁule aggiutinatidn'éssays were
‘observed. The-logs of ﬁaemagglutinatiéﬁ acti?ity of thé K99 adhesin
following its treatment.With periodate éould be explained by
oxidation of hydrb#y amino aciGS‘which‘migﬁt be present in.the_K99
adhesin as suggested by Morris et al. (1977). As stated before,
Spiro (1964) has stressed éhaf_the molar ratio of periodate:glyco-
protein is critical if‘the spécific destruction of carbohydrate

is to be ensured; aﬁd recomménded iatios of between 100:1 and

300:1 for this purpbse. Réﬁios in excess of these values could lead
to oxidation of protein residues. On the other hand, Westwood et.al.
(1976) showed that treatment of Caréinoemberyonic antigen with
concentrations as low as 5 mM of pefiodate resulted in an undesired
cleavage of the p;otein chaiﬂ together with the destruction of

30 - 60% of tyrosine and 60% of tyyptophan. It is accordingly
difficult to attribute the loss of the haemagglutinating activity

of the K99 adhesin to concomitaﬁt»loss of carbohydrate alone.

The position regarding the K88 adhesin is presently similar in that
thé K88 adhesin is regarded as a bure protein usuélly contaminated
with carbohydrate (Stirm et al., 1967). The native filamentous
structure of the K99 adhesin, ifs subunit structure and its physical
location on the Eacterial cell envelope are consistent with its

being pilus or pilus-like structure (Isaacsson,1977). The pili are
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elongated filamentous protein-containing structures that ride on

the outside of.the_bacterial_ceil envelope (Brinton, 1965).

From the above discuééion'it cén be concluded that the K99
adhesin of E. coliHBAl is almost certaiﬁly a protein with some carbo-
hydrate contamination. It can be assumed to have specific binding
sites for carbohydrate determinants, containing‘N—acetylgalactosamine,
on the surfaces of $b§ihe'ﬁilk fat giobulés and sheep eéythrocytes_
and presumably also on the intestinal epiethlial membranes of the
calf host. As the'attachﬁeht of the K9§-adhesin tp bovine milk
fat globules and sheeé.erythfocytes canAbe specifically inhibited
by N—acetylgaléctosamihe; the K99 adhesin can be regérded a§ a
lectin in acco;dancé with the definitionvqf iectins proposed by

Goldstein et al., (1980) and Kocourek and Horejsi (1981).

The establishment of the bovine MFGM as a model system fof
studying the'interéctionAdf the K99 adhesih with the intestinal
epithelial meﬁbranes shbﬁl&'cdhtributevto the state of our knowledge
about the biochemical basis of the process of adhesion. The advantages
of this model system over.that of sheep erythrocytes can be summarised
in two main points:

(i) Being from the same speciés, the bovine MFGﬁ and calf

brush boréer mémb:anes are expected to have more common
surface receptors than the sheep erythrocytes and calf
brush border;

(ii) The bovine MfGM i§ an easily‘obtéinable source that

can be isolated inAielatively pure form without cytoplasmic

contaminations.
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Suggestions for further work

ﬂl) Isolation of pi;sma membranes.fram theAmammary, epithelial ce;ls
would allow analytical comparison with the MFGM. %he availability
of antisera against whole MFGM and its isolated sialoglycopeptides
would aid in the use of the comparative immunochemistry of
the two membranes. Such examinatioh woﬁld establish whether
any major change in the surfacg'compopeﬁts of thg MFGM occurs
 -during the process of milk sec?etion-and would also érovide
more direct infdrmation about surface antigens of the mamhary
cell. 1Indeed, sﬁch informatibﬁ could help to identify any

antigens that might be associated with disease such as breast

. carcinoma.

'tﬁ) Furthef studies are réquifed to establish the glycosidié linkages

of the carbohydrate moeities of the SP glycopeptide fraction

and their contribution to the overall antigenicitf of bovine
MFGM,‘particuiarly in view af‘the evidence (Section‘A) that

anti SP glyéopéptide antisera and anti whole MFGM antisera
showed similar specificites towards N-acetyl-D-glucosamine.

The combination of data, derived by enzymic degradation with
specific exoglygosidaseé coucled with periodate oxidation and
methylation analysis, would result in the accurate proposal

of the structure of the carbohydrate chains.

(3) Further studies are needed to establiéh any correlation, if any,
between MFGMs from a range of different species and species-
specific bacterial adhesins. These studies could be carried

out as described in Section C.
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Presence of the Thomsen-Friedenreich Antigen on the Surface of
Normal Human .Milk Fat-Globule Membrane

GRAHAM H. FARRAR. ROGER HARRISON and NA EL A. MOHANNA
Department o f Biochemistry, University of Bath, Bath BA I1AY, U.K.

