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SUMMARY

Fat globule membrane material has been separated into two 
discrete fractions, particulate fraction BM^ and soluble fraction 
BMg, each containing membrane-bound xanthine oxidase. Substrate 
and electron acceptor specificities of free and membrane-bound 
xanthine oxidase have been compared. The ratio of xanthine 
oxidase activity to NADH oxidase activity (X/N) was found to be 
a convenient parameter for distinguishing membrane-bound xanthine 
oxidase. Membrane-bound xanthine oxidase has a lower ^m for NADH 
and a higher Km for xanthine as compared with the free enzyme.

Titration of free xanthine oxidase with fraction BM^, heated 
to remove associated enzyme activities, resulted in a progressive 
decrease in the X/N value to that characteristic of the membrane- 
bound enzyme. The binding parameters of this association were 
determined using the alteration in the X/N value as an indicator 
of enzyme binding.

Xanthine oxidase represents 8% of the total membrane protein 
of fraction BM^. Most of this activity is firmly bound to the 
membrane. Less than 25% of the xanthine oxidase activity of 
fraction BM^ was solubilised by washing with buffer, and only 
about half of the total activity was solubilised by Triton x-100. 
The buffer- or Triton-solubilised enzyme is still membrane-bound 
and resembles fraction BM^. Free xanthine oxidase could only 
be liberated from the membrane by tryptic digestion.

The effect of temperature, pH and solvent polarity on the 
X/N value of the free enzyme were investigated to elucidate the 
nature of the enzyme-membrane interaction. A model is proposed 
for the association of xanthine oxidase with the fat globule 
membrane.



I N T R O D U C T I O N



XANTHINE OXIDASE

The oxidation of xanthine and hypoxanthine to uric acid in 
mammalian tissue homogenates was first recognised as an enzymic 
process by Spitzer in 1899, Three years later, Schardinger (1902) 
showed that a constituent of milk catalysed the oxidation of 
formaldehyde with a corresponding decolonisation of methylene 
blue. These two observations remained unrelated for many years 
but it is now generally accepted that the enzyme, xanthine oxidase 
(xanthine-oxygen oxidoreductase, EC 1.2.3.2,), is responsible 
for both reactions. This enzyme has been extensively studied and 
the reviews by De Renzo (1956) and Bray (1963; Bray & Swann, 1972) 
are particularly comprehensive.

Xanthine oxidase has a low specificity towards both electron 
donor and electron acceptor substrates. Over 100 compounds have 
been shown to act as electron donor substrates and a large number 
as electron acceptors although rates of reaction vary widely.
The most important reaction, as well as the most rapid, is the 
oxidation of xanthine to uric acid by molecular oxygen or by 
redox dyes.

The closely related enzyme, xanthine dehydrogenase, also 
catalyses the oxidation of xanthine but differs from the oxidase 
in that it uses molecular oxygen as electron acceptor only at a 
very slow rate.

Occurence

Xanthine oxidase is widely distributed in animals. It is 
present in the milk of cows, goats, sheep and rabbits but not



in the milk of sows or mares (Modi &]_• > 1959). It was once 
thought to be absent from human milk but the use of more 
sensitive techniques /la-s confirmed its existence in small 
amounts (Bradley & Gunther, 1960; Owen et al., 1962).

In liver, the enzyme remains in the supernatant after 
removal of the microsomal pellet (Schein & Young, 1952; Villela 
et al . , 1955; Meikleham e_t al_. , 1951) whereas in milk and 
mammary gland it is thought to be particulate (Bailie & Morton, 
1958*). Histochemistry has shown the existence of xanthine 
oxidase in various tissues of the rat including liver, duodenum, 
kidney, spleen, bone marrow, serum and milk (Sackler, 1966).
The concentration of the enzyme in mouse central nervous system 
has been found to be affected by neurotropic viruses (Bauer & 
Bradley, 1956) and in fish a seasonal variation has been 
observed (Uchiyama , 1969). The enzyme has also been found
in insects (Cordero & Ludwig, 1963) and bacteria (Dickstein et al.,
1957) but so far there have been no reports of its existence in 
plants.

Xanthine dehydrogenase has been less well studied but has 
been found to occur in birds (Richert & Westerfeld, 1951), 
reptiles (Balinsky , 1964), insects (Irzykiewicz, 1955),
molluscs (Barankiewicz & Jezewska, 1972) and bacteria (Bradshaw 
& Barker, 1960).

Biological Importance

The biological role of xanthine oxidase is unclear. Its 
main function would seem to be the oxidative degradation of 
purines (Fig. 1). However, the several cases of humans 
exhibiting xanthinuria v;ho w e r e  shown to be completely lacking
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in xanthine oxidase (Watts a]_. , 1964), suffered no ill effects 
other than a small xanthine stone in one case (Dickinson &
Smellie, 1959).

Reports that the concentration of xanthine oxidase was 
relatively low in various tumours (Lewin e^ aj_. , 1957) and that 
strains of mice with high levels of breast tissue xanthine oxidase 
were less susceptible to mammary tumours (Skipper & Bernet, 1958) 
led to the idea of 'restitution therapy' (Bergel, 1961), the 
treatment of tumours with xanthine oxidase. Initial results with 
mice appeared positive (Haddow ^  , 1958) but re-examination
of the original data has shown that the results were not 
statistically significant (Bray & Swann, 1972; R.C. Bray, personal 
communication. May 1973).

Xanthine oxidase has been implicated in the control of various 
redox reactions in the cell. There is evidence that the 
oxidation of reduced glutathione and other thiols (Jocelyn, 1964; 
Olinescu, 1971), the oxidation of glyoxalate to oxalate (Gibbs & 
Watts, 1966) and iron mobilisation through the reduction of 
Fe^^^ferritin to Fe^^ferritin (Mazur ^  aJ_. , 1958) are coupled 
to xanthine oxidation although the latter is now in dispute (Grace 
eĵ  aJ_. , 1970). The mechanism of these couplings is suggested to 
be via the production of hydrogen peroxide and super-oxide 
radicals which serve as oxidants for coupled biological oxidations 
(Fried a^., 1973; Pederson & Aust, 1973).

No biological role has been suggested for xanthine oxidase 
in milk. The importance of the enzyme from this source remains, 
at this time, its use for detailed study into the mechanism and 
properties of metalloflavoprotein enzymes.



Isolation

Xanthine dehydrogenase has been isolated from bacteria 
(Bradshaw & Barker, 1960) and from chicken liver (Remy et al., 
1955) and kidney (Landon & Carter, 1960). Bovine liver (Kielley, 
1955) and thyroid (Fischer & Lee, 1973) xanthine oxidase have 
been purified and the enzyme has been crystallised from rabbit 
liver (Korotkoruchko, 19540.

The purification of xanthine oxidase from milk has received 
the most attention (Corran » 1939; Ball, 1939; Morell, 1952;
Mackler jê  aT_. , 1954) and the milk enzyme was first crystallised 
in 1954 (Avis aj_. , 1954). Since then numerous methods of 
purification giving apparently homogeneous preparations have 
been described (Avis al., 1955; Gilbert & Bergel, 1964; Palmer 
et al . , 1964; Nelson & Handler, 1968; Massey eĵ  , 1969; Hart 
et al., 1970; Edmondson et al., 1972).

Molecular Properties

Determination of the molecular weight of the crystalline 
milk enzyme (Andrews » 1964) using three different methods
gave a weighted mean value of 275,000. On the basis of the amino 
acid composition (Bray & Malmstrdm, 1964) the molecular weight can 
be calculated as 264,220 including the flavin and metal components. 
The enzyme was found to have an isoelectric point between pH 5.3 
and 5.4 in acetate buffer (I = 0.2) (Avis e^ , 1956)

Isomoto (1962) has calculated from sedimentation and viscocity 
measurements that the hydrated molecule of crystalline milk 
xanthine oxidase has a radius of gyration of 36 %  and, on the 
basis of an ellipsoid model, that its molecular dimensions are 
43 X 43 X 53 X. More recently, Andrews (1970) determined the



stoke's radius of crystalline xanthine oxidase as 55 R,

Milk xanthine oxidase is reasonably stable in solution and 
has been kept for more than two years without loss of activity 
(Bray, 1963). Bergel & Bray (1959) distinguished three types of 
inactivation. Heavy metals and photo-oxidation cause a conversion 
to an inactive form of the enzyme, while incubation at 56°C 
results in gross dénaturation and precipitation. Not unexpectedly, 
chelating and metal sequestering agents protect against metal 
inactivation, especially by copper. Photo-oxidation is prevented, 
to some extent, by competitive inhibitors of xanthine. Salicylate 
is particularly effective, acting both as a competitive inhibitor 
and a chelating agent. Phosphate also appears to stabilise the 
enzyme.

Composition

Xanthine oxidase is a metalloflavoprotein; the presence of 
FAD being discovered by Corran ^  a^. (1939). The presence of 
molybdenum (Green & Beinert, 1953) and iron (Richert & Westerfeld,
1954) were discovered later as a result of nutritional studies. 
Although there has been some confusion in the past (reviewed by 
Bray, 1963) it is now generally accepted that the fully 
constituted enzyme contains 2 mole FAD, 2 g.atom molybdenum and 
8 g.atom iron per mole of enzyme (Hart aT_. , 1970). Neither 
iron, which is thought to exist as an iron-sulphur group (Tsibris 
& Woody, 1970), nor molybdenum can be reversibly dissociated from 
the enzyme (Hart £]_• » 1970; Bray, 1963) but under certain 
conditions, molybdenum may be irreversibly removed with a 
resulting loss in activity except towards NADH (Bergel & Bray,
1958). FAD, however, may be reversibly dissociated from the 
holoprotein with a consequent loss of oxidase but not dehydrogenase 
activity (Komai e^ a^. , 1969). The fluorescence of FAD is 
completely suppressed in the enzyme molecule but returns on



heating or denaturing with acid which liberates all of the 
cofactors (Morell, 1952).

In addition to the reactive groups already mentioned there 
is considerable evidence to suggest the presence of one or more 
sulphur atoms at the active site of xanthine oxidase. The first 
indication came from inhibition of the enzyme by p-mercuribenzoate 
and other compounds known to react mainly with thiol groups 
(Fridovich & Handler, 1958; Bergel & Bray, 1959). EPR studies 
(Bray & Meriwether, 1966) have confirmed the presence of a sulphur 
group, showing signals analogous to those of Mo(V)-thiol complexes 
(Meriwether e^ ^ .  , 1966). Inhibition by cyanide has been shown 
to occur by the extraction of the sulphur atom to form thiocyanate 
and can be reversed by the addition of sodium sulphide (Massey & 
Edmondson, 1970). It has been suggested that the sulphur is 
present as a persulphide group (Edmondson et al., 1972).

Non-active forms of xanthine oxidase

Morell (1952) first suggested the presence of an inactive 
form in preparations of milk xanthine oxidase to explain the rapid 
and slow phases of the anaerobic reduction of enzyme-bound FAD by 
xanthine. Later, Avis (1956) proposed the presence of two
inactive forms to explain the independant variation of the 
Activity/Mo and Activity/FAD ratios at different stages of 
purification. The literature contains many conflicting reports 
on this point. Recent studies by the groups of Bray (Hart et al., 
1970; McGartoll e^ aT_. , 1970) and Massey (Massey e^ a_̂ . , 1970; 
Edmondson e^ ^ .  , 1972) have helped to clarify the situation.

There are two inactive forms of the enzyme,’demolybdo xanthine 
oxidase' and'inactivated xanthine oxidase' (Hart et al., 1970).



Demolybdo xanthine oxidase occurs naturally in milk, its presence 
being ascribed to dietary molybdenum deficiency (Owen & Proudfoot,
1968), It is less stable than the active enzyme, indicating that 
molybdenum may have a stabilising as well as a catalytic function. 
The demolybdo enzyme can be selectively denatured by treatment 
with salicylate (Hart , 1970),

'Inactivated' xanthine oxidase is an artifact of preparation 
and storage (Hart a7_. , 1970; Massey £t a7_. , 1970), and 
apparently contains the full compliment of cofactors. Its 
presence can be minimised by the addition of EDTA (Hart & Bray, 
1967) and storage in liquid nitrogen (Swann & Bray, 1972). Early 
preparations of xanthine oxidase contained up to 50 - 60% of the 
'inactivated' form (Palmer al_. , 1964; Nelson & Handler,1968) 
and even some of the most active samples prepared recently have 
contained only 90% of the active form (McGartoll al_. , 1970),
Very recently, Edmondson ^  a^, (1972) obtained a preparation of 
greater than 95% active enzyme by resolving active and 
'inactivated' xanthine oxidase by affinity chromatography using 
a derivative of pyrazolo(3,4-d)pyrimidine, a competitive inhibitor, 
bound to a Sepharose gel.

As first suggested by Morell (1952) the presence of 
'inactivated' xanthine oxidase appears to have no effect (other 
than as a diluent) upon rapid reactions lasting only a few 
seconds (Swann & Bray, 1972), Stopped-flow and rapid freezing 
EPR studies of the anaerobic reduction of the active enzyme by 
substrates are, therefore, quite valid. Slower reactions 
involving molybdenum, however, are considerably complicated by 
the presence of the'inactivated' form of the enzyme, which appears 
to be slowly reduced over a period of about an hour (Swann & Bray, 
1972).



Proteolytic digestion of buttermilk, a purification step 
introduced by Ball (1939) to increase the yield of purified 
enzyme, has been suggested as a further source of heterogeneity 
(Carey ejt , 1961; Nelson & Handler, 1968; Massey e^ » 1969). 
Proteolytic treatment of tissue xanthine oxidase has been shown to 
convert a dehydrogenase form to an oxidase form (Della Corte & 
Stirpe, l968;,Stirpe & Della Corte, 1969; Duke aj_. , 1973) and 
recently Battelli _et a_l_. (1973) have shown a similar phenomenon 
with milk xanthine oxidase. Hart ^  (1970), however, found
little difference between the amino acid compositions of enzyme 
prepared with and without the inclusion of proteolytic digestion 
in the purification procedure.

Substrate and electron acceptor specificity

As already mentioned milk xanthine oxidase reacts with an 
unusually wide range of substrates (for full bibliography of 
specificity up to 1963 see Bray, 1963). These include amino, 
methyl, mercapto, N-methyl, halogenated and other derivatives 
of purines (Krenitsky et _a]_- , 1972) as well as hydroxypurines 
such as xanthine and hypoxanthine. Certain pteridines (Valerino 
& McCormack, 1969), pyrimidines, azopurines and related heterocycles 
also act as substrates, as well as aldehydes, certain quaternary 
nitrogen compounds such as N-methyl nicotinamide (Greenlee &
Handler, 1964), and NADH. In all cases except NADH the reaction 
catalysed involves an hydroxylation of the substrate. This is 
also true for aldehydes since these react in their unhydrated 
form (Fridovich, 1966) and there is a suggestion that the hydrates 
can act as competitive inhibitors (Gregory e_̂  aĴ . , 1972). NADH is 
oxidised slowly by both the active and 'inactivated' forms of the 
enzyme, the reaction being enhanced when the pH is lowered and by 
the use of ferricyanide as electron acceptor (Bergel & Bray, 1959).
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The range of compounds acting as electron acceptors is 
equally wide. Oxygen and redox dyes such as methylene blue, 
phenazine methosulphate, triphenyl tétrazolium chloride and 
2,6-dichlorophenol-indophenol, are all good electron acceptors, 
log reaction velocity being proportional to the oxidation potential 
of the acceptor for a given substrate (Takamiya & Tamiya, 1949).
NAD reacts slowly as an electron acceptor, Vennesland (1956) has 
made a brief study of the stereospecificity of the reactions of 
xanthine oxidase with NAD and NADH.

The avian dehydrogenase reacts only slowly with oxygen but 
rapidly with NAD as electron acceptor. The possible reversal 
of reactions catalysed by xanthine oxidase, first suggested by 
Green (1934) has been given credence by the observation that 
bacterial xanthine oxidase coupled via ferridoxin can reduce uric 
acid with a simultaneous uptake of hydrogen gas (Valentine ,
1962).

Inhibitors

Many purine and pteridine derivatives, and other heterocycles 
can act as competitive inhibitors of substrates such as xanthine. 
The most potent inhibitor of xanthine oxidase known is 2-amino- 
4-hydroxy-6-formylpteridine (Lowry a^., 1949). Several other 
substances that inhibit the enzyme include copper (in the cuprous 
form), chalcones, dinitrophenol, borate and benzoate. Guanidinium 
and thiocyanate have been found to inhibit synergistically 
(Fridovich, 1965).