The Thomsen-Friedenreich antigen has been identified with the disaccharide *-d-
galactopyranosyl-(I-*3)-iV-acetyl-D-galactosamine and its presence in masked (i.e.
sialylated) form has been demonstrated on a number of mammalian membranes (Vaith
& Uhlenbruck, 1978; Farrar & Harrison. 1978). AntKThomsen-Friedenreich) anti-
bodies are normally present in all human sera and the exposed Thomsen-Friedenreich
antigen is not generally found on human cell surfaces. Springer et al. (1975). however,
have reported that the Thomsen-Friedenreich antigen is exposed in breast carcinoma,
but not in normal breast tissue and that concentrations of anti-(Thomsen-Friedenreich)
antibodies are decreased in a relatively high percentage of cancer patients. In contrast,
Klein etal. (1978) have used fluorescein-and *H-!abelled peanut (.4roc/i«//.vpo”cfé’Qi) agglu-
tinin to show the present of exposed Thomsen-Friedenreich antigen on the surface of
mammary epithelial cells of healthy individuals, and other studies (R. Newman, per-
sonal communication) have failed to detect significant differences in the anti-(Thomsen-
Friedenreich) titres of sera from normal and from breast-cancer patients. We have made
use of lectin-induced agglutination of intact milk fat-globules to provide evidence for the
presence of receptors for peanut agglutinin on the surface of normal human milk fat-
globule membranes.

The milk fat-globule membrane is generally accepted as being derived from the apical
cell membrane, and probably also from the Golgi vesicle membrane, of the mammary
secretory cell (Patton & Keenan, 1975; Powell e/al., 1977; Wooding, 1977). The presence
of antigens on the surface of the milk fat-globule membrane may accordingly be taken as
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evidence that such antigens are also present on the mammary cell membrane. Samples
of human milk were taken from healthy individuals, including a range of ABO and MN
blood types, and incubated with serial dilutions of the following lectins: Lens culinaris,
Lotus tetragonohbus. Helix pomatia, Triticum vulgaris, Ricinus communis, Ulex europeus,
peanut agglutinin, Dolichos bijiorus, Vidagraminea. All the human milk samples tested
were agglutinated by peanut agglutinin [specific for Thomsen-Friedenreich antigen
(Lotan et al., 1975)], Ricinus communis (galactose). Lens culinaris (mannose) and
Triticum vulgaris (H-3Lceiylglicosaaninc) at moderate dilutions and only poorly, or not at
all, by the remaining lectins. In contrast with pooled bovine milk, which was agglutinated
by moderate dilutions of most lectins tested, human milk was not rendered agglutinable
by higher dilutions of peanut lectin after neuraminidase treatment. The results obtained
with peanut lectin are consistent with the presence of the Thomsen-Friedenreich antigen
in an exposed, but not sialylated. form on the surface of normal human milk fat-globule
membrane. This has not previously been shown. Horisberger et al. (1977) used gold-
labelled lectins and electron microscopy to demonstrate the presence of wheat germ
agglutinin, soya bean agglutinin and concanavalin A receptors on human milk fat-
globule membrane, but results with labelled peanut lectin were inconclusive. Glockner
et al. (1976) found chemical evidence for the presence of unsubstituted *-D-galacto-
pyranosyl-( | — 3)-.V-acetyl-o-galactosamine in a glycoprotein fraction extracted from
human milk fat-globule membranes although haemagglutination-inhibition techniques-
failed to show the presence of the Thomsen-Friedenreich antigen in any form in the
same glycoprotein fraction (Newman & Uhlenbruck, 1977).

The present indication of the unsubstituted Thomsen-Friedenreich antigens on
normal human milk fat-globules and, by implication, also on the mammary secretory
cell membrane of healthy individuals supports the histochemical data of Klein et al.
(1978) and accordingly questions the significance of the Thomsen-Friedenreich antigen
as a tumour-associated antigen.
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Hydrogenation of the Polyunsaturated Lipids of Chloroplast Membranes
and the Effects on Photosynthetic Functions

C. RESTALL,* D. CHAPMAN* and P. J. QUTNNf

*Department of Biochemistry and Chemistry, Royal Free Hospital School of Medicine,
University of London, London ftC1.V \BP, U.K., and f Department of Biochemistry,
Chelsea College, University of London, London SW} 6LX, U.K.

Plant membranes, particularly those of the chloroplast, contain a high proportion of
highly unsaturated lipids. Linolenic acid (Cis:s), for example, usually accounts for
about 70% of the total fattv acyl residues associated with the galactolipids of higher-
plant chloroplast lamellae (Douce ei al., 1973). It has been argued that a high proportion

1979
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SURFACE CARBOHYDRATES OF HUMAN MILK FAT GLOBULE MEMBRANE

R. Harrison, N. Mohanna and A. Safi *

Department of Biochemistry, University of Bath, Bath BA2 7AY,
UK

Milk fat globule membrane is derived from the apical membrane of
the secretory cell and accordingly represents a convenient model system
for structural and immunodiemical studies of mammalian epithelial cell

membranes.