Methanol causes inactivation in the presence of substrate but 
has no effect upon the oxidised form of the enzyme (Rajagopalan & 
Handler, 1964). The activities towards purines and aldehydes are
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inhibited similarly but the oxidation of NADH is much more 
resistant to inhibition or inactivation.

Kinetics

Steady state kinetic studies of xanthine oxidation have shown 
that the reaction is inhibited by excess substrate (Hofstee, 1955) 
and that the degree of inhibition depends upon the electron 
acceptor concentration (Dixon & Thurlow, 1924). At concentrations
greatly in excess of Km xanthine is thought to inhibit non- 
competitively with a dissociation constant of about 10 (Hofste<
1955). Estimates of Km for xanthine with oxygen as electron

—  6acceptor have varied but the true value is probably around 10 M 
(Bray, 1959). Michaelis constants for other substrates vary over 
a 100 fold, those for aldehydes being higher than those for
purines. The ICm for NADH is low, in the region of 10 Ik)(Bray,

~  -41959) and the Km for oxygen reported to be around 10 M (Ackerman
& Brill, 1962; Fridovich & Handler, 1962).

Recently Jezewska (1973) reported an accumulation of xanthine 
during the oxidation of hypoxanthine to uric acid, suggesting 
that the xanthine/uric acid ratio may act in a regulatory 
capacity vivo.

From rapid reaction kinetic studies, Gutfreund & Sturtevant 
(1959) suggested a rapid combination of enzyme and substrate 
followed by a slow first order reduction of the enzyme. Rapid 
combination of oxygen and reduced enzyme was then followed by a 
slow first order reoxidation of the enzyme.

Electron paramagnetic resonance (EPR) studies

This work has been extensively reviewed by Bray & Swann (1972)



12

and only the more salient points will be discussed here.
Oxidised or 'resting' xanthine oxidase gives no EPR signal (Bray 
e^ a]_. , 1964). All three non-protein components give EPR signals, 
however, during the catalytic cycle. Rapid-freezing EPR has shown 
that they react with different time-courses (Bray sj_. , 1964), 
suggesting that the components are not in contact. The mechanism 
of the transfer of reducing equivalents through the protein has 
yet to be elucidated but work with the closely related enzyme, 
aldehyde oxidase, (Rajagopalan e;t £]_. , 1968) suggests that the 
components are separated by 10 - 20 X and that magnetic 
interactions may exist between the components. The similarity of the 
xanthine oxidase electron transfer system and the respiratory chain 
makes this an area of great potential interest.

Of the three components molybdenum has been studied in most 
detail and under certain reducing conditions four types of signal 
due to molybdenum in its paramagnetic form, Mo(V), can be detected. 
These have been named according to the time needed for signal 
development (Bray & V&nngard, 1969). 'Very Rapid' and 'Rapid' 
signals develop in the order of 20 milliseconds and 100 milliseconds 
respectively, upon reaction with xanthine. The 'Slow' signal 
develops in about 20 min on treatment of the enzyme with small 
amounts of dithionite and the 'Inhibited' signal develops during 
a specific reaction with methanol or formaldehyde in which the 
enzyme loses its catalytic activity. All of the reactions 
giving rise to a signal are reductions,suggesting that molybdenum 
exists in its highest oxidation state, Mo(VI), in the'resting' 
enzyme.

The 'Slow' signal is due to 'inactivated' xanthine oxidase 
(McGartoll et al., 1970) which radioactive labelling experiments 
have shown is incapable of binding the competitive inhibitor, 
alloxanthine, and presumably, cannot bind substrates either.
(This is the theoretical basis for the affinity chromatography



13

method for resolving active and 'inactivated' xanthine oxidase 
discussed earlier.) NADH, which acts via Fe-S (see later), reacts 
with both active and 'inactivated' forms of the enzyme, suggesting 
that the differences between these two forms are not great. Bray 
& Swann (1972) suggested they may differ only in that the 
'inactivated' form has a non-functional molybdenum at the substrate 
binding site and that this may be due to no more than the 
molybdenum undergoing a change in a single ligand. Recent evidence 
(Edmondson et al., 1972) has shown that the only difference between 
the active and 'inactivated' enzyme is the presence of a persulphide 
in the active enzyme and that this is closely associated with 
molybdenum at the active site.

The intensities of the 'Very Rapid' and 'Rapid' signals 
never exceed about a half of the maximal intensity expected if 
all of the molybdenum present in a sample contributed to the 
signal (Beinert, 1971). This is consistent with Mo(Vl) in the 
oxidised enzyme being reduced to Mo(V) and non-paramagnetic Mo(lV) 
by substrates (Swann & Bray, 197%). The 'Very Rapid' signal 
predominates at high pH and the 'Rapid' signal at low pH. It is 
assumed, therefore, that these signals represent the same 
intermediate, the difference being due to the dissociation at high 
pH of the interacting proton.

Mechanism

In principle any of the reactions shown in Fig. 2 could 
take place. Evidence from EPR shows that substrates, other than 
NADH, always react via molybdenum. If FAD is dissociated from the 
enzyme, oxidase but not dehydrogenase activity is lost (Komai e^ aJ_. ,
1969), suggesting that FAD is the centre that reacts with oxygen.
The role of the iron-sulphur group is less clear but it probably 
acts as a store of reducing equivalents and possibly also as the 
centre that reacts with NAD.
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FAD

Fe-SMoo

Fig. 2 Possible redox reactions between reducing and 
oxidising substrates (R and 0 respectively) at 
the active centres of xanthine oxidase.

(taken from Bray & Swann, 1972)



15

The oxidising substrates seem capable of binding to all 
three centres, oxygen with FAD, phenazine methosulphate with 
molybdenum and ferricyanide with iron-sulphur.

The mechanism of xanthine oxidation can be summarised as the 
reducing substrate (xanthine) binding to one of two independent 
sites and reducing molybdenum to Mo(V) and Mo(lV) which are 
reoxidised via iron-sulpur, FAD and oxygen. The latter is 
reduced to hydrogen peroxide or superoxide (Fried £]_. , 1973; 
Pederson & Aust, 1973).

The mechanism proposed by Edmondson e^ a^, (1972) (Fig. 3) is 
consistent with the evidence currently available and provides a 
suitable model for future experimentation. Indeed, Stiefel (1973) 
suggests that such a mechanism may be common to all molybdo- 
enzymes.
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Fig. 3 Proposed mechanism for the active site of 
xanthine oxidase

The bar represents the protein molecule, Fe/S, the iron- 
sulphur group and -S-S the persulphide group,
(taken from Edmondson et al., 1972)
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II THE MILK FAT GLOBULE MEMBRANE

At the temperature at which milk is secreted (38 - 40°C), 
milkfat exists as a fine emulsion of liquid fat in the aqueous 
milk plasma. This emulsion is stabilised by what is commonly 
refered to as the milk fat globule membrane.

Fat globules, which measure 2 - 1 0  ^m in diameter, were first 
observed by van Leeuwenhoek in 1674 but more than 150 years elapsed 
before the presence of a membrane was suggested (Ascherson, 1840).
A distinct protein envelope was detected surrounding washed fat 
globules (Storch, 1897) but it was not until the discovery of high 
concentrations of phospholipids in the membrane (Palmer & Samuelsson, 
1924) that the lipoprotein nature of the membrane was realised.

Morton (1953,1954) presented the first evidence that the 
fat globule membrane is more than an adsorbed layer of proteins 
and phospholipids. He showed that microsomal particles containing 
enzyme activities were associated with the membrane and that these 
closely resembled mammary gland microsomes.

Increasing and widespread interest in the fat globule membrane 
in the last 20 years is evident from the number of major reviews of 
the subject that have appeared since King's comprehensive monograph 
(1955). These include those by Timroth, published in Finnish (I960), 
Brunner (1962, 1965, 1969), Koyama, published in Japanese (1967), 
Copius Peereboom (1969), Prentice (1969), Knoop, published in German, 
(1972) and Patton (1973).
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Microscopic Studies

Early electron micrographs showed that fat globules were 
surrounded by a membrane 5 - 10 nm thick (Knoop e^ ad., 1958a; 
Roelofsen & Salome, 1961) and that this membrane becomes ruptured 
when cream is frozen (Knoop & Wortmann, 1959). In freshly secreted 
milk the membrane has a rough surface (Knoop e^ , 1958b; Mulder 
et al., 1970) which becomes smoother after agitation.

The biological origin of the membrane was first suggested by 
Morton (1954) who noted similarities between 'milk microsomes’, 
which measured 30 - 200 nm in diameter, and mammary cell microsomes. 
Dowben e^ ad. (1967) discerned a unit membrane surrounding the fat 
globule and noted that granules (3 - 11 nm in diameter) were 
associated with it. Cytoplasm is occasionally found enclosed 
within the fat globule membrane and recently it has been shown that 
a unit membrane structure can only be demonstrated where the 
membrane borders enclosed cytoplasm; elsewhere only a single layer 
is visible (Henson eî  a^. , 1971; Bauer, 1972).

Hood & Patton (1968) observed membrane fragments, 10 - 12 nm 
thick, in churned cream and suggested that their appearance was 
compatible with a lipid bilayer or lipoprotein sub-unit structure.
The resemblance between the erythrocyte membrane and the fat globule 
membrane was noted by Brunner e^ al_. (1969) who suggested that the 
membrane might consist of small micelles of lipoprotein adsorbed 
onto a basal membrane. This is consistent with earlier electron 
microscopy which showed that lipid-extracted fat globule membrane 
had a net-like structure similar to that seen in defatted erythrocyte 
membranes (Hansson, 1949)
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By the late I960's there was considerable evidence to support 
the idea that the fat globule membrane is derived from the plasma 
membrane of the secretory cell. Stewart & Irvine (1970) observed 
an electron-dense layer 15 - 25 nm thick surrounding the fat globule 
and suggested that the fat globule is enveloped by loose interfacial 
material while in the cell and that this, in turn, is enclosed by 
the plasma membrane of the cell as the globule is secreted. 
Morphological differences between the mammary plasma membrane and 
the fat globule membrane,as compared by electron microscopy, have 
led to the suggestion (Keenan e;t a^. , 1970, 1971) that the fat 
globule membrane is derived from the plasma membrane but undergoes 
some structural rearrangement.

Recently freeze-etch electron microscopy (Bucheim, 1970) has 
shown an amorphous layer, 5 - 10 nm thick, surrounding the fat 
globule. This layer has disc-like particles, 30 - 200 nm in 
diameter, attached to it. Smaller nodules, 10 nm in diameter, are, 
in turn, associated with these particles. On storage or mechanical 
handling, the discoid particles are lost from the fat globule 
surface and are found in the milk serum, where they are readily 
distinguishable from casein micelles.

A more direct approach has been adopted by Wooding (1971a,b) 
who has taken electron micrographs of the lactating mammary gland. 
From these he has shown that the fat globule becomes associated 
with Golgi vesicles within the secretory cell and at the point of 
secretion is enveloped by a membrane derived from plasma and Golgi 
membranes. In the lumen of the mammary gland, the fat globule loses 
some of the outer layer of its membrane leaving a single layer.
When the milk is expressed only about a third of the original outer 
membrane remains. More recently Wooding (1973) has suggested that 
under certain conditions the Golgi vesicles alone can be responsible 
for the secretion of the milk fat globule without any contribution 
from the plasma membrane.
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Analytical Studies

The tendency of the fat globule membrane to shed loosely-bound 
material complicates the interpretation of analytical results. 
Phospholipids, for example, can migrate from the fat globule membrane 
into the milk serum on heating or stirring (Radema, 1956; Koops & 
Tarassuk, 1959; Greenbank & Pallanch, 1961). Several workers have 
isolated lipoprotein particles from skim milk (Gammack &, Gupta, 1967; 
Stewart e^ , 1972; Planz & Patton, 1973) but have suggested that 
they originate from excess Golgi membrane material that accumulates 
during the secretion of fat globules and milk proteins. The fat 
globule surface can also adsorb material from milk serum (Mulder,
1957); adsorbed casein has been identified in the protein fraction 
of the membrane (Jackson & Brunner, i960).

Proteins Membrane lipoproteins from washed cream can be 
separated into two fractions (Sasaki & Koyama, 1956; Sasaki et al., 
1956; Sasaki & Koyama, l957a,b; Herald &, Brunner, 1957; Brunner &, 
Herald, 1958; Alexander & Lusena, 1961; Hayashi & Smith, 1965;
Hayashi e]̂  , 1965; Chien & Richardson, 1967a,b). The low density
lipoproteins, which appear more homogeneous and have lower 
electrophoretic mobilities after lipid extraction (Brunner &, Thompson, 
1961), tend to aggregate at certain salt concentrations (Berlin et al., 
1967). The basic protein unit has been suggested to have a 
molecular weight of 150,000 or some sub-multiple (Ramachandran & 
Whitney, 1960).

An electrophoretically-homogeneous glycoprotein has been isolated 
from the soluble fraction of the membrane (Jackson e^ aj., 1962) 
and shown to possess antigenic properties. Three membrane fractions 
separated by centrifugation were found to contain increasing 
proportions of glycoprotein in succesively lighter fractions (Swope & 
Brunner, 1970). Six glycoprotein bands have been detected on
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polyacrylamide gel electrophoresis of a deoxycholate-soluble 
membrane fraction (Kobylka & Carraway, 1972). Newman & Harrison 
(1973) have studied the nature of the ionogenic groups at the 
surface of the fat globule by microelectrophoresis of intact fat 
globules. They found a large contribution to the electrophoretic 
mobility from N-acetylneuraminic acid.

The inner, insoluble, high density lipoproteins have been 
classified as a pseudokeratin (Herald & Brunner, 1957; Harwalkar & 
Brunner, 1962) and suggested to be analogous to mitochondrial 
'structural protein' (Criddle e^ a_l. , 1962). In mitochondria, the 
basic structure of this protein is maintained by disulphide linkages 
In addition, hydrophobic interactions account for much of the 
tertiary and quaternary structure. The amino acid composition of 
the soluble and insoluble protein fractions of the fat globule 
membrane are, in general, quite similar (Herald & Brunner, 1957) 
except that the arginine, aspartate, glutamate, methionine and 
valine content of the insoluble fraction is somewhat higher.

Lipids As early as 1924 phospholipids were identified 
as a major component of the fat globule (Palmer & Samuelsson, 1924), 
suggesting that the membrane is a lipoprotein complex. Detailed 
spectroscopic examination by Thompson et al. (1961) demonstrated 
the presence in the membrane of phospholipids, high-melting 
triglycerides ( >50°C), mono- and di-glycerides, free fatty acids, 
cholesterol esters, carotene and a squalene-like substance. The 
fatty acids of the high-melting triglycerides are predominantly of 
Cf4 , and C^g chain length with between 6% (Thompson e;t al. ,
1959) and 30% (Wolf & Dugan, 1964) unsaturation.

The low-density membrane fraction contains 60% lipid of which 
23% is phospholipid, whereas the high-density fraction contains 11% 
lipid of which 38% is phospholipid (Brunner & Thompson, 1961). In
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his Ph.D. thesis, Thompson (1960) concludes that the membrane 
comprises an inner layer o f  insoluble proteins bound to the fat 
globule by high-melting triglycerides, and an outer lipoprotein 
layer. Vasic & de Man (1964, 1966), however, claimed that the 
triglycerides did not have a surface-active function but are merely 
deposited onto the inner surface of the membrane by crystallisation.

The distibution and fatty acid composition of the fat globule
membrane and the plasma membrane are very similar (Keenan e^ ,
1970). The only compositional difference between the fat globule
membrane and the plasma membrane of the mammary cell appears to be
the presence of large amounts of triglyceride in the former (Keenan
et al., 1971). A comparison of membrane phospholipids with those
found in skim milk (Patton & Keenan, 1971) revealed virtually no

14difference in their characteristics. C labelling of membrane 
phospholipids showed, however, that it is unlikely that the 
phospholipids in skim milk are derived from the fat globule membrane.

Other components Minor constituents of the fat globule 
membrane are glycolipids, such as ceramide monohexoside and ceramide 
dihexoside (6.5% and 2.5% respectively) (Morrison & Smith, 1964; 
Hladik &, Michalec, 1966), lipoic acid (Stokstad ^  , 1949; Bingham
et al., 1967) and RNA (Swope &, Brunner, 1965). The presence of RNA 
in the membrane and ribonuclease in the milk serum (Bingham & Zittle, 
1964) suggests that RNA is, at least, partially protected from the 
enzyme. Trace amounts of copper, iron, molybdenum, manganese and 
zinc are also present in the membrane (Herald & Brunner, 1957). 
Although copper is evenly distibuted among the membrane fractions 
iron appears to be associated with the high-density fractions 
(Richardson & Guss, 1965). The trace metals are largely associated 
with various enzymes.

Enzymes Many enzyme activities are associated with the fat 
globule membrane (Table 1). (Milk enzymes, in general, have been
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activity reference

Aldolase Polis & Schmukler (1950)

Alkaline phosphatase Kay & Graham (1933)

Acid phosphatase Dowben ^  (1967)

Na^,k "*”,Mg^^activated ATPase If

Mg^^activated ATPase I f

Choiinesterase II

Glucose-6-phosphatase ff

NADH cytochrome C reductase II

Catalase van Maele & Vercauteren (1962)

Peroxidase

Lipase Tarassuk & Frankel (1957)

NADH diaphorase Bailie & Morton (1958a)

5'Nucleotidase Patton & Trams (1971)

Nucleotide pyrophosphatase

Phosphodiesterase Matsushita et al. (1965)

Xanthine oxidase Schwarz (1929)

Table 1 Enzyme activities found associated with the fat globule
membrane of bovine milk.
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reviewed by Shahani and co-workers (Shahani, 1966; Shahani e^ al., 
1973).) The major enzyme activities of the fat globule membrane 
are associated with lipoprotein complexes (Biserte eî  a^. , 1957). 
Bailie & Morton (1958a) reported the similarity between the enzyme 
activities of 'milk microsomes' and mammary gland microsomes. The 
slight differences diminish upon incubation of gland microsomes in 
milk serum, suggesting that milk microsomes are identical with 
mammary gland microsomes (Bailie & Morton, 1958a,b).

Later the similarities between the enzyme composition of the 
fat globule membrane and the plasma membrane were demonstrated 
(Dowben , 1967). These workers also showed that antisera to
the fat globule membrane specifically agglutinated bovine 
erythrocytes but not those of other species. They also reported 
that the membrane is freely permeable to potassium ions. They 
concluded that the fat globule membrane is derived from the 
mammary cell plasma membrane. The presence of marker enzymes of 
the plasma membrane (Patton & Trams, 1971), Golgi vesicles and 
endoplasmic reticulum (Martel-Pradal & Got, 1972) suggests, however, 
that this may be an oversimplification.

Physical Studies

125Radioactive labelling of intact fat globules with I gave at 
least one labelled component in all of the fractions isolated from 
the membrane (Anderson ^  aT., 1972), suggesting that all fractions 
are partially exposed at the membrane surface and that the existence 
of well-defined layers is unlikely. Differential thermal analysis 
(Chandan et al., 1971) shows pronounced transitions due to the
melting of triglycerides but transitions from phospholipids are not 
detectable. An irreversible, endothermie transition occurs at 80°C 
which suggests protein dénaturation. Proton NMR spectra (Chandan et
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al., 1972) of freeze-dried membrane samples are dominated by 
signals from triglycerides and only after treatment with 
trifluoracetic acid are sharp signals, attributable to amino acids, 
obtained. This indicates a highly ordered configuration of proteins 
in the membrane but little or no restiction in the molecular 
freedom of membrane lipid components. This contrasts with the 
results obtained from erythrocyte membranes.

X-ray crystallography of the fat globule membrane (Evans & 
Pillinger, 1973) gives high and low angle reflections, that can be 
related to the triglyceride spacings, and low angle spacings of
5.5 nm that are attributable to phospholipid bilayers.

Structure and origin of the fat globule membrane

The structure of the fat globule membrane proposed by King 
(1955) is based mainly on chemical data. It depicts a layer of 
phospholipids radially bound to the inner core of neutral lipid 
by high-melting triglycerides and surrounded by an adsorbed layer 
of circumferentially orientated milk proteins (Fig. 4).

Biological studies (Morton, 1953,1954; Bailie & Morton, 1958a,b; 
Dowben aJ., 1967) have suggested that the interfacial material 
is derived from membranes of the secretory cell. The elegant 
electron microscopy of Bargmann and co-workers (Bargmann & Knoop, 
1959; Bargmann e1̂  ^ .  , 1961) showed that the plasma membrane coats 
the fat globule as it is secreted from the alveolar cell (Fig. 5).
In a theoretical paper, Patton & Fowkes (1967) calculated that the 
van der Waal's forces between the lipid core of the fat globule and 
the hydrophobic centre of the plasma membrane are sufficient to expel 
the fat globule from the secretory cell as Bargmann has suggested.
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FAT -o PLASMA

PROTEIN

   1 1/ •••-
—  -HP PHOSPHOLIPID /

 HIGH MELTING TRIGLYCERÎDË
L . \ . \ V  CHOLESTEROL / _____
C  ^  VITAM IN A /

V V .i;: BOUND WATER

Fig. 4 Structure of the fat globule membrane as proposed 
by King.

(taken from King, 1955)
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Fig. 5 The secretion of fat globules from the alveolar cell 
of the mammary gland as visuallised by Bargmann and 
co-workers.

f - fat globule 
pr - protein granules 
g - Golgi vesicles

m - mitochondria 
nu - nucleus 

rer - rough endoplasmic reticulum

(taken from Bargmann & Welsch, 1969)
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Compositionally, the fat globule membrane is very similar to the 
plasma membrane, differing only in triglyceride content (Keenan e^ al, 
1970,1971). The classical unit membrane structure is rarely seen 
surrounding the fat globule, which suggests that the plasma membrane 
is rearranged, after secretion, into a structure more energetically 
favourable for separating the hydrophobic lipid core of the fat 
globule from the hydrophilic milk serum.

A large body of evidence has accumulated in recent years to 
suggest that the membrane material consists of two discrete layers. 
Prentice (1969) has proposed that the inner layer is the true 
biological membrane derived from the plasma membrane and that the 
outer layer is an adventitous layer of adsorbed lipoproteins. The 
recent evidence of Wooding (1971a, b), however, shows that the fat 
globule membrane, just after secretion, consists of a continuous 
unit membrane separated from the fat globule itself by a zone of 
dense material 10 - 20 nm thick. The outer layer is gradually lost 
after secretion by a process of vésiculation leaving a single 
secondary layer as the only continuous boundary to the fat globule. 
Wooding has suggested that the inner layer corresponds to the 
insoluble fraction of the membrane, and that the outer layer is a 
true biological membrane which corresponds to the loosely associated, 
easily solubilised, lipoprotein fraction.

In spite of extensive research the final elucidation of the 
structure and origin of the fat globule membrane must await further 
investigation. As Patton (1973) has recently stated "Research on the 
molecular architecture of the milk gat globule membrane is only just 
beginning."
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III ASSOCIATION OF XANTHINE OXIDASE WITH THE FAT GLOBULE MEMBRANE

Both xanthine oxidase and the milk fat globule membrane have 
been extensively studied. Although xanthine oxidase is one of the 
major enzyme activities associated with the fat globule membrane, 
the nature of this association and its effects upon the properties 
of the enzyme have received little attention.

The apparent activation of xanthine oxidase activity in fresh 
milk on cold storage has been reported several times. Wieland & 
Macrae (1930) observed a 3 - 4 fold increase after 2 - 4  days 
cold storage. Similar phenomena have been reported by other 
workers (Bergen & Bohm, 1934; Ball, 1939; Worden, 1943; Krishna 
Iyengar & Laxminarayana, 1961). Wieland & Rosenfeld (1930) noted 
that on separation of fresh milk most of the xanthine oxidase 
activity was found in the cream and that there was an apparent 
increase of 4 - 5 times in total activity. Kiermeier & Vogt (1956) 
were unable to confirm this activation.

Polonovski and co-workers have demonstrated a considerable 
increase in xanthine oxidase activity of fresh milk on cooling 
below 20°C, but found no further increase at temperatures below 
15°C which is approximately the solidification temperature of milk 
fat. Various physicochemical treatments such as agitation, 
homogenisation and heating have also been shown to activate the 
xanthine oxidase activity of fresh milk (Robert & Polonovski, 1955; 
Gudnason, 1961; Gudnason & Shipe, 1962). Homogenisation of heat 
inactivated xanthine oxidase in milk has been demonstrated to 
cause a partial reactivation of the xanthine oxidase activity 
(Greenbank & Pallansch, 1962). Hwang ^  (1967) reported the
somewhat suprising fact that all of the major milk proteins can
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act as activators or inhibitors of xanthine oxidase depending 
upon their concentration in the reaction system and that, in 
addition, there is a non-ionic, dialysable, heat-stable inhibitor 
present in protein-free milk samples.

It is now well established that xanthine oxidase is present at 
the fat globule surface as part of a lipoprotein complex (Morton, 
1954; Zittle e^ a_I_. , 1956; Bailie & Morton, 1958a,b; Cole ^  al_, , 
1959; Sasaki & Koyama, 1959; Hayashi , 1965), The major
portion of xanthine oxidase is found in the fraction of the membrane 
that is insoluble in salt solutions (Herald & Brunner, 1957; 
Alexander & Lusena, 1961), Swope & Brunner (1969) have calculated 
xanthine oxidase to represent about 4% (w/w) of the membrane 
complex while Bailie & Morton (1958a) arrived at a value of 3 - 5% 
of the protein of the milk microsomes.

It is clear that the association of xanthine oxidase with the 
milk fat globule membrane represents an unusual opportunity to 
investigate the attachment of a well-studied enzyme, present in 
considerable quantity, to a membrane of biological origin which 
is available cheaply and in large quantities, free from 
contamination by other cell components.
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Preparation of cream and buttermilk.

Cooled milk was obtained pooled from several mixed herds. 
Uncooled milk was obtained within a few minutes of milking from 
a small local Fresian herd. Cream was separated using an Alfa Laval 
AE Farm Separator, adjusted to give 40% (v/v) fat content at 40°C. 
Cooled milk was warmed to 40°C; uncooled milk was separated at 
35-40 C. The cream was cooled to 8-10°C and churned by shaking.
The aqueous phase (buttermilk) was decanted and centrifuged at 
3,500 X g for 10 min to remove remaining free fat as a surface layer 
and casein micelles as a pellet. The buttermilk was stored at 4°C 
in the presence of 0.02% (w/v) added NaN^ until required. Xanthine 
oxidase activity of buttermilk remained constant for at least two 
months.

Enzyme assays.

Xanthine (or hypoxanthine) oxidase activity was assayed
spectrophotometrically (Kalckar, 1947; Avis e^ , 1955). The
reaction mixture (final volume 2.5 ml) contained 250 nmol xanthine
(or hypoxanthine), 2.5 nmol EDTA, and enzyme in 50 mM-sodium
pyrophosphate buffer (adjusted to pH 7.0 with HCl). The reaction
was started by addition of enzyme and the increase in ^290
measured. Since the extinction coefficient of xanthine is
considerable at 290 nm the absorbance change measured is the
difference between the absorbance due to uric acid and that due
to xanthine. To determine the molar extinction coefficient for
xanthine oxidation the spectra of xanthine and of uric acid were
measured under reaction conditions (fig. 6). ^290 calculated

3 — 1 — 1from figure 6 to be 10.2 x 10 M .cm . This value has been used 
in this work.

NADH oxidase activity was assayed by following the decrease 
in ^240 using the same reaction mixture with 235 nmol NADH replacing 
xanthine. Dehydrogenase activities were assayed under the same
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Absorbance spectra of xanthine and uric acid.Fig. 6 ---------------------------------------- -— — ----

The‘spectra of 250 nmol xanthine, X, and 250 nmol uric acid, U , 
in 2.5 ml 50mM-sodium pyrophosphate buffer, pll 7.0, containing
2.5 nmol EDTA were measured at 37 C using a Unicam SP 800 
recording spectrophotometer with a reference cell containing
2.5 ml buffer.
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conditions with the addition of 25 nmol of 2,3,5-triphenyl- 
tetrazolium chloride by measuring decrease in ^ 255* Alkaline 
phosphatase activity was assayed by following the hydrolysis of 
ip-nitrophenyl phosphate as described by Bessey e_̂  a^. (1946).

All assays were carried out in a silica cuvette (10 mm light- 
path) at 37°C using a Unicam SP 500 (series 2) spectrophotometer 
with direct readout facility, coupled to an SP 45 unit used as a 
logging amplifier and scale expansion unit. Initial rates were 
taken from the linear portion of the progress curves and were 
proportional to enzyme concentration. One unit of xanthine 
oxidase activity is defined as that amount of enzyme causing a 
change in absorbance of 1.0 per min at 290 nm using xanthine as 
substrate and oxygen as electron acceptor under the conditions 
described above. One unit of NADH oxidase activity is similarly 
described defined in terms of a change in absorbance at 340 nm 
of 1.0 per min using NADH as substrate.

Chemical Analyses.

Protein was estimated by the method of Lowry e^ a^. (1951) 
using dry bovine serum albumin as standard.

Total lipid was determined gravimetrically. Freeze-dried
samples were extracted with two 10 ml portions of hot ethanol: 
ether (3:1 v/v) and then two 10 ml portions of chloroform:methanol 
(2:1 v/v). The extracts were combined and dried under vacuum to 
constant weight.

Lipid phosphorus was estimated from the above dried lipid
extract which was wet ashed with H^SO. and HCIO. until clear.2 4 4
Samples, neutralised with NaOH, were assayed for inorganic 
phosphorus by the method of Chen et al. (1956). Estimates of
phospholipid content are based on a mean molecular weight for
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phospholipids in the milk fat globule membrane of 800 (O’Mahony, 
1970).

Flavin adenine dinucleotide was estimated fluorimetrically
by a method adapted from that of Burch (1957). Samples (3 ml)
were extracted with 3 ml 20% (w/v) trichloracetic acid for 10 min 

oat 4 C and the precipitate centrifuged off. A 3 ml aliquot of 
the supernatant was neutralised with 0.75 ml 4M-K2HP0^ and the 
fluorescence of 1 ml measured (f^) at 450 nm (excitation) and 
520 nm (emmission) with an Aminco-Bowman 4-8202 SPF spectro- 
fluorimeter against a reagent blank. Riboflavin was used as 
standard. The fluorescence was measured again (f^) after the 
addition of a little solid sodium dithionite.

The remaining supernatant (3 ml) was incubated overnight at 
37°C in the dark to hydrolyse the FAD to riboflavin. This was 
neutralised and the fluorescence measured before (f^) and after 
(f^) sodium dithionite addition.

FAD content was calculated from the riboflavin equivalents 
of the dithionite reducable fluorescence before and after 
hydrolysis as follows:-

before hydrolysis Rb = (f - f„)

after hydrolysis Rb^ = (f^ - f^)

since the fluorescence of FAD is 15% that of riboflavin

pg FAD = (Rbg - Rb^)

0.85

Attempts at the estimation of xanthine oxidase in milk 
fractions by the determination of the molybdenum content. 
Xanthine oxidase is the only molybdoprotein known to be present 
in milk. Attempts were made to use the molybdenum content of
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various milk fractions to determine the amount of xanthine 
oxidase present especially in fractions where the enzymic 
activities were inactivated. The methods used are listed below:

method limit of sensitivity

Leong (1970) 0.125 pgMo/ml

Clark & Axley (1955) as modified 
by Bingley (1959,1963) and Hart et al.
(19701 0.100 ugMo/ml

Bayer e^ a^. (1967) 0.100 pgMo/ml

None of these methods was sufficiently sensitive to determine 
reproducibly the very low levels of molybdenum present. This 
approach was therefore abandoned.

Ultracentrifugation and sucrose density centrifugation.

Ultracentrifugation was carried out at approximately 4°C 
using an MSE Superspeed 50 centrifuge with a 3 x 25 ml or 
3 X 10 ml swing-out rotor. Pelleted material was resuspended 
at 0°C by gentle homogenisation in an all-glass hand homogeniser.

Discontinuous sucrose density gradients were constructed in 
polycarbonate tubes by a method devised by the author (Briley, 1973) 
which is described in detail in Appendix I. Samples were applied 
to the top of the gradient and brought to isopyknic equilibrium 
by centrifugation at 100,000 x g for at least 14 hours at 
approximately 4°C. Tubes were punctured at the bottom by an 
MSE tube piercer. The contents were pumped out from the bottom of 
the tube and fractions (0.5 ml) collected.
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Sonication.

Samples were sonicated with cooling in an ice-salt bath 
using a 200 watt sonicator built in this department with a 
titanium probe oscillating at 20 Kc/sec.