The presence of specific mcnosacharide residues exposed on the
outer surface of human milk fat globules was demonstrated by lectin-
induced agglutination of washed globules. Thus galactose, N-acetyl-
glucosamine and mannose were all detected by means of specific
agglutination using ricinus, wheat germ agglutinin and lens lectins

respectively.

The above sugars, together with “acetylgalactosamine, sialic acid
and fucose were released in the form of glycopeptides when washed human
Bilk fat globules were incubated in the presence of Pronase. The
sialoglycopeptides were fractionated by gel-filtration and ion-exchange
chromatography to give apparently homogeneous fractions the sugar
contents of which were analysed by gas-liquid chromatography. Alkaline
borohydride treatment of purified sialoglycopeptides released sialic
acid-containing oligosaccharides containing galactose and N-acetyl-
galactosamine similar to those derived from bovine milk fat globule

membrane (Farrar & Harrison, 1978).

The pronase-cleaved sialoglycopeptides obtained from human milk
fat globule membrane were found to *ct as powerful inhibitors of a
radioimmunoassay (Heyderman et al. (1979) designed to detect human
epithelial cell membrane antigens. Application of this assay (in
collaboration with Dr.M.G.Ormerod of the Ludwig Institute for Cancer
Research) has allowed a preliminary characterization of the molecular
structure of the antigenic determinants derived from the milk fat

globule.

These studies not only provide a model system for studies of the
molecular nature of cell surface antigens in general but also offer the
possibility of defining antigens specific for epithelial cell membranes.
Such antigens emd their corresponding antibodies have potential
application in clinical monitoring of patients suffering frcxn breast

cancer.

Farrar, G.H. and Harrison, R. (1978) Biochem.J. 171, 549-557

Heyderman, R,, Steele, K, and Ormerod, M,G, (1979) J.Clin,Path, 32,
35-39

* Glycoconjugates, Proc. 5th Int. Symp. Kiel, F.R.G.
(Schauer, R., Boer, Buddecke, E., Kramer, M.F.,
Fliegenthart, J.F.G. and Wiegandt, H., eds.). p. 603.

Georg Thieme Publishers, Stuttgart.
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COMPARISON OF LECTIN RECEPTORS ON THE
SURFACE OF HUMAN AND BOVINE MILK FAT
GLOBULE MEMBRANES
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(Received 6 February 1980)

Abstract—1. The accessibility of specific carbohydrate residues on the surfaces of intact bovine and
human milk fat globules has been compared by means of a lectin-based agglutination assay.
2. The presence of galackose, mannose and/or gluoose and V-aoctyl-D-giucosamine, but not fuoose

was detectable on both bovine and human

3.Mmjordﬂh9rsbeuea1bmdxeammﬁnanm1k&g]mﬂesmﬁxsﬂyﬂapmmm
human gldauiles of high amounts of Arachis hypogaea reaspbar, none of which was gpparently masked by
sialic acid and seaadly, the presence of unsubstituted . Vacetyi-o-galactosamine on bovine but not an

human milk f&t gldailes.

INTRODLCTION

Cell surface carbohydrate groupings, both glycolipid
and glycoprotein in nature, are known to be involved
in a wide range of cellular recognition processes (Har-
rison & LunL 1980) and while considerable data have
been accumulated concerning surface structures of
blood cells, much less is known about the carbo-
hydrate components of other mammalian cell mem-
branes.

The milk fat globule is surrounded by a membrane
(MFGM) that is derived from the apical plasma mem-
brane of the mammary secretory cell (Patton & Kee-
nan. 1975; Anderson & Cawston. 1975; Wooding,
1977) and expressed globules accordingly constitute a
convenient and large scale source of epithelial mam-
malian membrane for structural and immunological
studies. Thus, human MFGM has been used as a
source of antigen believed to be specific for epithelial
cells (Heyderman e( al. 1979) and HLA-DR-like anti-
gens have been detected on human milk fat globules
(Wiman ei al, 19"9). Evidence has also been
presented (Reiter & Brown. 1976) for the presence of
specitic gut epithelial cell membrane receptors for £.
alion (he surface of bovine MFGM

Structural studies of MFGM constituents have
been largely concentrated on the bovine membrane
Thus sodium dodecyl sulphate-poly aery lamide gel
analysis of bovine MFGM has indicated the presence
of up to 8 glycoprotein components (Kobylka & Car-
rawa\ 19"2; .Anderaon ei al. 19"4. Shimizu et ai,
19“6. Murray ei al. 19"9i while certain major glyco-
proteins have been isolated from this source and
chemically analysed iBasch et ai. 196; Newman et
ai. 19'6; Keenan et ai. |‘A"7; Snow etai. 197). More
detailed compositional and structural studies of the
carbohydrate components of bovine MFGM have
resulted from proteolytic cleavage of glycopeptides
from the surface of bovine milk fat globules followed
by purification and analysis (Harrison et ai, 1975;
Farrar & Harrison. 19~8). Human MFGM has been
very much less studied Electrophoresis has been used
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to separate five lectin-receptor glycoproteins from the
human membrane (Murray etai, 1979) and the lectin-
binding properties of a phenol-extracted glycoprotein
mixture from the same source have been studied
(Newman & Uhlenbruck, 1977). Preliminary carbo-
hydrate analyses of glycopeptides cleaved by pro-
teases from human MFGM have also been reported
(Harrison et ai, 1979).

All the above-mentioned analytical studies have
concerned glycoproteins extracted in various ways
from fat globule membranes. Sugar residues exposed
on the surface of intact fat globules may well be sub-
jected to differential extraction or to conformational
changes during purification of glycoprotein fractions
while glycolipid components are largely lost. It is
clear that the contribution of carbohydrate structures
to specific interactions of the milk fat globule mem-
brane and, by implication, also of the mammary
epithelial cell membrane, can most directly be studied
in the intact fat globule. Microelectrophoretic tech-
niques have been applied (Newman & Harrison. 19'3)
in demonstrating the exposure of sialic aad on the
surface of intact bovine milk fat globules but other
sugars were not detectable by these means. More
recently Horisberger et ai, (19"") in an interesting
electron microscopic study have shown the ability of
certain gold-labelled lectins to bind in a specific man-
ner to the surfaces of human and bovine milk :a
globules. We now report the results of a comparative
study of the accessibility of various sugar residues on
the surfaces of intact human and bovine milk fat
globules carried out by using a quantitative assay
involving lectm-induced agglutination of intact fat
globules.

MATFRI VLS AND METHODS

JAaihl', hvpoguea (peanut agglutminl. R;anus cammunis
(types 1and Ill Lens eutraris. concanavalin \. wheat germ
agglutinin and Iotus tetragonolahus lectins were all
obtained from Sigma (London) Chemical Co.. London
S.\W6. L K Source plant material for Soya bean, i lex
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eurypeus and Doluhos hitians lectins, extracted agglutinin
from Helix pamatia and txped human red blood cells were
generous gifts from Dr D J Anstee. South West Regional
Blood Transfusion Centre. Southmead, Bristol, iicia
graminea seeds were kindK supplied by Dr W. Dahr.
Department of Immunobiology. Medical University Clinic
Cologne PBS tablets were obtained from O.xoid Ltd. Bas-
ingstoke. Hants.. U K

Neuraminidase t Vihria comma (choleraei) was purchased
from Bchringwerke, Marburg Lahn. G PR All other re-
agents were from BDH Chemicals Ltd.. Poole. Dorset
U.K.

Fresh bovine milk was obtained from Friesian cows in
mid-lactation and each sample was a pool from four mdivt-
duai animals. Human milk was from individual volunteers
in established lactadon.

Washed milkfat globules

Fresh milk (10ml) was centrifuged at 1500y for 10Omin
at 22'C. The separated milk fat globules were resuspended
in phosphate-buflcred saline. pH 7.3 (10 ml) and recentn-
fuged under the same conditions. The washing procedure
was repealed a further three times after which the milk fat
globules were resuspended in phosphate-buffered saline
pH 7.3. so as to give an optical density of approx 1.70 D
when read against water at "00 nm.

yeuramtnidase treaiment of milk fat globules

Washed milk fat globules (from 5 ml original milk) were
suspended in phosphate-buffered saline. (I ml). pH 5.6. con-
taining 1mM CacClj and neuraminidase (50 jd. 1i.u. ml)
and the mixture was incubated at 37 C for 30 min. The
treated globules were removed by centrifugation at 1500 g
for 10 min and resuspenoed in phosphate-buffered saline.
pH "3 (5mil The washing procedure was repeated a
further three times after which the globules were rcsuv
pended in phosphate-buffered saline as described above.

Lectin-induced ugglutination of milk Jut globules

A suspension of washed milk fat globules (20 *) pre-
f>ared as described above was mixed with lectin solution
(20jil( and phosphate-buffered saline (20 id) pH ".3. in a
recessed microscope -lide well and the agglutination was
allowed to proceed at 22 C for 1hr in a humid environ-
ment. The fat globules were examined at 100 x magnifica-
tion using a light microscope. Agglutination titres arc
expressed as the reciprocal of the minimum dilution of
lectin giving agglutination of less than 30", of the total fat
globules.