Concentration of dilute samples.

A technique for concentrating dilute solutions of protein 
or membrane fractions was developed. Samples were dialysed 
at 4°C against an almost fully saturating solution of 
polyethylene glycol 6000 in O.lM-sodium pyrophosphate buffer, 
pH 7.0. By this method up to 10 ml/h of water and buffer salts 
could be removed. Both xanthine oxidase and NADH oxidase 
activities were unaffected by this treatment unless concentration 
was continued to a stage where the protein solubility was 
exceeded in which case the sample was discarded. This technique 
has been described by Plan & Fayet (1960).

Materials

All reagents were of Analar grade or the highest purity 
readily available. Purified xanthine oxidase (ex milk), lipase 
(ex wheat germ), phospholipase A (ex Vipera russelli) and 
phospholipase C (ex Cl. perfringens) were obtained from 
Koch-Light Laboratories Ltd., Sepharose 2B and 6B and Sephadex 
G-200 from Pharmacia (G.B.) Ltd., NADH (grade II) and FAD from 
Boehringer Corporation (London) Ltd., jp-nitrophenyl phosphate 
from Sigma (London) Chemical Co. All other reagents including 
bovine serum albumin (fraction V), triton x-100 (scintillation 
grade), trypsin (ex bovine pancreas) were obtained from B.D.H. 
Chemicals Ltd.
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ISOLATION AND CHARACTERISATION OF FRACTIONS CONTAINING 
FREE AND MEMBRANE-BOUND XANTHINE OXIDASE,

Fractionation of buttermilk by gel-filtration and sucrose 
gradient centrifugation. (summarised in Scheme 1.)

The xanthine oxidase activity of buttermilk was separated 
into two fractions by column chromatography on Sepharose 2B 
(Fig. 7), The first fraction, designated BM^, which was eluted 
in the void volume,was a cloudy solution which contained 42% of 
the applied xanthine oxidase activity and 18% of the applied 
alkaline phosphatase activity. Most of the remaining xanthine 
oxidase (46% of the activity applied) was eluted as a further 
single peak along with 26% of the applied alkaline phosphatase 
activity. (The apparently low recovery of alkaline phosphatase 
was due to inhibition by pyrophosphate in the elution buffer.)

The enzyme activity of the most active fraction of the 
second peak (indicated by an arrow in Fig. 7) was resolved by 
chromatography on Sephadex G-200 (Fig. 8 ). The fraction eluted 
in the void volume, designated BM^, contained 8% of the xanthine 
oxidase and 10% of the alkaline phosphatase activity applied to 
this column. Two further fractions were eluted which contained 
largely xanthine oxidase (83% of the activity applied) and 
alkaline phosphatase (25% of the activity applied) respectively.

The protein, total lipid and lipid phosphorus content of 
fractions BM_̂  and BM^ were determined as described in the Methods 
Typical composition of fractions BM^ and BM^ are presented in 
Table 2.
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MILK

separated 40 C

SKIM MILK CREAM

acidified churned 10°C
pH 4

SUPERNATANT PRECIPITATE BUTTER BUTTERMILK
(casein)

Sephadex G-200 
fractionation

Sepharose 2B 
fractionation 

or
sucrose gradient 
centri fugation

FREE BM 
XANTHINE 1 
OXIDASE

BM^

Sephadex G-200 
fractionation 

or
sucrose gradient 
centri fugation

FREE
XANTHINE OXIDASE

Scheme 1. Flow diagram of the fractionation of free and
membrane-bound xanthine oxidase from milk.

Experimental details are given in the text.
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Fig. 7
buttermilk on Sepharose 2B.
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Fractionation of membrane-bound xanthine oxidase from

A sample (15 ml) of buttermilk prepared as described in the 
text was applied to a column ( 2.5 cm x 40 cm) of Sepharose 2B 
(Vo = 45 ml) equilibrated with O.lM-sodium pyrophosphate buffer, 
pH 7.0. The column was eluted at 10 ml/h with the same buffer at 
4 C. Fractions (5 ml) were collected. Transmission at 280nm 
(- - -) was monitored using an LKB Uvicord System. Xanthine 
oxidase ( ♦■■ • ) and alkaline phosphatase ( g... - — fl ) activities
were assayed. Fractions 8-10 were combined and designated

I
O00CM

fraction BM^.
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Fig. 8 Fractionation of free and membrane-bound xanthine 
oxidase from buttermilk on Sephadex 0-200

Fraction 27 (indicated by an arrow in Fig. 7) was applied

to a column (2.5 cm x 41 cm) of Sephadex G-200 (Vo = 55 ml) 
which was equilibrated and eluted as described in Fig. 7. 
Fractions (5 ml) were collected and transmission at 280 nm
(- - -), xanthine oxidase (# # ) and alkaline phosphatase
(O-----Q  ) activities measured.
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Protein Total Lipid Phospholipid
( % ) (% of total lipid)

BM^ 50.1 - 54.8 45.2 - 49.9 19.7 - 31.8

BMg 72.5 - 81.9 18.1 - 27.5 15.3 - 17.9

Characteristic 
values for milk 
fat globule 
membrane

30 - 60 40 - 70 20.4 - 28.7

Table 2. Chemical composition of fractions BM  ̂ and BM^.

Protein, total lipid and phospholipid content was determined 
as described in Methods. Percentages were calculated assuming 
protein + total lipid = 100%. Characteristic values for the 
milk fat globule membrane were obtained from Brunner (1965).
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Fraction BM^ is simply the material excluded from 
Sepharose 2B, one of the largest pore gels available, and 
cannot be said to be homogeneous. To further characterise 
this fraction and to determine its homogeneity buttermilk was 
fractionated by centrifugation in a sucrose gradient (Fig. 9). 
Xanthine oxidase activity was found in two separate fractions. 
The densest fraction which contained 36% of the xanthine oxidase 
activity applied was isopyknic with a density of 1.19. Most of 
the remaining xanthine oxidase activity (59% of that applied) 
was found in a second peak which was isopyknic with a density 
of 1.11. The latter peak had a slight shoulder on its less 
dense side.

Material eluted in the second fraction of a separation of 
buttermilk on Sepharose 2B (e.g. arrowed in Fig. 7) was 
concentrated and centrifuged in a sucrose gradient (Fig. 10). 
Xanthine oxidase activity was partially resolved into two 
fractions. A denser shoulder of the main peak was isopyknic 
with a density of 1.11 and contained 10% of the xanthine oxidase 
activity applied. Most of the remaining xanthine oxidase 
activity (86% of that applied) was found in the main peak which 
was isopyknic with a density of 1.07.

Isolation of free xanthine oxidase from skim milk.

A widely-used method for isolating xanthine oxidase from 
milk involves proteolytic digestion with pancreatin at an 
early stage in the purification procedure (Ball, 1939). To 
determine whether this treatment alters the properties of 
purified xanthine oxidase compared with those of the free
enzyme existing in milk free xanthine oxidase was isolated 
from skim milk. Skim milk, at 4°C, was brought to pH 4.0 
by the addition of IM-HCl and the resulting precipitate
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Fractionation of membrane-bound xanthine oxidase from 
buttermilk by centrifugation in a sucrose gradient.

A sample (1 ml) of buttermilk prepared as described in the text 
was applied to the top of a discontinuous sucrose density gradient. 
The gradient, which comprised 5 layers each of 3.5 ml sucrose 
solution in O.lM-sodium pyrophosphate buffer, pH 7.0 with 
concentrations and densities as indicated (- - -), was constructed 
as described in Methods and Appendix I. The sample was equilibrated 
in the gradient by centrifugation at 100,000 x g for 14.5 h at 
approximately 4°C. Fractions (0.5 ml) were collected as described 
in Methods and xanthine oxidase activity (#— — — # ) assayed.
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Fig. 10 Fractionation of free and membrane-bound xanthine
oxidase from buttermilk by centrifugation in a sucrose 
gradient.
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.. 1.1

-L 1.0

A sample (2.5 ml) of material concentrated from the second peak of 
buttermilk separated on Sepharose 2B (eg, indicated by an arrow in 
Fig. 7) was applied to the top of a discontinuous sucrose density 
gradient. The densities and concentrations are indicated (- ~ -). 
The gradient was treated as described in Fig. 9 and xanthine 
oxidase activity ( #------- # ) assayed.
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separated by centrifugation. The supernatant was immediately 
fractionated on a column of Sephadex G-200 (Fig. 11), (Less 
than 10% of the xanthine oxidase activity was lost upon 
storage of the above supernatant at 4°C for 15 days,) The 
first peak, which was eluted in the void volume, contained 30% 
of the applied xanthine oxidase activity and some alkaline 
phosphatase activity. The second peak, which contained 65% of 
the xanthine oxidase activity, was virtually free of alkaline 
phosphatase, A sample of purified xanthine oxidase was eluted 
from Sephadex G-200 as a single peak in the same position as 
the second peak from the acidified skim milk supernatant.

Specificity of free and membrane-bound xanthine oxidase.

The presence of membrane-bound xanthine oxidase in
buttermilk is indicated by the appearance of enzyme activity
in fractions of high density on sucrose gradient centrifugation
and in material excluded from Sepharose 2B which excludes 

7particles > 4  x 10 daltons. The substrate specificities of 
fraction BM^ and purified enzyme were examined in the hope 
that specificity differences might provide a convenient parameter 
for measuring the relative amounts of free and membrane-bound 
xanthine oxidase in milk fractions.

Oxidase and dehydrogenase activities of fraction BM^ and 
purified xanthine oxidase were determined using xanthine, 
hypoxanthine or NADH as electron donor substrate, and oxygen 
or 2,3,5-triphenyltetrazolium chloride as electron acceptor.
The specificities of the two forms of the enzyme are compared 
in terms of the ratios of the activities of each form towards 
various substrate:electron acceptor couples. The results 
(Table 3) show that the ratio of the activities, xanthine:oxygen
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Fractionation of free and membrane-bound xanthine
oxidase from skim milk on Sephadex G-200

A sample ( 15 ml) of skim milk treated as described in the text 
was applied to a column (2.5 cm x 41 cm) of Sephadex G-200 
(Vo = 55 ml) which was equilibrated and eluted as described in 
Fig. 7. Fractions (5 ml) were collected and transmission at 
280 nm (- - -) and xanthine oxidase activity (#— — #) assayed.
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substrate : electron acceptor 
couple

ratio of enzyme 
purified 

xanthine oxidase

activities 
fraction BM^

X:0 / X:tet 3,8 3.9

X:0 / H:0 1.8 3.1

X:0 / H:tet 3.6 3.8

X;0 / N:0 110.0 52.0

H:0 / Xitet 2.1 1.3

H:0 / H:tet 2.0 1.3

H:tet / X;tet 1.1 1.0

Table 3, Activity ratios of various substrate ; electron 
acceptor couples with free and membrane-bound 
xanthine oxidase.

Activities of purified xanthine oxidase and fraction BM^ were 
assayed using xanthine (X), hypoxanthine (H) or NADH (N) as 
substrate and oxygen (0) or 2,3,5-triphenyltetrazolium chloride 
(tet) as electron acceptor, as described in Methods.
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to NADH:oxygen, designated X/N, is the most sensitive for 
distinguishing free and membrane-bound xanthine oxidase.

Both free and membrane-bound xanthine oxidase exhibited 
normal Michaelis-Menten kinetics with either substrate (Fig. 12 
and 13). The kinetic parameters of both forms of the enzyme 
for NADH and for xanthine are presented in Table 4. Comparison 
of I£m values shows that membrane-bound xanthine oxidase has a 
greater apparent affinity for NADH than does the free enzyme. 
With xanthine as substrate the reverse is true.

The absolute amount of enzyme present in a membrane is
difficult to determine without reference to its catalytic
activity. This complicates interpretation of the comparison
of Vmax values of membrane-bound and soluble forms of an
enzyme for a given substrate. However, it is possible to
compare the ratios of the ^max values of the two substrates
and interpret these ratios in terms of relative turnover
numbers of each form of the enzyme. Comparison of the ratio
Vmax ./Vmax.... for fraction BM^ and for purified—  (xanthine) —  (NADH) 1
xanthine oxidase (Table 3) reveals no significant difference 
(p <  0.001). This indicates that the turnover numbers of 
xanthine oxidase for either of these two substrates are not 
affected by the association of the enzyme with the fat globule 
membrane.

Under the assay conditions used, the concentration of 
xanthine is about one hundred times the apparent Km of either 
fraction BM^ or purified xanthine oxidase for this substrate, 
whereas the concentration of NADH is of the same order of 
magnitude as its apparent Km values. The values of X/N of 
purified xanthine oxidase and fraction BM^ therefore reflect 
the differing affinities of the free and membrane-bound enzyme 
for NADH.
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20 ■

fraction BM.

10* -

purified xanthine
oxidase

40-20 0 20-40

-1

Fig.12

l/[xanthine] (pM )

Lineweaver-Rurk plot of xanthine oxidase activity of 
purified xanthine oxidase and fraction BM^,

Xanthine oxidase activity was measured in duplicate as 
described in Methods and the lines fitted by the method of 
least squares.
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purified
xanthine oxidase

20
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fraction BM

-20 30-30 10 , 20-10 O
-11/[NADH] (mM )

Fig. 13 Lineweaver-Burk plot of NADH oxidase activity of 
purified xanthine oxidase and fraction BM^,

NADU oxidase activities were measured in duplicate as 
described in Methods and the lines fitted by the method of 
least squares.
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Km (xanthine) 
(pM)

Km (NADH) 
(pM)

Vmax (xanthine)* 
Vmax (NADH)**

purified 
xanthine oxidase

0.269 - 0.007 146.75 - 4.76 45.81 - 6.18

fraction BM^ 0.465 - 0.020 42.49 - 0.92 52.61 - 3.53

* expressed as xanthine oxidase units / pi 
** expressed as NADH oxidase units / pi

Table 4, Kinetic parameters for NADH and xanthine as substrates 
of free and membrane-bound xanthine oxidase (oxygen as 
electron acceptor).

Enzyme activities were assayed as described in Methods in 
duplicate at 5 or 6 substrate concentrations on three separate 
occasions. The apparent jKm and ^max (- s.e.m.) of each experiment 
were calculated from plots of s/v against s by the method of least 
squares. The values of I£m and J/max presented are weighted means 
of the three experiments, using l/variance as weighting factor.
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Fractions BM^ and BM^ (Fig. 7 and 8), high density 
fractions isopyknic with densities 1.19 and 1.11 in sucrose 
gradients (Fig. 9 and 10), all from buttermilk and the skim 
milk fraction excluded from Sephadex G-200 (Fig. 11) all had 
X/N values in the range 45 - 65. The X/N values of purified 
xanthine oxidase, of free enzyme fractionated from skim milk 
or buttermilk by gel-filtration and the low density fraction 
from buttermilk which was isopyknic with a density of 1.07 in 
a sucrose gradient were consistently in the range 95 - 130.

Kinetic studies of the mutual effects of NADH and xanthine as 
oxidase substrates of purified xanthine oxidase.

NADH was found to inhibit xanthine oxidase activity of the 
purified enzyme in an uncompetitive manner as indicated by parallel 
Lineweaver-Burk plots (Fig. 14). In contrast, xanthine activated 
NADH oxidase activity of purified xanthine oxidase (Fig. 15).



Fig. 14 Inhibition of xanthine oxidation of free xanthine 
oxidase by NADH.

Xanthine oxidase activities were assayed at 5 substrate 
concentrations at 2l°C as described in Methods (lower line) 
and in the presence of 37.6 pM-NADH (upper line). The lines 
were fitted by the method of least squares.
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Inhibition of xanthine oxidation of free xanthine
oxidase by NADH
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Fig. 15 Activation of NADH oxidation of free xanthine oxidase 
by xanthine.

NADH oxidase activity was assayed at 5 substrate concentrations 
as described in Methods (upper line) and in the presence of 
40 pM-xanthine (lower line). The lines were fitted by the method 
of least squares.
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II BINDING OF FREE XANTHINE OXIDASE TO THE FAT GLOBULE MEMBRANE,

Binding of xanthine oxidase to heated membrane preparations.

The different X/N values of free and membrane-bound preparations 
of xanthine oxidase are due to the higher NADH oxidase activities 
of the membrane fractions. The enhanced NADH oxidase activity 
might be attributable either to an alteration of the catalytic 
properties of bound xanthine oxidase, or simply to the presence 
of another NADH oxidase enzyme associated with the membrane. To 
provide evidence on this point, binding characteristics were 
studied using free xanthine oxidase and a membrane preparation 
devoid of associated enzyme activities.