Lectin solutions

Commeraally-obtained lectins were dissolved in
phosphate-buffered saline. pH ~3. to an initial concen-
tration of 2mg ml except in the case of Lotus tetragono-
lohus when 1mg ml was used. Samples were serially
diluted (2 X1 with phosphaie-butTered -aline for agglutina-
tion assays.

For lectin- extracted directly from plant material, dry
source material 11g) was ground m a mortar and added to
phosphate-buffered saline. pH " 3. (10 mil at 4 C, The sus-
pension was homogenized (MSE bench homogenizer.
6 X 30 seci at 4 C and allowed to stand at 4 C for a further
5mm before centrifugation at 14.000 i/ for 10 min at 4 C.
The aqueous supernatant was extracted (3 / 1voli with
diethyl ether, separated and freed from residual ether in a
stream of N; at 4 C

The activities of all iectin solutions were checked by
demonstrating haemagglatination of neuraminidase-
treated type 0. N \ red blood eell< (or native type A cells in
the cases of Helix rvxruriu und Doluhos hirforusi by high
dilutions of the lectin solution bpccilicities were confirmed
by showing complete inhibition of haemagglutination
caused by I'iur haemajglatination doses of lectin tie bv
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16 X less dilution than the haemagglutination titrei when a
10 mM solution of the immunodominant sugar (20/il) was
incubated with the lectin solution for 30 mm at 22 C prior
to addition of red blood cells in the haemagglutination
assay. The specificity of agglutination of milk fat globules
was also checked directly by similar inhibition of three
agglutination doses of lectin by 30 mM solutions of the
respective immunodominant sugars. In the case of Arachis
hypogaea specificity of milk fat globule agglutination was
demonstrated by inhibition of three agglutination doses of
the lectin by a purified glycopeptide fraction (see below)
containing approx 0.3 mM Thomsen-Friedenreich antigen
(Farrar. 1978) or by 10 mM concentrations of purified
Thomsen-Friedenreich antigen obtained by alkaline boro-
hydride treatment of this peptide The glycopeptide
remaining after alkaline borohydride treatment (Farrar.
1978) did not show inhibition at concentrations up to

2 mg, ml

Thomsen-Friedenreich antigen-rich glycopeptide
Sialoglycopeptides were cleaved from the surface of
intact washed bovine milk fat globules and purified by gel
filtration on Sephadex G-50 as described by Farrar & Har-
rison (1978). The sialoglycopeptidc mixture was further
fractionated by ion-exchange on DEAE-Scphadex when
elution with a linear gradient of pyridine acetate gave a
sialic acid-nch glycopeptide fraction (Farrar. 1978).
carrying a high concentration of sialic aad-substituted
Thomsen-Friedenreich antigens (Farrar & Harrison. 1978).
The purified glycopeptide was freed from sialic acid by
treatment with neuraminidase and gel filtration on
Sephadex G25 (Farrar. 1978). The carbohydrate com-
ponent of the resulting glycopeptide was largely composed
of alkah-labile Thomsen-Friedenreich antigen together
with smaller amounts of alkali-stable oligosaccharides.

Haemagglutination assays

Samples of human red blood cells (5080 suspension in
aad-atrate dextrose anti coagulant) were diluted (to 10 ml)
in phosphate-buffered saline. pH 7.3. and centrifuged at
3500 g for 10 min. The pelleted cells were resuspended in
phosphate-buffered saline and again centrifuged. This pro-
cedure was repeated three limes after which washed, pel-
leted cells were diluted (to 3"* v/v) in phosphate-buffered
saline. pH 7.3. before use in agglutination studies.

Neuraminidase-treated cells were prepared by suspen-
sion of pelleted native red blood cells (0.5 ml) in phosphate-
buffered saline. pH 5.6, (4.5 ml) containing 1mM CacCl;
and neuraminidase (50 uL 1 i.u. ml) and the mixture was
incubated at 37 C for 30 min. Cells were freed from enzyme
by repeated (3 x ) centrifugation at 3500 for 10 min and
rcsuspension in phosphate-buffered saline. pH 7.3 (10 ml).
Final packed, washed cells were suspended (3"qv V) as
above for agglutination studies.

For the haemagglutination assay, test cells prepared as
above (20/il suspensionI were mixed with phosphate-
buffered -aline, pH "2 (20/il) and lectin solution (20/il)
and allowed to stand in the well of a miaotitre plate for
1hr at 3" C. Absence of agglutination was indicated by the
presence of a compact "button” of cells at the bottom of
the well.

RKSL LTS AND DISCISSION

Pooled bovine milk fat globules were found to be
agglutinated by high dilutions of Ricinus conununis
(types | and Ill. soya bean and wheat germ aggluti-
nins. concanavalin A and Helix pomatia lectin. In all
cases agglutination was specifically inhibited by the
corresponding monosaccharide receptor (Table ™.
Specific agglutination by these lectins demonstrates
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Table 1. Agglutination titres of human and bovine milk fat globules with different lectins

Bovine milk fat globules*

Human milk fat globulest

Native.
Lectin washed
Ru'inus communis type | 2
(galactose. V-acetylgalactosamine)
Ricinus communis 2’
type Il (galactose)
kya bean agglutinin 27
(galactose) .
Concanavalin A I-s
(mannose glucose)
Lens culinaris 2°
(mannose glucose)
Wheat germ agglutinin 2*
(Af-acetylglucosamine)
Vlex europaeus neg.
(fucose)
Lotus tetragonolobus neg.
(fucose)
Arachis hypogaea 2%¢“x
(Thomsen-Friedenreich antigen)
Vicia graminea neg
(in part
Thomsen-Friedenreich antigen)
Helix pomatia 2*
(.V-acetylgalactosamine)
Dolichos hiflorus 2*

(V-acetylgalactosamine)

Neuraminidase- Native, Neuraminidasc-

treated washed treated
o% 210 2.0
2/ 2! 2"
2« 2' 2/
278 2 210
22-3 b 2»-10
2n 21 2 s
neg. neg neg
neg. neg 2+
2B*~ 2 . 27-8
2-1 neg neg
20 neg e
2k neg neg

* Values are the means of titres obtained by using 5 samples of milk each of which was

pooled from 4 individual cows.

t Values are the means of titres obtained by using 20 samples of milk all from different
individuals of varying ABO and MN blood groups. No differences in titre were observed

with different blood groups.

the accessibility of galactose IRicinus types | and II.
soya bean), mannose and or glucose (concanavalin .AL
.V-acetyi-D-glucosamine (wheat germ agglutinin), and
iV-acetyl-t>galactosamine {Helix pomaiiai on the sur-
faces of intact fat globules. Our observations are en-
tirely consistent with the results of mild proteolytic
treatment of washed bovine milk fat globules which
released, in soluble form, glycopeptides containing all
these sugars together with sialic acid and fucose (Har-
rison <t al., 1975). Low concentrations (1 mg ml) of a
crude mixture of such glycopeptides purified on
Sephadex G-50 (Farrar & Harrison. 1978) were found
to inhibit strongly the agglutination of bovine milk fat
globules by all the above-mentioned lectins.

Although the presence of fucose in bovine MFGM
glycopeptides has been demonstrated by gas chroma-
tography (Harrison et al.. 1975k this was not reflected
in agglutination of the globules by either of the
fucose-specific lectins, i lex europaeus or Lotus tetra-
gonolobus. Horisberger et ai. (197") were similarly
unable to demonstrate marking of bovine milk fat
globules by gold-labelled anti-H lectin and it appears
that although fucose is normally a chain-terminal
unit, access to the sugar is hindered not only in the
case of gold-labelled lectins but also in that of the
underivatized reagents.

In contrast to the findings of Horisberger et al.
(1977), specific interaction of bovine milk fat globules
with peanut agglutinin {Arachis hypogaea) could be
demonstrated by means of the agglutination assay

(Table 1). Peanut agglutinin has been shown (Lotan et
al., 1975; Pereira et al., 1976) to have high affinity for
the Thomsen-Friedenreich antigen. *-i>galactopy rano-
syl-(I-3FV-acetyl-D-galactosamine. and the involve-
ment of this dissacharide in the Arachis-induced ag-
glutination of bovine globules was further indicated by
the fact that agglutination could be inhibited by low
concentrations of a purified glycopeptide (Materials
and Methods) rich in unsubstituted Thomsen-Frie-
denreich antigen (0.3 mM disaccharide). A letrasac-
charide and two trisaccharides containing sialic acid-
substituted Thomsen-Friedenreich antigen have been
fully characterized (Farrar & Harrison. 1978) in
bovine MFGM-derived glycopeptides. The unsubsti-
tuted disaccharide was not speafically sought in these
studies but has been detected (Newman et al., 19~%)
by haemagglutination-inhibition techniques in a phe-
nol-extracted glycoprotein fraction from bovine
MFGM Our present evidence for the exposure of
unmasked Thomsen-Friedenreich antigen on the sur-
face of bovine milk fat globules clearly complements
these latter findings and indicates that the presence of
unsubstituted disaccharide in extracted glycoproteins
does not result from artefactual cleavage of sialic acid
residues during the extraction procedure. The failure
of Horisberger er al. (1977) to mark bovine fat
globules with gold-labelled peanut lectin could reflect
a more restricted access of the bulky labelled reagent
to the surface receptors.