Fraction BM^ was heated for lOmin in boiling water to inactivate 
bound enzymes. The resulting suspension was free of detectable 
alkaline phosphatase, NADH oxidase, and xanthine oxidase 
activities. Increments of the heated membrane preparation were 
added to a sample of purified xanthine oxidase in a cuvette 
containing the NADH assay mixture (see Methods), The rate of 
NADH oxidation was measured after each addition by following the 
decrease in absorbance at 340 nm, NADH oxidase activity increased 
progressively with each addition to a plateau (Fig, 16), A similar 
experiment, substituting xanthine for NADH, showed that oxidase 
activity towards xanthine remained unchanged. Thus titration of 
free xanthine oxidase with heated fraction BM^ effectively changed 
the X/N value from that characteristic of the free enzyme (X/N ̂  
110) to that characteristic of the membrane-bound enzyme (X/N ^  50) 
(Fig, 16),

Identical results were obtained using free xanthine oxidase 
isolated from skim milk in place of the purified enzyme. The skim
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heated fraction added (pi)

Effect of heated fraction BM  ̂ on NADH oxidase activity 
of free xanthine oxidase.

Purified xanthine oxidase (0.18 xanthine oxidase units) %;ts 
placed in a reaction cuvette containing the NADII oxidase reaction 
mixture (see Methods). Increments of heated fraction BM^ were 
added and the NADU oxidase activity assayed after each addition. 
Activities were assayed as described in Methods and corrected for 
volume changes occuring in the reaction cuvette. Progress curves 
remained linear throughout the experiment. X/N values were 
calculated from the NADH oxidase activities and the results of a 
parallel experiment in which xanthine oxidase activity was assayed,
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milk fraction excluded from Sephadex G-200 (Fig, 11), could 
substitute for fraction BM^ to give a similar titration curve.

The enhancement of NADH oxidase activity of free xanthine 
oxidase was not observed on addition of heated fraction BM^, 
casein (up to 20 mg/xanthine oxidase unit) or a mixture of protein, 
lipid and phospholipid in the proportions found in fraction BM^
(1,2 mg bovine serum albumin, 0,6 mg glycerol tripalmitate and 
0,6 mg D-L- lecithin /ml homogenised in 0,IM-sodium pyrophosphate 
buffer, pH 7.0).

Chromatography on Sepharose 2B of a mixture of purified 
xanthine oxidase and heated fraction BM^, having an X/N value of 
62, eluted 20% of the applied xanthine oxidase in the void volume 
(Fig, 17), The X/N value of this fraction was 45, characteristic 
of membrane-bound enzyme. The remaining activity was eluted in a 
single peak ( X / N  = 108),

Determination of binding parameters

The results described above suggest that membrane-bound enzyme 
is present in mixtures of heated fraction BM^ and purified 
xanthine oxidase. Using the enhancement of NADH oxidase as an 
indicator of the enzyme-membrane complex, the binding parameters 
were determined from titration of heated fraction BM^ with free 
xanthine oxidase.

Assuming dynamic equilibrium between enzyme and membrane 
binding site,

EM = E + M
the intrinsic dissociation constant, ]£, can be expressed as

K = (E^)n(M)
.........   eqn 1.

%
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P i g ,  1 7  F r a c t i o n a t i o n  o f  a m i x t u r e  o f  h e a t e d  f r a c t i o n

and f r e e  x a n t h i n e  o x i d a s e  ( X / N  = 6 2 )  on S e p l i a r o s e  2H ,

A mixture of purified xanthine oxidase (3.26 xanthine oxidase 
units) and heated fraction BM^ (7.32 xanthine oxidase units before 
heating) prepared as described in the text and having an X/N value 
of 62,was applied to a column (2.5 cm x 40 cm) of Sepharose 2B 
(Vo = 50 ml) which was equilibrated and eluted as in Fig. 7. 
Fractions (5 ml) were collected and transmission at 280 nm (- - -)
and xanthine oxidase activity (®----®) measured. X/N values were
ca I cu I aled from t lie NADI! ox i dase activities of the fractions in 
eacli peak having the in ghest xanthine oxidase activity.
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where = concentration of added xanthine oxidase not bound
(in xanthine oxidase units)

= concentration of added xanthine oxidase bound (in 
xanthine oxidase units)

n = number of enzyme binding sites originally present
on fraction BM^ (i.e. before heating)

M = concentration of unoccupied binding sites in terms
of xanthine oxidase units originally present on 
fraction BM^ (in xanthine oxidase units).

The experimentally determined quantities are:
= total concentration of binding sites originally

present on fraction BM^ (in xanthine oxidase units)
A = observed increase in NADH oxidase activity of 

added xanthine oxidase (in NADH oxidase units)
E^ = total concentration of added enzyme (in xanthine 

oxidase units)
Then nM = concentration of unoccupied sites actually present
and nM^ = total concentration of xanthine oxidase binding

sites present on heated fraction BM^.

Assuming that the enhancement of NADH oxidase activity is due 
to the formation of the enzyme-membrane complex, and taking 50 as 
the mean X/N value for membrane-bound xanthine oxidase, the 
concentration of bound enzyme can be calculated from the increase 
in NADH oxidase activity observed when free xanthine oxidase is 
added to the membrane preparation. The observation that xanthine 
oxidase activity is unaffected by the addition of heated fraction 
BM^ allows the use of the conservation equation for enzyme to 
calculate E^.

Thus E, = 50Ab

and E^ = E^ - 50A
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The concentration of unoccupied sites can be calculated from 
the conservation equation for binding sites,

nM^ = nM + E, t b

Substituting in eqn 1.

K = (E_ - 50A)(nM_ - 50A)—  t t
50A

or K = nMI E_ _—  t f - Ef

If the assumptions made are correct a plot of E^ / E^ against 
E^ should be linear with slope = 1/nM^ and x-intercept = -I£.
Such a plot of the data from titration of heated fraction BM^ 
with purified xanthine oxidase is shown in Fig. 18. The value 
of the dissociation constant, K, calculated from this plot is 
0.115 xanthine oxidase units /ml; n = 1.60 xanthine oxidase 
units bound / xanthine oxidase unit originally present on fraction 
BM^ (before heating).

Influence of albumin on the enhancement of NADH oxidase activity 
of free xanthine oxidase on addition of heated fraction BM^.

During experiments to determine the specificity of the 
binding reaction albumin was added to a sample of purified 
xanthine oxidase prior to the addition of heated fraction BM^.
The enhancement of NADH oxidase activity of free xanthine oxidase 
on the addition of heated fraction BM^ was found to be greater in 
the presence of albumin (0.04% - 0.20% w/v) (Fig. 19). The 
maximum level of enhancement of NADH oxidase activity was 
proportional to the amount of albumin added (Fig. 20). It can



F i g .  1 8  B i n d i n g  p l o t  f r o m  t i t r a t i o n  o f  h e a t e d  f r a c t i o n  B M ^  

w i t h  f r e e  x a n t h i n e  o x i d a s e .

The initial membrane concentration was 24.3 pg membrane 
protein/ml which represents 0,045 xanthine oxidase units/ml 
originally present before heating. and E^ (defined in the
text) were calculated from the increase in the NADH oxidase 
activity at 37°C as described in the text. Each point 
represents the mean of duplicate determinations. The line was 
fitted by the method of least squares.

Slope = 13.8 - 1.1, x-intercept = -0.115 - 0.024 
correlation coefficient = 0.97 (values - s.e.m.)
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Fig. 18 Binding plot from titration of heated fraction BM
with free xanthine oxidase.



Fig. 19 The effect of added albumin on the NADH oxidase 
activity of free xanthine oxidase on addition of 
heated fraction BM^.

The experiments were carried out as described in Fig. 16 
with the addition of various amounts of albumin as shown. The 
figures shown against each line represent the amount (in mg) 
of albumin added.
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Fig. 19 The effect of added albumin on the NADII oxidase activity 
of free xanthine oxidase on addition of heated fraction
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Fig. 20

albumin added (mg)

The effect of added albumin on the maximum enhancement 
of NADII oxidase activity of free xanthine oxidase on 
addition of heated fraction BM

The values of maximum enhancement of NADH oxidase activity 
were taken from the plateaux of the curves in Fig. 19. The line 
was fitted by the method of least squares (correlation coefficient 
= 0.991)
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be seen that the amount of heated fraction BM^ needed to give 
half maximal enhancement of NADH oxidase activity was only 
slightly altered by the presence of albumin (Fig. 19). When a 
mixture of heated fraction BM^, purified xanthine oxidase and albumin 
was fractionated by chromatography on a column of Sepharose 2B 
(Fig. 21) the material eluted in the void volume had an X/N value 
of 51 and the remaining xanthine oxidase activity an X/N value of 
108. The proportion of total eluted xanthine oxidase activity 
found in the excluded fraction was similar to that obtained in 
the absence of albumin (Fig. 17). Most of the albumin was eluted 
in fractions free of xanthine oxidase activity (as judged by 
% transmission 280 nm, Fig. 21). The addition of albumin had no 
effect on the xanthine oxidase or NADH oxidase activities of free 
xanthine oxidase, fraction BM^ or fraction BM^.

Possible influence of fatty acids upon the binding of free 
xanthine oxidase to heated fraction BM^.

It is well known that albumin has a considerable affinity for 
free fatty acids. The effects of added albumin could have been 
caused by the addition of fatty acids with the albumin. Equally 
the albumin could act by sequestering free fatty acids already 

present in the heated membrane fraction.

The addition of an emulsion of palmitic acid (final 
concentration 0.008% w/v with 0.04% w/v acacia powder as an 
emulsifying agent) to purified xanthine oxidase (0,12 xanthine 
oxidase units / ml) caused a slight inhibition of xanthine oxidase 
activity 10%) but had no effect on NADH oxidase activity. 
Titration of this mixture by heated fraction BM^ gave the same 
results as those obtained in a similar experiment carried out in 
the absence of free fatty acids (Fig. 16).
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Fig. 21 Fractionation of a mixture of heated fraction BM  ̂
free xanthine oxidase and albumin on Sepharose 2D

A mixture of purified xanthine cxidase (2.10 xanthine oxidase
units), heated fraction BM (6.60 xanthine oxidase units before

1

heating) and albumin (30 mg) was applied to a column (2.5 cm x 
40 cm) of Sepharose 20 (Vo = 55 ml) which was equilibrated and 
eluted as in Fig. 7. Fractions (5 ml) were collected and 
transmission at 280 nm (- - -) and xanthine oxidase activity
(©----- •) measured. X/N values were calculated from the NADH
oxidase activities of the fractions in each peak having the 
highest xanthine oxidase activity.
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Release of FAD from fraction BM  ̂ upon heating

A sample of fraction BM^ was washed 5 times with an equal 
volume of O.lM-sodium pyrophosphate buffer, pH 7,0, by 
centrifugation (in the first instance at 100,000 x g for 1 h 
and subsequently at 100,000 x g for 20 min) and resuspension 
of the pellet. The final resuspended pellet had an X/N value of 
61.9. When this material was heated and increments added to a 
sample of free xanthine oxidase an increase in NADH oxidase 
resulted similar to that described earlier (Fig. 16). The 
sample of heated fraction BM^ was centrifuged at 100,000 x g 
for 20 min to give a white pellet and an orange supernatant.
The spectrum of this supernatant is compared in Fig. 22 with 
the spectra of the 5th wash of the pellet of fraction BM^ (before 
heating) and of a solution of FAD,

The spectrum of the supernatant from heated fraction BM^ 
closely resembled that of FAD, with an absorption maximum at 
450 nm. The spectrum of the 5th wash showed no absorption maximum 
at this wavelength. On treatment of the supernatant with sodium 
dithionite the absorption maximum at 450 nm was removed (Fig. 22), 
similarly with FAD. From the dithionite-reducable absorbance 
of the supernatant at 450 nm and the molar extinction coefficient

3
for FAD (11.3 x 10 ) the total FAD liberated from washed fraction 
BM^ (13.52 mg protein) was 9.56 nmole. Fluorimetric assay gave a 
value of total FAD released of 8.28 nmole / 13.52 mg protein.

The mean of these two values was used to calculate the 
xanthine oxidase content of washed fraction BM^ assuming total 
release of FAD and that all the FAD liberated originated from 
xanthine oxidase.

Assuming 2 mole FAD / mole enzyme (Hart e^ a^. , 1970) and a 
molecular weight of 275,000 for xanthine oxidase (Andrews et al.,
1964)



Fig. 22 Absorbance spectra of the supernatant of heated
fraction BM^, the 5th wash of fraction BM  ̂ and of FAD.

Absorption spectra of the supernatant (total 4 ml) of heated 
fraction BM^ (13.52 mg protein), the same solution after the 
addition of a little solid sodium dithionite (- - -), the 5th wash 
(total 7 ml) of fraction BM^ (before heating), and FAD (20 nM) 
each in O.lM-sodium pyrophosphate buffer, pH 7,0, were measured 
in a 10 mm light-path silica cuvette against a reference cell 
containing buffer, using a Unicam SP 1800 recording spectro
photometer.
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Fig. 22 Absorbance spectra of the supernatant of heated 
fraction BM^ , the 5th wash of fraction BM  ̂ and 
of FAD
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enzyme present (before heating) = 8.92 x 275,000 ng
2

= 1.23 mg

Thus 1.23 mg enzyme protein were present in 13.52 mg membrane 
protein. This represents 9.1% of the total membrane protein of 
fraction BM^.

Possible influence of FAD upon the binding of free xanthine 
oxidase to heated fraction BM^ .

FAD is known to be present at the active site of xanthine 
oxidase and as such may be involved in the binding of free xanthine 
oxidase to heated fraction BM^. To obtain more evidence on this 
point heated fraction BM^ was centrifuged at 100,000 x g for 1 h 
and the white pellet resuspended in O.lM-sodium pyrophosphate 
buffer, pH 7,0. Increments of this resuspended pellet were 
added to a sample of purified xanthine oxidase. The enhancement 
of the NADH oxidase activity was similar to that achieved by the 
addition of heated fraction BM^ that had not been centrifuged 
(Fig. 16). This clarifies earlier confusion (Eisenthal & Briley, 
1972) regarding the effect of components released by heating on 
the enhancement of NADH oxidase activity of free xanthine oxidase.

Addition of pure FAD to free xanthine oxidase did not affect 
xanthine oxidase activity but increased NADH oxidase activity by 
approximately 70%. This activation did not involve any net 
reduction of FAD as measured by changes in Increments of
the pellet of washed heated fraction BM^ were added to a sample 
of purified xanthine oxidase (0.12 xanthine oxidase units) in the 
presence of up to 15 nmole FAD. When the NADH oxidase activities 
were corrected for the activation of free enzyme by FAD the
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enhancement of the NADH oxidase activity due to binding was very 
similar to that obtained in the absence of FAD (Fig. 16)
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III INVESTIGATION OF THE MODE OF BINDING OF XANTHINE OXIDASE 
TO THE FAT GLOBULE MEMBRANE

Effect of pH on the fractionation of buttermilk

If strong ionic interactions were involved in the binding of 
xanthine oxidase to the fat globule membrane, gel-fiItration of 
buttermilk in buffers of different pH might be expected to 
produce different elution patterns. To investigate this point 
buttermilk was fractionated by chromatography on a column of 
Sepharose 2B at pH 5.1, 7,0 and 10.0 (Fig. 23). Similar elution 
patterns were observed at pH 5.1 and 7.0. Furthermore, the ratios 
of the xanthine oxidase activity in pooled fraction?, 10 - 20 (the 
excluded material), to the xanthine oxidase activity in pooled 
fractions, 21 - 40 (the included material) were approximately the 
same, 2.6 and 2.4 for buttermilk separated at pH 5.1 and 7.0 
respectively.

At pH 10.0, a different elution pattern of xanthine oxidase 
activity was observed. The peak of excluded material was smaller 
and the included material was spread in a very low, broad peak. 
Also, the included material was eluted later than at pH 5.1 or
7.0. The ratio of excluded xanthine oxidase activity to included 
xanthine oxidase activity was 0.48; very different from the values 
calculated for the separations at pH 5.1 and 7.0 (Fig. 23)

Solubilisation of membrane-bound xanthine oxidase with various 
reagents

The above results indicated that the association of xanthine 
oxidase with the fat globule membrane might well involve ionic 
interactions. It was considered that the classical approach.