As might be expected, pre-treatment of bovine milk
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fat globules with neuraminidase increased the
Arachis-induced agglutination titre, consistent with
the cleavage of sialic acid residues from the surface
tri- and tetrasaccharides (Farrar & Harrison. 1978)
with consequent exposure of the Thomsen-
Friedenreich antigenic core. It is of interest that Vida
graminea, which is known (Uhlenbruck & Dahr, 19" 1)
to require the presence of Thomsen-Friedenreich
antigen in its specific receptor site, only causes agglu-
tination of bovine globules after neuraminidase treat-
ment of the globules when the concentration of
exposed disaccharide is increased.

The presence of .V-acetyl-D-galactosamme in an
exposed form on the surface of bovine milk fat
globules was shown by the specific agglutinations
induced by Helix pomatia and Dolichos biflorus lec-
tins. This supports previous reports (Newman et ai.
1976; Newman & Uhlenbruck, 1977) that phenol-
extracted glycoproteins from bovine MFGM carry
unsubstituted N-acetyl-D-galactosamine. The aggluti-
nation titre was slightly increased by neuraminidase
treatment of the bovme globules.

Human MFGM is less readily available than the
bovine membrane and has been correspondingly less
studied. Human milk fat globules were specifically
agglutinated by high dilutions of Ricinus communis
(type | & IIL soya bean, concanavalin A, Lens and
wheat germ agglutinins, demonstrating the accessi-
bility of galactose. (Ricinus. soya bean agglutinin)
mannose and,or glucose (concanavalin A. Lens
lectins) and .Y-acctyi-o-glucosamine (wheat germ
agglutinin) on the surfaces of the intact fat globules.
Agglutination of human globules by these lectins is
generally similar to that of bovine globules although
titres, particularly for concanavalin A and Lens lec-
tins were higher in the human case (Table [). Our
results support electron microscopic data in which
human milk fat globules were found to be marked by
gold-labelled soya bean and wheat germ agglutinins
and, although to a lesser extent, by concanavalin A
(Horisberger et ai. 1977). The ability of intact human
milk fat globules to bind soya bean aggiut iin con-
trasts with the behaviour of extracted hum? MFGM
glycopeptides which, unlike the corresponding bovine
extracts, interact weakly (Newman & Uhlenbruck.
1977) or not at all (Murray et ai. 1979) with soya
bean lectin. It may be that soya bean lectin-induced
agglutination of intact human milk fat globules and
marking of the globules by gold-labelled soya bean
lectin (Horisberger et ai, 1977) involve exclusively
glycolipid-bound galactose. The increased inter-
ctions (Table and Horisberger et ai. 1977) observed
following neuraminidase treatment of the globules
suggest, however, that glycoprotein-bound galactose
is involved at least ,n the response of sialic acid-free
globules to soya bean lectin because, as Horisberger
et ai (1977) have pointed out. MFGM proteins mask
membrane gangliosides from neuraminidase attack
(Tomich et ai, 1976i

As with bovine globules, human milk fat globules
were not agglutinated by the fucose-specitic lectins.
Ulex europaeus and Lotu.s leirogonolohus although
weak agglutination was detected with the latter lectin
following neuraminida.se treatment of the human
globules. Most lectins do. in fact, show increased ag-
glutination titres after treatment of either bovine or

human fat globules with neuraminidase. It is likely
that such increases generally reflect unmasking of
relevant sugar receptors as a consequence of the re-
moval of terminal sialic acid residues. It could be that
enhanced agglutinability under such circumstances
simply arises from non-speafic aggregation resulting
from loss of surface negative charges although the
unchanged .Arachis-agglutination titres of human fat
globules following neuraminidase treatment argue
against this.

The strong agglutination of human milk fat
globules by peanut agglutinm (Table 1) has been pre-
liminarily reported (Farrar et ai, 1979). As in the case
of bovine fat globules, agglutination was specifically
inhibited by low concentrations (0.5 mg, ml) of a puri-
fied glycopeptide rich in Thomsen-Friedenreich anti-
gen. (Materials and Methods.) Agglutination was also
strongly inhibited by 10 mM Thomsen-Friedenreich
antigen from the above glycopeptide but not by the
residual glycopeptide (2 mgyml) from which the disac-
charide had been removed (Materials and Methods).
The exposure of unsubstituted Thomsen-Friedenreich
antigen on the surface of intact human milk fat
globules has not previously been demonstrated, al-
though Klein et ai (1978) have provided evidence for
exposure of the antigen on the surface of normal
mammary epithelial cells from which the globule
membrane is derived. These results are contrary to
those of Springer et al. (1975) who found the
Thomsen-Friedenreich antigen to be exposed on
breast carcinoma but not in normal tissue. As is the
case with soya bean aggluumn, peanut lectin appar-
ently behaves differently with extracted human
MFGM glycoproteins. Thus. Newman & Uhlenbruck
(1977) were unable to show inhibition of peanut
lectin-induced agglutination of desialylated erythro-
cytes either by native or by desialylated human
MFGM glycoproteins indicating that the Thomsen-
Freidenreich antigen was not accessible on their
glycoprotein extract, despite the fact that it was
detected chemicallv m the same fraction (Glockner et
ai, 1976).