Fig, 23 Fractionation of membrane-bound xanthine oxidase from 
buttermilk on Sepharose 2B at pH 5.1, 7.0 and 10.0

Samples (10 ml) of buttermilk were applied in turn to a 
column (2.5 cm x 45 cm) of Sepharose 2B (Vo = 55 ml) which was
equilibrated and eluted as in Fig. 7 at either pH 5.1, 7.0 or
10.0. Fractions (5 ml) were collected and xanthine oxidase
activity (#----# ) assayed.
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washing the membrane pellet with solutions of varying ionic 
strength and with reagents known to disrupt hydrophobic 
interactions, might prove fruitful.

Fraction BM^ was centrifuged (all centrifugation in this 
section was at 100,000 x g for 1 h) and the resulting pellet 
washed by resuspending in O.lM-sodium pyrophosphate buffer, pH 7.0, 
and centrifuging again. This was repeated twice more. The thrice- 
washed pellet was resuspended in 2M-NaCl and again centrifuged.
The resulting pellet was resuspended in 0.1% (v/v) Triton x-100 
and left to stand for 1 h before centrifuging. The pellet
resulting from this was again resuspended in 0.1% (v/v) Triton x-lOO 
and this time 
centrifuging.
and this time left to stand overnight (20 h) at 4°C before

After each separation the supernatant and resuspended pellet 
were assayed for xanthine oxidase activity and the protein content 
determined. The FAD content of certain fractions was also 
measured. The results of this sequential fractionation are 
given in Table 5 and 6,

The results in Table 5 show that only 25% of the total 
xanthine oxidase activity was solubilised from the pellet by 
washing with buffer or a solution of high ionic strength. Of the 
remaining activity 56% was extracted with Triton x-100.

In Table 6 the results show the amount of xanthine oxidase 
present expressed as a percentage of the total protein content of 
the fraction. These values were calculated by two methods: (i) by 
comparison of the FAD/protein ratio with that of pure enzyme 
assuming 2 mole FAD / mole enzyme (Bray & Swann, 1972) and based 
on a 'protein molecular weight' of 272,800, which is the 
molecular weight of xanthine oxidase (Andrews et al., 1964) minus
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treatment activity in pellet activity solubilised

(% original xanthine oxidase activity)

Fraction BM^ 100 0 E
X
T

'thrice-washed 76.0 24.0 R
with buffer I

N
S

washed with 74.5 1.5
I
C

2M-NaCl

extraction (1 h) 44.5 30.0
I
N

with 0.1% Triton T
R
I

extraction (20 h) 29.8 14.7 N
with 0.1% Triton I

C

Table 5 Partition of membrane-bound xanthine oxidase.

Experimental details are given in the text. Recoveries in 
all cases were approximately 90% and were taken into consideration 
in calculations.

* The first supernatant had a slight cream layer of very small 
fat globules which artificially increased the xanthine oxidase 
activity.



specific % enzyme X.O. FAD 
activity FAD protein

(p/mg) (p/ug) (pg/mg)

**% enzyme

Pure xanthine 
oxidase 100

++
5.75 100

Commercially purified 
xanthine oxidase

4.00 4.54 0.88 15.3

fraction BM 1.37 5.2 4.06 0.34 5.9

1st buffer 
extract 0.83 3.2

2nd buffer 
extract 1.15 4.4 3.29 0.35 6.1

3rd buffer 
extract 1.11 4.3

4th buffer 
extract 1.14 4.4

Pellet 1.51 5.8

2M-NaCl
extract

1.29 4.9

Pellet 1.72 6.6 3.97 0.47 8.2

continued on facing page.
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continued from facing page

specific rr, *% enzyme X.O. FAD **% enzyme
activity FAD protein
(p/mg) (p/ug) (pg/mg)

1 h Triton x-100 1.86 7.1 3.32 0.56 9.7
extract

pellet 1.48 5.7 2.82 0.52 9.0

20 h Triton x-100 2.32 8.9 4.00 0.58 10.1
extract

pellet 1.31 5.0 2.86 0.46 8.0

Table 6 Amount of xanthine oxidase protein present in fractions 
derived from fraction BM,

Experimental details are given in the text. Recoveries in all 
cases were approximately 90% and were taken into consideration 
in calculations.
* values based on the comparison of specific activities with that 
of purified xanthine oxidase whose % xanthine oxidase was based on 
FAD content.
** values based on the comparison of FAD/protein values with the
theoretically calculated value.
+

value based on a molecular weight for xanthine of 275,000 
(Andrews et a^. , 1964) corrected for non-protein components to 
give a 'protein molecular weight' of 272,800.
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that contributed by the non-protein components (i.e. metals and 
flavins) and (ii) by comparing the specific activities of the 
various fractions with that of purified xanthine oxidase whose 
percent xanthine oxidase content of the total protein is known 
from method (i).

The commercially-available purified enzyme was found to 
contain only 15.3% xanthine oxidase on the basis of FAD content. 
This is not unexpected since this preparation has a quoted specific 
activity of 0.5 iu/mg (Koch-Light Catalogue, 1973) whereas the 
highest specific activity reported, using similar assay conditions, 
was 3.5 iu/mg (Hart eî  aT_. , 1970). Assuming the latter value to 
represent virtually 100% pure xanthine oxidase the commercial 
preparation can be calculated to contain only 14.3% xanthine 
oxidase.

Xanthine oxidase comprises approximately 5.5% of the total 
protein of fraction BM^, after chromatography through Sepharose 
2B, and approximately 7.5% of the pellet of this fraction 
remaining after extraction with buffer and solutions of high 
ionic strength. The protein in the fractions extracted with 
buffer or NaCl contained approximately 4.5% xanthine oxidase 
whereas those extracted with Triton x-100 for 1 h or 20 h contained 
approximately 8.2% and 9.5% xanthine oxidase respectively.

Release of xanthine oxidase from the fat globule membrane by 
sonication.

To investigate further the release of xanthine oxidase from 
the fat globule membrane thrice-washed fraction BM^ was sonicated 
at maximum amplitude for 4 periods of 30 sec each, separated by 
30 sec of cooling in an ice/salt mixture. This treatment 
resulted in a significant clarification of the suspension and a 
17% loss of total xanthine oxidase activity. On subsequent
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centrifugation of the sample at 100,000 x g for 1 h, 27% of the 
xanthine oxidase activity was found in the supernatant fraction.

Characterisation of fractions released from the fat globule membrane

The fractions solubilised from fraction BM^ by washing with 
buffer or NaCl, by extraction with Triton x-100 or by sonication 
were all found to have X/N values characteristic of membrane-bound 
xanthine oxidase. However, when heated in boiling water for 10 min 
and increments added to free xanthine oxidase as in Fig. 16, none 
of these fractions had any effect upon the xanthine or NADH oxidase 
activities of free xanthine oxidase.

These fractions resemble fraction BM^ in two respects; they 
all have an X/N value characteristic of membrane-bound enzyme but, 
when heated, they have no effect upon the NADH oxidase activity of 
the free enzyme. To determine whether these solubilised fractions 
are, in fact, identical with fraction BM^ representative samples 
were fractionated by centrifugation in a sucrose gradient or by 
chromatography on Sepharose 2B and compared to the behavior of 
fraction BM^ in the same system.

Centrifugation of fraction BM^ in a sucrose gradient (Fig. 24) 
separated the xanthine oxidase activity into two fractions. The 
densest fraction was isopyknic with a sucrose solution of density 
1.18. The less dense fraction which was a clear solution was 
isopyknic with a sucrose solution of density 1.11. Both fractions 
had X/N values characteristic of membrane-bound xanthine oxidase. 
The density of the less dense fraction coincided with that of 
fraction BM^ (Fig. 10)

Chromatography on Sepharose 2B of Triton-solubilised material 
from fraction BM^ gave a single broad peak of xanthine oxidase
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Fi g.24 Fractionation of xanthine oxidase activity of
fraction by centrifugation in a sucrose gradient.

A sample (5 ml) of fraction BM^ was applied to the top of a 
discontinuous sucrose gradient. The densities and concentrations 
are indicated (- - - ). The gradient was treated as described in 
Fig. 9 and xanthine oxidase activity assayed (•— —©).
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activity (Fig. 25). Its position roughly corresponded with 
that of the second peak separated from buttermilk on Sepharose 
2B.

Release of xanthine oxidase from the fat globule membrane by 
hydrolytic enzymes.

The fact that about 30% of the xanthine oxidase activity of 
fraction BM^ remains associated with the membrane even after 
exhaustive treatment with Triton x-100 (Table 5) suggests that 
the enzyme forms a very tight complex with the membrane. Specific 
hydrolytic enzymes have often been employed to investigate such 
systems. Pancreatin is known to liberate xanthine oxidase from 
cream (Ball, 1939) and is now an intergral part of most 
procedures for the purification of xanthine oxidase (eg. Hart ,
1970).

Incubation of fraction BM^ with pancreatin resulted in a 
progressive decline in NADH oxidase activity to a plateau level 
(Fig. 26). The xanthine oxidase activity remained unchanged 
which resulted in a rise of the X/N value (originally 46) to 
110 during the course of the experiment. Incubation of purified 
xanthine oxidase with pancreatin had no apparent effect on either 
xanthine oxidase or NADH oxidase activity.

Pancreatin is a hotch-potch of various pancreatic enzyme 
activities, the major components of which are lipases, 
phospholipases, trypsin and several carbohydrolyase activities.
The low carbohydrate content of the fat globule membrane (Brunner,
1965) was considered unlikely to be involved in the binding of 
xanthine oxidase to the membrane. The following investigations 
were, therefore, focused on the lipase, phospholipase A and C and
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Fig. 25 Fractionation of xanthine oxidase present in Triton-
solubilised material from fraction on Sepharose 2B

A sample (7 ml) of material extracted with Triton x-100 from 
frin-l ion HM^ ( s e e  t « ' X t )  was uppli('d to a column (2,5 cm x ‘15 cm) 
of Seplni rose 2)1 (Vo = 55 ml) ecju i 11 bratod and el u I ed as in J-’i g. 7 
Fractions (5 ml) were collected and the xanthine oxidase activity 
assayed.
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Fig 26 Effect of proteolytic digestion on the NADII oxidase
activity of fraction BM^,

A Humplo (1 ml) of fraction was incubated with 1 ml 
(0.8% w/v) pancreatin in 0.05 M-sodium pyrophosphate buffer, pH 7.0 
containing 1 mM-EDTA at 28°C. Aliquots were taken at intervals and 
NADH oxidase activity measured. X/N values were calculated from 
NADH oxidase activities and the results of a parallel experiment in 
which xanthine oxidase activity was measured.
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trypsin activities. Each of these enzymes were used separately 
to determine the nature of the pancreatic release of xanthine 
oxidase from the membrane.

Incubation of fraction BM^ with lipase or phospholipase A or 
C under the conditions described in Table 7 had no effect upon 
NADH oxidase activity. However, incubation of fraction BM^
(1.49 xanthine oxidase units) with trypsin (4 mg) in 2 ml 0.05M- 
sodium pyrophosphate buffer, pH 7.0, caused a progressive decline 
in the NADH oxidase activity similar to that resulting from 
panqeatic digestion (Fig. 26). The xanthine oxidase activity was 
unaffected, resulting in an increase in the X/N value from 62.5 
to 124. A sample of trypsin-digested fraction BM^, having an X/N 
valueof 95, was fractionated on a column of Sepharose 2B (Fig. 27) 
Less than 10% of the xanthine oxidase activity was eluted in the 
void volume. The bulk of the xanthine oxidase activity was eluted 
as a single peak with an X/N value of 91. Tryptic digestion of 
purified xanthine oxidase under the same conditions had no effect 
upon either the xanthine oxidase or NADH oxidase activities.

To investigate, further, the release of free xanthine oxidase 
by trypsin, once-washed pellet of fraction BM^ (14.52 xanthine 
oxidase units) was resuspended in O.lM-sodium pyrophosphate 
buffer, pH 7.0, and incubated with 8 mg trypsin at 28°C for 2 h, 
during which time the X/N value increased from 46.5 to 78.5. The 
mixture was then centrifuged at 100,000 x g for 1 h. The yellow 
supernatant contained 82% of the xanthine oxidase activity with 
an X/N value of 85 whereas the white pelleted material contained 
18% of the xanthine oxidase activity with an X/N value of 48. 
Addition of increments of the trypsin-digested pelleted material 
had no effect on NADH oxidase activity of free xanthine oxidase. 
Addition of increments of the same material, heated for 10 min 
in boiling water, to free enzyme increased the NADH oxidase 
activity to a plateau level in a similar manner to that caused by
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enzyme

name amount

(Mg)

fraction BM^ 
(XO units) conditions

Lipase 500 1.34 in 2 ml 50 mM-Na^P^O^, pH 7.0 
+ 0 . 5  mM-CaClg at 27°C for 
30 min.

Phospholipase A 100 0.88 in 1 ml 0.1 M-Na^PgO^, pH 7.0 
at 25°C for 60 min.

Phospholipase C 200 1.15 in 1 ml 0.1 M-Na^PgO^, pH 7.0 
at 27°C for 60 min.

Table 7 Incubation conditions of fraction BM  ̂ with lipase 
and phospholipases A and C.

The results of the above incubations are given in the text
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Flg_ 27 Fractionation of fraction RM  ̂ after proteolytic 
digestion on Sepharose 2B.

A mixture of 2.5 ml fraction (1.49 xanthine oxidase units/
ml and 2.5 ml trypsin (4 mg/ml) in 0.05 M-sodium pyrophosphate 
buffer, pH 7.0, was incubated at 28°C for 2 h and then 2 ml soybean 
trypsin inhibitor (3.5 mg/ml) was added. This mixture, having an 
X/N value of 95, was applied to a column (2.5 cm x 50 cm) of 
Sepharose 2B (Vo = 60 ml) which was equilibrated and eluted'as in 
Fig. 7 Fractions (5 ml) were collected and transmission at 290 nm 
(- - -) and xanthine oxidase activity (» #) were measured. X/N
values were calculated from NADH oxidase activity in the fraction 
having the highest xanthine oxidase activity.
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the addition of heated fraction BM^ (Fig. 16).

Fraction BM^ and those fractions extracted from fraction BM^ 
with buffer, Triton x-100 or by sonication were each incubated 
with trypsin to determine if free xanthine oxidase could be liberated 
from these fractions. The experimental conditions and results 
are presented in Table 8. The NADH oxidase activities of fraction 
BM^ and the fractions extracted with buffer both decreased 
progressively (as in Fig. 26) during tryptic digestion, the X/N 
values increasing to 96.0 and 96.4 respectively. Tryptic 
digestion, however, did not affect the NADH oxidase activity of 
the fractions extracted with Triton x-lOO and by sonication.

Investigation of the possible role of lipids in the association 
of xanthine oxidase with the fat globule membrane.

To investigate the possible role of lipids in binding xanthine 
oxidase to the fat globule membrane, fraction BM^ was extracted 
with lipid solvents. n-Butanol was used in place of the more 
usual chloroform-methanol (2:1 v/v) because methanol in known to 
inactivate xanthine oxidase activity (Rajagopalan & Handler, 1964). 
n-Butanol had a slight inhibitory effect on xanthine oxidase ('^15%) 
and NADH oxidase (^5%) activities of fraction BM^. A sample of 
fraction BM^ (X/N = 51.3) was freeze-dried and half the material 
extracted with n-butanol while the other half was resuspended in 
distilled water. The extracted residue was freeze-dried to 
remove any remaining solvent and then resuspended in distilled 
water. Xanthine oxidase and NADH oxidase activities of the 
extracted sample and the control were measured. The results are 
presented in Table 9. Both extracted sample and control were 
centrifuged at 100,000 x g for 1 h and xanthine oxidase activities 
of the supernatants assayed (Table 9). The control and the 
extracted sample both had lower xanthine oxidase and NADH oxidase



Table 8 Tryptic digestion of various soluble fractions 
containing xanthine oxidase activity.

All reactions were carried out in O.lM-sodium pyrophosphate 
buffer, pH 7.0. Aliquots were taken at intervals and the NADH 
oxidase activity assayed. Xanthine oxidase activity was also 
assayed at the beginning and end of each experiment.
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X/N % decrease X/N conditions of
(before) in N.O. (after) incubation

fraction BM^ 50 60 96 0.38 X.O. units + 4 mg 
trypsin in 2.5 ml buffer 
at 24°C for 80 min.

buffer extract
of fraction BM 48 51.7 96.4 0.78 X.O. units + 6 mg

1 trypsin in 2.7 ml 
buffer at 26°C for 60 
min.