As mentioned above, human fat globules were not
rendered more agglutinable by peanut lectin following
their treatment with neuraminidase. This is in con-
trast to the behaviour of bovine milk fat globules and
suggests that unlike the latter, human globules do not
carry appreciable amounts of sialylated Thomsen-
Friedenreich antigen in tri- and tetrasaccharide form
(Farrar & Harrison. 1978) exposed on their outer sur-
face. These conclusions are supported by the results
obtained using |Vctj grammea lectin which failed to
agglutinate human fat globules even after neuramini-
dase treatment of the globules. Under similar circum-
stances the Thomsen-Friedenreich antigens of bovine
milk fat globules were apparently unmasked suffi-
ciently to allow agglutination by high dilutions of
Vicia graminea lectin, even though, as in the human
ca'c. native globules were not agglutinated by the
higiiest concentrations of lectin.

In contrast to bovine globules, human milk fat
globules were agglutinated neither by Helix pomatia
nor by Dolichos hiflorus lectins irrespective of the
blood group of the human donor. It is of interest that
donors of A-blood group specificity express the A
antigen. \ -acety 1-D-galactosamine. on their red blood
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cells (b> definition) but not apparently on milk fat
globules. The opposite is true of the bovine system in
which unsubstituted Helix pomatia receptor has been
detected on intact milk fat globules (Table 1) but not
on erythrocytes (Kim & Uhlenbruck, 1966). Results
obtained from membrane-derived glycoprotein frac-
tions agree with these findings in the bovine (Newman
et ai. 1976; Newman & Uhlenbruck, 1977) but not in
the human case, when Helix pomatia receptors were
detected on phenol-extracted glycoprotein fractions
from human MFGM (Glockner et ai. 1976).

The milk fat globule agglutination assay employed
in this study is a simple technique capable of rapidly
providing quantitative information about the accessi-
bility of a wide range of membrane-bound sugar com-
ponents without the need for chemical devivatization.
The method is applicable to surface antigens in gen-
eral and has been used to define immunodominant
groupings of MFGM by hapten inhibition studies
using anti- (bovine MFGM) antisera (Farrar &
Mohanna, unpublished results).

Insofar as our findings overlap with the elegant but
more limited studies of Horisberger et ai. 1977. using
gold-labelled lectins, similar results were largely
obtained by the two methods and occasional difiler-
cnees (e.g. response to peanut lectin) can be explained
in terms of hindered access of the relatively-bulky
labelled lectins to the globule surface Differences
between interactions of lectins with intact globules on
the one hand and with isolated glycoproteins on the
other, are more marked and could well reflect changes
resulting from extraction in the latter case It may
also be that glycolipids contribute significantly to the
specific interactions of the MFGM surface

One of the most significant differences between
human and bovine MFGM found by these agglutina-
tion studies IS the lack of effect of neuraminidase on
peanut lectin-induced agglutination of human
globules suggesting that the latter do not carry signifi-
cant amounts of the tri- and tetrasacchande residues
which have been isolated from bovine globules (Far-
rar & Harrison. 19%i, These oligosaccharides have
been characterized in membranes of human erythro-
cytes (Thomas & Winzler. 1989). rat brain (Finne.
1975) and on other membranes (Krusius & Finne.
1977) and their apparent absence from human milk
fat globules raises the problem of their function gener-
ally. A second major difference concerns the presence
of Helix pomatia receptors on bovine but not on
human milk fat globules despite the A-blood group
specificitv of many of the human donors. It is an intri-
guing fact that in both these cases the structure
present on bovine but not on human globules has
been reported in human hut not in bovine erythrocyte
membranes iKim & Uhlenbruck. 1966. Thomas &
Winzler. 1969; Emerson & Kornfeld. 19+6).

The contributions of MFGM lectin receptors to
specific interactions of the milk fat globule, or more
significantly, of the mammary epithelial cell mem-
brane. remain to be elucidated, but it is likely that
these exposed sugar residues will be shown to play an
important role in recognition processes involving
mammary cells or epithelial cells generally.
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