Triton x-100 extract
of fraction BM 65.5 1 66 0.47 X.O. units + 2 mg

1 trypsin in 1.5 ml buffer 
at 23°C for 60 min.

material released
from fraction BM^ 53.2 5 40.6 0.65 X.O. units + 6 mg
by sonication trypsin in 3.75 ml 

buffer at 25°C for 60 
min.

Table 8 Tryptic digestion of various soluble fractions 
containing xanthine oxidase activity.
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enzyme activities 
(% of fraction BM^) 

X.O. N.O. X/N

% total X.O. 
fraction in

activity of 
supernatant

fraction BM^ 100 100 51.3 8.4

control 14.3
(freeze-dried)

59.1 12.4 19.2

n-butanol
extracted 20.4 
fraction

59.1 17.7 9.2

Table 9 The effect of lipid extraction upon the xanthine
oxidase and NADH oxidase activities and the solubility 
of membrane-bound xanthine oxidase.

The experimental details are given in the text.
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activities than fraction BM^ but did not differ greatly from 
each other.

A sample of heated fraction BM^ was freeze-dried and half of 
the material extracted with n-butanol as above. Addition of 
increments of heated control or extracted sample to free enzyme 
caused an enhancement of NADH oxidase activity similar to that 
caused by the addition of heated fraction BM^ (Fig. 16).
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IV EFFECT OF ENVIROMENTAL CONDITIONS UPON THE XANTHINE OXIDASE 
AND NADH OXIDASE ACTIVITIES OF FREE AND MEMBRANE-BOUND 
XANTHINE OXIDASE

The evidence presented so far shows that NADH oxidase 
activity, as expressed in the X/N value, is a versatile 
indicator of the association of xanthine oxidase with the fat 
globule membrane. The effect of different enviromental conditions 
upon the activities of free and membrane-bound enzyme were studied 
in the hope that thay might provide further information on the 
nature of the enzyme-membrane interaction.

Effect of temperature on the xanthine oxidase and NADH oxidase 
activities of free and membrane-bound xanthine oxidase.

The activation energies of xanthine and NADH oxidation by 
purified xanthine oxidase and fraction BM^ were determined from 
Arrhenius plots (Fig. 28 and 29). The activation energies of the 
xanthine oxidase activities of the two forms of the enzyme (given 
in the legend to Fig. 28) were not significantly different (p<0.01) 
The NADH oxidase activity of fraction BM^ (Fig. 29) gave a non
linear Arrhenius plot, whereas the corresponding plot for NADH 
oxidase activity of purified xanthine oxidase was linear (Fig. 29).

Effect of pH on the xanthine oxidase and NADH oxidase activities 
of free and membrane-bound xanthine oxidase

The effects of pH upon the two activities of free xanthine 
oxidase were studied over the pH range 6 - 9  and the results are
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Xanthine oxidase activities of purified xanthine oxidase
(•-----•) and tract ion-IJM^ (o----- O) were assayed as described in
Methods at 20° - 45°C. The lines were fitted by the method of
least squares. Activation energies for the free and membrane-bound

+ + enzymes were found to be 11.7 - 0.5 and 11.3 - 0.4 Kcal/mole
respectively (values - s.e.m.). Correlation coefficient for each
line was 0.99.
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Fig. 29 Arrhenius plot of the NADH oxidase activity of free 
and membrane-bound xanthine oxidase.

NADH oxidase activities of purified xanthine oxidase (,
and fraction BM^ (A A) were assayed as described in Methods at
20 - 40°C. The lines were fitted by the method of least squares. 
The activation energy for the free enzyme was 10.1 - 1.3 Kcal/mole
(value - s.e.m.). Correlation coefficient = 0.97. Correlati 
coefficient for the fraction BM line = 0.75.

on
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presented in Fig. 30, Xanthine oxidase activity at pH 8.5 was 
2.8 times greater than at pH 6.0. NADH oxidase activity reached 
a maximum value at about pH 7,0 which was 2.3 times greater than 
the activity at pH 8.9. The X/N values varied from 74.3 at 
pH 6.5 to 373.0 at pH 8.7.

A similar examination of the effect of pH was carried out 
with fraction (Fig. 31). The xanthine oxidase activity
increased 2.6 times from pH 6.0 to a maximum at pH 8.0. The 
NADH oxidase activity decreased 1.8 times from a maximum at pH 6.6 
to pH 8.7. The X/N value varied from 17.5 at pH 6.5 to 50 at 
pH 8.0.

—290 xanthine oxidation determined at pH 7,0 in Methods
(Fig. 6) did not change at low pH but was reduced to about half at 
pH 9.0 due to a shift in the absorption maximum for xanthine.
This would have the effect of reducing the apparent xanthine 
oxidase activity at high pH. for NADH is pH independant.

Effect of non-polar solvents upon the xanthine oxidase and NADH 
oxidase activities of free xanthine oxidase

The activities of free xanthine oxidase were examined in 
1,4 dioxan-buffer and t-butanol-buffer mixtures. Xanthine 
oxidase activity decreased proportionally with decreasing 
dielectric constant (Fig. 32) irrespective of the solvent used.

NADH oxidase activity was affected differently by the two 
solvents. In the presence of t-butanol the activity varied 
inversely with the decrease in dielectric constant (Fig. 33) 
whereas with 1,4 dioxan the activity decreased proportionally 
with dielectric constant (Fig. 33). As a result the addition of
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Fig. 30 pH dependence of xanthine oxidase and NADH oxidase 
activities of free xanthine oxidase.

Xanthine oxidase (#— #) and NADU oxidase (▲ A) activities
of purified xanthine oxidase w e r e  assayed as described in Methods 
at pH values from 6.0 - 9.5 (nominal values). The pH values plotted 
are those measured in the reaction cuvette after each assay. X/N
values (□---□) were calculated from the xanthine oxidase and NADH
oxidase activities at the same pH (within 0.1 pH unit).
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The experimental details are as described in Fig. 30
(•— — •) - xanthine oxidase activity, (A A ) NADH oxidase
activity, (□----□) X/N value.



Fig. 32 Effect of dielectric constant on xanthine oxidase 
activity of free xanthine oxidase.

Xanthine oxidase activity of purified xanthine oxidase was 
assayed as described in Methods with the addition of 4.2 - 21.5%
(v/v) t-butanol (#----- # ) or 5,0 - 26.0% (v/v) 1,4 dioxan (o------O ).
The dielectric constant of the assay mixture was calculated from 
the equation;-

log d ' = 0^ log + 0^ log Dg
where 0 = the volume fraction and D = dielectric constant.(von Hippel, 
1954). The line was fitted by the method of least squares. 
Correlation coefficient >  0.99
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Fig. 33 Effect of dielectric constant on NADH oxidase activity 
of free xanthine oxidase.

NADM oxidase activity of purified xanthine oxidase was assayed 
as described in the Methods with the addition of 4.2 - 21.5% (v/v) 
t-hulimol ( A ■ A  ) or 5.0 - 26.0% (v/v) 1,4 dioxan ( A  ■■ A  ).
The dI el eelrIc constant o f the assay ■mixture was calculated as in 
Fig. 32.
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either solvent caused a decrease in the X/N value (Fig. 34).
The X/N value was lowered to 50 at a dielectric constant of 
61.7 with t-butanol and 45.5 with 1,4 dioxan. ^£90 xanthine
oxidation as determined in Methods (Fig. 6) did not vary in the 
solvent mixtures used.
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Fig. 34 Effect of*dielectric constant on the X/N value
of free xanthine oxidase.

X/N values of purified xanthine oxidase in t-butanol-buffer
( B —  g|) and 1,4 dioxan-buffer ( Q ------ Q  ) mixtures wore determined
from the data presented in Fig. 32 and 33.
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The association of xanthine oxidase with the milk fat globule 
membrane is well established (Ball, 1939; Morton, 1954; Zittle 
et al., 1956; Dowben aT., 1967). The present results show 
that approximately half of the xanthine oxidase present in 
buttermilk is associated with the particulate fraction, BM^.
The conditions of isolation and the use of unwashed cream were 
designed to avoid the use of harsh treatments likely to produce 
artefacts. The chemical composition of fraction BM'̂  is similar 
to that of the milk fat globule membrane (Table 2). Alkaline 
phosphatase, which is known to be associated with the fat globule 
membrane (Bailie & Morton, 1958a), was likewise found associated 
with fraction BM^. Although this fraction consists of material 
excluded from a large pore gel it appears homogeneous by sucrose 
gradient centrifugation and has a similar density to fat globule 
membrane material isolated by Hayashi et al. (1965). Fraction 
BM^ is,therefore, considered to be representative of the milk 
fat globule membrane.

The remaining xanthine oxidase activity present in buttermilk 
was found in fraction BM^ and as the free enzyme. Fraction BM^ 
appears to consist of xanthine oxidase with a small amount of 
associated membrane material. Fraction BM^ also contains alkaline 
phosphatase and comprises protein, lipid and phospholipid but the 
protein/lipid ratio is greater than that of fraction BM^.
Fraction BM^ appears to be slightly larger and denser than free 
xanthine oxidase by gel-filtration and sucrose gradient centrifug
ation.

Xanthine and NADH oxidase activities of the free and membrane- 
bound enzyme.

The ratio of xanthine oxidase activity to NADH oxidase 
activity (X/N) has been found to be a useful parameter for
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distinguishing free and membrane-bound xanthine oxidase. The
X/N value of the free enzyme is about twice that of membrane-
bound xanthine oxidase. Under the standard assay conditions
employed this difference results from the lower Km of the
membrane-bound enzyme for NADH. The Vmax, , . ./Vmax, . .(xanthine) (NADH)
ratios for fraction BM^ and for purified xanthine oxidase are 
similar. Also xanthine oxidase activity is unchanged during 
proteolytic release of the enzyme from the membrane. This 
shows that Vmax values for both substrates are unaffected by 
the association of the enzyme with the fat globule membrane.
Since oxygen is the acceptor for both reactions the Km's of the 
free and membrane-bound enzyme for the two substrates can be 
interpreted in terms of the relative affinities of the two forms 
of the enzyme for each substrate. Thus the lower Km for NADH 
and the higher j(m for xanthine of the membrane-bound enzyme as 
compared with the free enzyme (Table 4) represent an enhanced 
affinity of the membrane-bound enzyme for NADH and a lower 
affinity for xanthine.

The NADH oxidase activity of xanthine oxidase is well known 
(Corran e;̂  aT. , 1939; Mackler e^ aJ. , 1954; Avis et a^. , 1956). 
NADH is considered to bind at a site different from that of other 
electron donor substrates. Demolybdo and 'inactivated' forms of 
xanthine oxidase, which are inactive towards xanthine react with 
NADH as efficiently as the active enzyme (Bergel & Bray, 1958; 
Rajagopalan & Handler, 1964; Swann & Bray, 1972). Furthermore, 
all oxidations catalysed by xanthine oxidase are hydroxylation 
reactions with the single exception of NADH oxidation. The 
present results show that NADH acts as an uncompetitive 
inhibitor of xanthine and that xanthine activates NADH oxidation. 
This is further evidence that NADH and xanthine bind at 
different sites on the enzyme. Indeed, it is thought that 
xanthine reacts at a site close to molybdenum whereas NADH reacts 
at a site close to the iron-sulphur group (Bray & Swann, 1972).
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The increased affinity for NADH and decreased affinity for 
xanthine of the membrane-bound enzyme might thus be attributable 
to conformational or microenviromental differences at the 
catalytic sites of the free and membrane-bound enzyme.

Reconstitution of the enzyme-membrane complex

Incremental addition of heated fraction BM^ to free xanthine 
oxidase (X/N 110) results in a progressive decrease in the 
X/N value to that characteristic of membrane-bound enzyme 
(X/N 50). Enzyme activity (X/N = 45) is associated with 
material excluded from Sepharose 2B on chromatography of the 
reconstituted enzyme-membrane mixture, showing that the enhanced 
NADH oxidase activity is due to enzyme-membrane association. 
Recovery of only 20% of the xanthine oxidase activity in the 
void volume is considered to be due to dissociation of the 
enzyme-membrane complex during separation on the column. This 
indicates that the enzyme is less firmly bound in the 
reconstituted enzyme-membrane complex than in the native membrane, 
Thus, the enhancement of NADH oxidase activity is attributable 
to changes in the affinities of membrane-bound enzyme and not to 
the presence of another NADH oxidase activity in the native 
membrane. The alteration of the X/N value from 50 to 110 
when free enzyme is liberated from the membrane by tryptic 
digestion also confirms this.

The binding of xanthine oxidase to the heated membrane 
appears to be quite specific. NADH oxidase activity of free 
xanthine oxidase is not enhanced by casein, heated fraction BM^, 
or by a mixture of protein (serum albumin), triglyceride 
(tripalmitin) and phospholipid (lecithin) in the proportions 
found in fraction BM^. The material excluded from Sephadex G-200
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on chromatography of decaseinated skim milk, when heated, does 
enhance NADH oxidase activity of free enzyme. Fat globules, too 
small to be separated into the cream layer and globules ruptured 
before cream separation probably account for the presence of this 
BM^-like material in skim milk.

The enhancement of NADH oxidase activity in the reconstituted 
enzyme-membrane complex is due to reversible binding of free 
xanthine oxidase to the fat globule membrane. There appears to 
be only one type of binding site and these sites appear to be 
independant. This is shown by the linearity of the binding plot 
constructed from the titration of free enzyme with heated membrane 
preparation. Xanthine oxidase in the reconstituted enzyme- 
membrane complex may bind to the same site as in the native 
enzyme. Vacant enzyme-binding sites probably exist in the native 
membrane due to the dissociation of fraction BMg. The presence 
in the native membrane of these and of 'inactivated’ and 
demolybdo forms of the enzyme, which are not detectable by 
assaying xanthine oxidase activity, would result in the binding 
of more than one enzyme unit per unit measured in the native 
membrane. The calculated binding stoichiometry was 1.60 xanthine 
oxidase units per unit present in native fraction BM^. This is 
equivalent to 0.114 mg xanthine oxidase bound per mg membrane 
protein (based on the data in Table 6).

The dissociation constant, 0.115 xanthine oxidase units/ml,
-9is equivalent to 16.1 x 10 M (based on the data in Table 6).

This affinity is greater than that usually observed for enzyme-
-3 -6substrate complexes (usually 10 - 10 M) but considering the

large number of possible interactions between the enzyme and 
the membrane this order of affinity might be expected.

Commercially purified xanthine oxidase, which is prepared by 
a method involving proteolytic digestion, was used as the source
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of free enzyme in these studies. Some workers have reported 
differences in the properties of xanthine oxidase isolated with 
and without the aid of proteolytic digestion (Nelson & Handler, 
1968; Battelli et al., 1973). However, the properties of the 
commercially purified enzyme were found to be identical with 
those of xanthine oxidase isolated from skim milk without 
proteolytic digestion. This is consistent with the findings of 
other workers (Massey et al., 1969; Hart et al., 1970), and 
indicates that any differences between the two forms are not of 
major importance in the present studies. The ability of trypsin 
to liberate free enzyme from the membrane complex suggests that 
free enzyme in milk may be derived from the membrane by the action 
of proteolytic enzymes, known to occur in milk.

Although albumin has no effect upon the activities of native 
fraction BM^ or free enzyme, it does appear to enhance enzyme- 
membrane interactions. The activation of NADH oxidase activity 
(but not xanthine oxidase activity) of the free enzyme by FAD 
does not appear to be related to enzyme-membrane association.
Both of these effects remain to be explained.

Denatured xanthine oxidase is released from the membrane on 
heating. The release of FAD from heated fraction BM^ indicates a 
breakdown of the enzyme structure and implies that the release of 
the enzyme from the membrane is a consequence of its dénaturation. 
There appears to be no involvement of soluble components in the 
binding of free xanthine oxidase to heated fraction BM^. The 
pellet resulting from the centrifugation of heated fraction BM^ 
binds xanthine oxidase identically to unfractionated heated 
fraction BM^. This clarifies some earlier conflicting results 
(Eisenthal & Briley, 1972).
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Nature of the enzyme-membrane interaction

Green and co-workers define two types of membrane proteins 
(Capaldi & Green, 1972; Vanderkooi, 1972). 'Extrinsic' proteins 
are released by reagents which disrupt electrostatic interactions, 
whereas 'intrinsic' proteins are only released by reagents which 
disrupt hydrophobic interactions. Most of the xanthine oxidase 
in the fat globule membrane is present as intrinsic protein.
Only 25%, at most, of the xanthine oxidase activity of fraction 
BM^ is solubilised by washing with buffer. Some of this activity 
was associated with a cream layer of very small fat globules 
separated in the first wash (Table 6) and therefore not solubil
ised. Subsequent extraction of fraction BM^ with a solution of 
high ionic strength did not release further xanthine oxidase 
activity.

The intrinsic nature of membrane-bound xanthine oxidase is 
also shown by its resistance to dissociation from the membrane 
at low pH. Chromatography of buttermilk at pH 5.1 and 7.0 gave 
similar elution patterns. The different elution pattern obtained 
at pH 10.0 is likely to be due to partial dissociation of the 
enzyme into sub-units known to occur at high pH (Andrews et al., 
1964). This would explain the broad peak of included material 
and its displacement to a position corresponding to lower 
molecular weight than observed on fractionation at pH 5.1 or 7.0.

Extraction of fraction BM^ by n-butanol did not release 
xanthine oxidase. Lipid is therefore unlikely to be invloved to 
any great extent in binding xanthine oxidase to the fat globule 
membrane. Extraction of heated fraction BM^ by n-butanol did 
not impair its ability to bind free xanthine oxidase.

Xanthine oxidase represents more than 8% of the intrinsic 
protein of fraction BM^. The xanthine oxidase content, calculated
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on the basis of specific activity, is consistently about 1% 
lower than that determined from FAD content. This difference 
could well be due to the presence in the membrane of 'inactivated' 
and demolybdo forms of the enzyme or to FAD not associated with 
xanthine oxidase.

Xanthine oxidase is extracted from the membrane with buffer 
or with Triton x-100, and is also released by sonication. The 
enzyme solubilised by these methods is not free enzyme. Like 
fraction BM^, these fractions all have X/N values around 50. 
However, when heated, they do not bind free xanthine oxidase.
Also, Triton- and buffer-extracted enzyme behaved like fraction 
BM^ on gel-filtration or sucrose gradient centrifugation. 
Solubilised xanthine oxidase, therefore appears to be the same 
as fraction BM^.

Free xanthine oxidase is only released from the membrane by 
tryptic digestion. Trypsin releases free enzyme from fraction BM^, 
fraction BM^ and from material extracted from fraction BM^ with 
buffer. However, trypsin is unable to release free enzyme from 
Triton-solubilised material or from material released by 
sonication. The trypsin resistance of Triton-solubilised material 
is probably due to the presence of bound Triton which shields the 
trypsin-susceptible part of the molecule. Sonication tends to 
cause vésiculation of membrane material which presumably conceals 
the trypsin susceptible part of the fraction released by 
sonication.

The particulate material remaining after tryptic digestion 
of fraction BM^ does not bind free xanthine oxidase. This 
suggests that a portion of the enzyme is left at the binding site 
on the membrane, preventing the binding of free xanthine oxidase. 
After heating, this material is capable of binding the free 
enzyme, which implies that the enzyme portion remaining at the
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binding site dissociates when heated.

Effect of membrane association

Differences in the catalytic properties between free and 
membrane-bound xanthine oxidase are unlikely to result from 
local pH effects since the X/N value of the free enzyme never 
approaches 50 at any pH between 6 and 9. The NADH oxidase 
activity of both free and membrane-bound enzyme increased at 
low pH as previously reported (Bergel & Bray, 1959). Both forms 
of the enzyme had similar pH-xanthine oxidase activity profiles 
over the range pH 6 - 9.

Xanthine oxidase activity of the free enzyme is depressed in 
the presence of t-butanol or 1,4-dioxan. This decrease in 
activity is proportional to the dielectric constant of the assay 
mixture and independant of nature of the solvent. The observed 
decrease in NADH oxidase activity of the free enzyme in the 
presence of 1,4-dioxan is also proportional to the dielectric 
constant. With t-butanol, however, there seems to be a more 
specific effect, overriding the effect of low dielectric constant 
NADH oxidase activity is enhanced by the addition of t-butanol. 
Thus, in certain t-butanol-buffer mixtures the X/N value becomes 
characteristic of the membrane-bound enzyme.

Unlike 1,4-dioxan, t-butanol is capable of acting as a donor 
in hydrogen-bond formation. Thus the enhanced NADH oxidase 
activity of membrane-bound xanthine oxidase might well result 
from similar hydrogen bonding between the enzyme and the membrane,
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Proposed model for the binding of xanthine oxidase to the fat 
globule membrane

On the basis of the evidence presented here the binding of 
xanthine oxidase to the fat globule membrane may be represented by 
the model illustrated in Fig. 35a. The enzyme binds at a specific 
site on the membrane, specificity being conferred by protein- 
protein interactions between the enzyme and certain membrane 
proteins (A). Part of the enzyme (B), containing a high proportion 
of non-polar amino acids, is deeply embedded in the membrane.
Thus xanthine oxidase is amphiphilic with a ‘tail' binding 
hydrophobically to the lipids of the membrane core. Part of the 
enzyme interacts via hydrogen bonds with the amine groups of 
membrane phospholipids (C), such as phosphatidyl ethanolamine and 
phosphatidyl serine. This hydrogen bonding results in an enzyme 
conformation in which the affinities for xanthine and NADH are 
those observed for membrane bound xanthine oxidase.

Fraction BM^ is envisaged as comprising the enzyme molecule 
with membrane components such as phospholipids associated with 
the hydrophobic 'tail' of the enzyme. The phospholipids continue 
to hydrogen bond with the enzyme thus maintaining the conformation 
of the membrane-bound enzyme. The extraction of a limited amount 
of fraction BM^ with buffer suggests that this enzyme is situated 
at the extremities of membrane fragments and therefore is less 
firmly bound to the lipid core of the membrane (Fig. 35b).

Tryptic digestion of fraction BM^ (or BM^) cleaves the enzyme 
at D, leaving it associated with the membrane only b<̂  weak protein- 
protein interactions and some hydrogen bonding with the phospholipids 
A large proportion of the enzyme dissociates. The disruption of the 
hydrogen bonds between enzyme and phospholipids results in a 
conformational change such that the affinities of the enzyme for 
xanthine and NADH are those observed for the free enzyme.
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Fig. 35a Model of membrane-bound xanthine oxidase

A - membrane proteins 
B - hydrophobic tail' of enzyme 
C - hydrogen bonding phospholipids 
D - site of enzyme cleavage

Î - phospholipid
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Figure 35b Reconstituted enzyme-membrane complex

Figure 35b Release of fraction BM,
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Heating fraction BM^ denatures the enzyme, which then dissociates 
from the membrane leaving the binding site vacant. Purified 
xanthine oxidase, prepared by proteolytic action, lacks the 
hydrophobic portion of the enzyme. Thus, when the enzyme is 
added to heated membrane it is capable of binding to the site only 
through specific interactions with the membrane proteins (Fig. 35b). 
However, this binding does juxtapose the enzyme with the 
phospholipid and the resulting hydrogen bonds formed change the 
conformation of the enzyme to the membrane-bound state. Since 
the enzyme-membrane interaction is mainly limited to protein- 
protein interactions the binding is much weaker than in the native 
complex (Fig. 35a).

The proposed model is consistent with current experimental 
data and forms a useful model for future experimentation.
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SPECULATIONS

The role of xanthine oxidase in milk.

No role has been suggested for xanthine oxidase in milk. Its 
presence may be adventitious and it may have no role. The economy 
of Nature, however, leads one to speculate on a possible role.

The new-born calf derives all of its nutrition from milk, 
which must therefore provide a full complementof trace elements.
The only source of molybdenum in milk is xanthine oxidase and its 
role could be simply as a molybdenum carrier. Xanthine oxidase 
seems, however, to be unnecessarily complex for this role.

It is generally assumed that since xanthine oxidase is 
inactivated at low pH the active enzyme never gets beyond the calf’s 
abomasum. In the older calf this may be true but in new-born calves 
the pH in the abomasum is relatively high, reaching values of 4.5 - 
6.2 30 min after suckling and it has been suggested that the pH 
does not reach a sufficiently low level for proteolysis (Roy, 1970b)

Furthermore, for the first 24 hours of a calf’s life, globulins 
and their associated antibodies are taken up by the epithelial cells 
of the small intestine by pinocytosis and pass into the blood 
stream (Roy, 1970a). Other whey proteins also pass into the blood 
stream. This suggests that milk xanthine oxidase not only survives 
the pH of the abomasum but can pass into the blood stream. It may 
then function in purine catabolism or have a more indirect role 
involving cell redox balance as discussed in the Introduction.
On the other hand it may be rapidly excreted.
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The origin of membrane-bound xanthine oxidase

Xanthine oxidase has been shown to be firmly bound to the fat 
globule membrane and it is, therefore, unlikely to be simply 
adsorbed onto the membrane as has been suggested (Ball, 1939). 
Indeed, the present results suggest that free xanthine oxidase is 
not synthesised as such in the mammary gland but arises from the 
action of proteolytic enzymes on the fat globule membrane.

Xanthine oxidase has not been detected in the plasma membrane 
of any tissue although Bailie & Morton (1958a) found the enzyme in 
mammary gland microsomes. These, however, would have contained 
membrane material from the plasma membrane, Golgi vesicles and the 
endoplasmic reticulum. The enzyme appears unlikely to form an 
integral part of the plasma membrane of mammary tissue.

There appear to be two membranes involved in the formation 
of the fat globule membrane. Wooding (1971b) has shown that the 
fat globule is surrounded by an electron-dense basal layer within 
the cell and that on secretion the fat globule is coated with a 
membrane derived from the plasma and Golgi membranes. In the lumen 
of the mammary gland much of this outer plasma membrane dissociates 
until when the milk is expressed only about a third of the outer 
membrane remains intact.

Xanthine oxidase is activated by treatments such as cooling, 
agitation etc. (reviewed by Gudnason & Shipe, 1962). These 
treatments would be expected to release the plasma membrane from 
the fat globule, unmasking xanthine oxidase associated with the 
basal layer. Also,it has been suggested that alkaline phosphatase, 
a plasma membrane enzyme, is associated with a different membrane 
fraction to xanthine oxidase (Herald & Brunner, 1957). These 
observations imply that xanthine oxidase is not associated with 
the plasma membrane but with the underlying basal layer.
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It has been established that milk triglycerides are synthesised 
in the endoplasmic reticulum of the mammary cell (Stein & Stein, 
1967; Kinsella, 1972a,b). Patton (1973) discusses the possible 
mechanisms of milk fat globule formation and suggests that the 
fat globule may be formed by triglycerides moving within the 
hydrophobic core of the membrane bilayer from points of 
biosynthesis to points of accumulation. The completed fat globule 
is then pinched off and is thus surrounded by a half membrane.
This half membrane would not show the normal bilayer structure 
under the electron microscope and would explain the lack of 
observable membrane structure in the basal layer surrounding the 
fat globule (Wooding, 1971b). The involvement of the endoplasmic 
reticulum is further suggested by the presence of marker enzymes, 
glucose-6-phosphatase and NADH cytochrome C reductase (Martel- 
Pradal & Got, 1972) and the presence of RNA (Swope & Brunner, 1965) 
in the fat globule membrane.

Xanthine oxidase, however, has not, as yet, been reported in 
the endoplasmic reticulum. The observation by Bailie & Morton 
(1958a) that mammary gland microsomal xanthine oxidase is 
activated by incubation in milk serum suggests that the enzyme may 
exist in a partially inactive state in the mammary cell, which 
would make its detection there more difficult. Xanthine oxidase 
may normally be present in the endoplasmic reticulum of all cells 
but at a very low level. The cells of the lactating mammary gland 
are mainly directed towards protein and triglyceride biosynthesis, 
both of which occur at the endoplasmic reticulum and consequently 
the endoplasmic reticulum is particularly well developed. The 
xanthine oxidase concentration in this organelle might, therefore, 
be expected to be much greater in the lactating mammary gland than 
in other tissues.

Thus the fat globule membrane may consist of an inner membrane, 
derived from the endoplasmic reticulum, having associated with it 
enzymes such as glucose-6-phosphatase, NADH cytochrome C reductase
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and xanthine oxidase. This is coated, at the time of secretion, 
by plasma membrane with the incorporation of some Golgi membrane
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APPENDIX

A simple, inexpensive technique for forming discontinuous density 
gradients.

Discontinuous density gradients are commonly formed by 
layering solutions of decreasing density with a pipette or by 
applying solutions of increasing density to the bottom of a tube 
with a syringe. Both methods require considerable care and 
steadyness of hand to achieve well-defined layers. The problem 
with the syringe technique lies in the necessity to withdraw the 
syringe needle completely after each layer. In the method 
described here the needle is only withdrawn when the gradient is 
complete.

The apparatus consists of a series of disposable,3-way, 
plastic stopcocks (Pharmaseal K-75, Pharmaseal Laboratories, 
Glendale, California) and disposable 10 ml calibrated syringes 
arranged as shown in Fig, 36. One end of this series is 
connected by capillary tubing via a non-pulsating peristaltic 
pump to a hollow blunt-ended needle (C), The needle is mounted in 
a syringe plunger which is held in a syringe with the tip of the 
barrel sawn off (B), (A 10 ml syringe gives sufficient movement 
for an MSE 25 ml centrifuge tube,)

The syringe barrels are filled with solutions of increasing 
density so that the densest solution is nearest the pump. Air is 
cleared from the stopcocks by flushing each solution through its 

respective stopcock, in turn, working from the densest end. 
Finally, with each syringe closed off, the system is pumped dry,
A gradient tube is positioned centrally beneath the needle which 
is lowered into the tube until it is almost touching the bottom.



Fig. 36 Diagram of the apparatus

A - capillary tubing E - densest solution

B - syringe with top of F - syringe with plunger
barrel sawn off removed

C - hollow, blunt-ended G - least dense solution
needle

D - polycarbonate centrifuge H - 3-way stopcock
tube
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The stopcock furthest from the pump is opened so that the least 
dense solution can be pumped into the tube (2 ml/min was found to 
be a suitable flow rate). When the first layer has been applied 
the stopcock of the next syringe is opened, simultaneously closing 
off the previous position. This second layer is then pumped 
beneath the preceding one and the cycle of operations repeated for 
each layer. When the gradient is complete the needle is slowly 
withdrawn from the tube by drawing the plunger holding it up 
into its syringe.

It should be noted that the volume of the final (densest) 
layer is less than that measured from the syringe as a result of 
some solution remaining in the needle, tubing and stopcock. This 
'dead volume' is constant and can be allowed for. Although a pump 
is useful it is not essential to the technique and effective 
gradients can be formed using gravity flow.

Figure 37 shows a refractive index profile for a discontinuous, 
non-linear, 7-layer gradient formed by this technique. Gradients 
of up to 10 layers have been formed. The method is particularly 
applicable to complex non-linear gradients for which only 
relatively expensive apparatus is currently available.
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Fig. 37 Refractive index profile of a 7-layer sucrose 
gradient.

A 7-layer sucrose non-linear gradient was formed as 
described. The tube was pierced at the bottom and the gradient 
pumped out. Fractions (0.5 ml) were collected and their 
refractive index (o ) measured. The designed gradient is 
shown (---).
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where = concentration of added xanthine oxidase not bound
(in xanthine oxidase units)

E^ = concentration of added xanthine oxidase bound (in
xanthine oxidase units)

n = number of enzyme binding sites originally present
on fraction BM^ (i.e. before heating)

M = concentration of unoccupied binding sites in terms
of xanthine oxidase units originally present on 
fraction BM^ (in xanthine oxidase units).

The experimentally determined quantities are:
= total concentration of binding sites originally

present on fraction BM^ (in xanthine oxidase units)
A = observed increase in NADH oxidase activity of 

added xanthine oxidase (in NADH oxidase units)
E^ = total concentration of added enzyme (in xanthine 

oxidase units)
Then nM = concentration of unoccupied sites actually present
and nM^ = total concentration of xanthine oxidase binding

sites present on heated fraction BM^.

Assuming that the enhancement of NADH oxidase activity is due 
to the formation of the enzyme-membrane complex, and taking 50 as 
the mean X/N value for membrane-bound xanthine oxidase, the 
concentration of bound enzyme can be calculated from the increase 
in NADH oxidase activity observed when free xanthine oxidase is 
added to the membrane preparation. The observation that xanthine 
oxidase activity is unaffected by the addition of heated fraction 
BM^ allows the use of the conservation equation for enzyme to 
calculate E^.

Thus E, = 50Ab

and E^ = E^ - 50A


