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SUMMARY

Samples of milk fat obtained at different stages
of the dairying season were investigated to determine
the influence of the observed seasonal changes in the
fatty acid (FA) compositions of New Zealand milk fats
on the structure of milk triacylglycerols (TG's). Of
the three milk fats studied the January and March
samples had FA compositions typical of hard summer milk
fat, while the September sample had a FA composition

typical of soft spring milk fat.

Each of the three selected samples of milk fat
was effectively separated into TG fractions of high,
medium and low molecular weight which had distinctly
different FA and TG compositions. Stereospecific
analyses of these fractions showed that in TG fractions
of similar average molecular weight the arrangement of
FA's within the TG's was similar and that in all TG
fractions the FA's were arranged within positions 1, 2

and 3 of the TG's in a highly selective manners

The TG fractions were separated into TG classes
of different degrees of unsaturation. Corresponding
TG classes of the three samples of milk fat had
generally comparable FA compositionss However an
important distinguishing feature was that each TG
fraction of the September sample contained a higher
proportion of unsaturated TG's than the corresponding

TG fractions of the January and March samples.



Thus in New Zealand milk fats of differing FA
composition, the nature of the TG species is similar
but there exist differences in the relative proportions
of the TG speciess The variation in the proportions
of the constituent TG species of New Zealand milk fat
would appear to be the overriding factor which
influences the seasonal variation in its physical

characteristics.

The thermal properties of TG fractions of milk fat
were examined with a view to determining the influence
of TG structure on the physical characteristics of
milk fat. It was found that the unsaturated TG's of
low molecular weight, were largely responsible for
the considerable proportion of milk fat which melted
below 0°C and consequently for the wide melting range
which is characteristic of milk fat. The structural
difference between these TG's and the remaining TG's
of milk fat was found to be sufficiently large to
prevent significant formation of solid solutions.
Consequently the wide melting range of milk fat is due
to both the large number of different TG species and
to the large structural difference between the various

TG specieso
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NOMENCLATURE OF LIPIDS

For lipids containing glycerol the nomenclature
suggested by the IUPAC-IUB Commission on Biochemical
Nomenclature (Biochem J. (1907). 105, 897) is
followed. However, for sake of brevity abbreviations
are used, e.g. 2,3-diacyl-sn-glycerol 1-phosphoryl
phenol is referred to as 2,3-PL's,

Fatty acids are designated by the shorthand

notation of number of carbon atoms: number of double

bonds, e.g. 16:0 refers to l-hexadecanoic acid.

For sake of brevity bovine milk fat is referred

to as milk fat.



Chapter 1.

INTRODUCTION

Section 1.1. Triacylglycerol analysis of milk fat.

1011 Historical account of studies of the

triacylglycerols of fats.

As pointed out by lilditch (Hilditch and Williams,
1964), in 1823 Chevreul made one of the most important
discoveries in lipid chqmistry when he established that
natural fats were comprised of glycerol esters of long-
chain fatty acids (FA's). However for almost one
century after this discovery few attempts were made to
investigate the triacylglycerol (TG) structure of natural
fats. The early investigations of the TG's of fats
which were carried out around 1900 generally employed
crystallization from solvents to separate TG fractions
(Hilditch and williams, 1964). Although these studies
were qualitative they did establish that fats are largely
mixtures of mixed TG's., This was a significant
discovery since up until this time it had been generally
assumed that natural fats were necessarily mixtures of

simple TG's (the monoacid theory).

More detailed investigations of mixtures of TG's
were carried out following the development by Hilditch
and Lea (1927) of the permanganate oxidation method

which enabled the proportion of saturated TG's in fats



to be determined. Using this method in conjunction with
fractionation of TG's by crystallization from solvents

and ester fractionation Hilditch and co-workers carried
out, over a number of years, an extensive series of
investigations of the TG composition of natural fats.
These studies generally produced information relating to
the composition of broad classes of TG's of fats (llilditch

and Williams, 1964).

The development of a number of new methods in recent
years has made possible more detailed investigations of
the TG composition and structure of fats. These methods

include:

(i) Fractionation of mixtures of TG's by counter-
current distribution between two immissible solvents

(Dutton et al. 1950).

(ii) Gas=liquid chromatography (G.L.C.) of FA's which
made possible the rapid and quantitative analysis of small-
quantities of FA's thereby greatly facilitating the
investigations of mixtures of TG's (James and Martin, 1952,

1956).

(iii) The modification of the oxidation method of
Hilditch and Lea (1927) by Kartha (1953a) to permit direct

determination of the proportion of monoene TG's in fats.

(iv) Hydrolysis of fats with pancreatic lipase which
made possible the determination of the distribution of .
FA's between the secondary hydroxyl and the primary .
hydroxyls of the glycerol molecule (Mattson and Beck, 1956;

Savary and Desnuelle, 1956).



(8]
®

(v) Separation of mixtures of TG's on the basis of
their degrec of unsaturation by silver ion chromatography

(Barrett et al. 1962; Morris, 1962).

(vi) G.L.C. of intact TG's which has been developed
as both an analytical and a preparative technique (Fryer
et al. 1960; Kuksis and McCarthy, 1962; Kuksis and
Ludwig, 1960).

(vii) Stereospecific analysis of fats which made it
.possible to determine the overall stereospecific placement

of FA's in TG's. (Brockerhoff, 1965, 1967; Lands et al.

1966) .

During recent years numerous workers have used the
above methods to study the TG structure of natural fats in
varying detail. In certain cases the constituent TG
species of fats have been determined (e.g. Sampugna and

Jensen, 1969).

Theories of TG structure which were postulated prior
to studies which investigated the positioning of FA's in
TG's, i.e. the theory of even distribution (Collin and
Hilditch, 1929) and the random and restricted random
theories (Kartha 1953b), assumed that FA's were distributed
randomly within the TG molecules. However, analyses with
pancreatic lipase showed that the distribution of FA's
between position 2 and positions 1 and 3 was non-random.
The 1,3~random=2=random theory, which accounted for thi§
non-random distribution, was then propounded (Vander Wal ,
1964). However, subsequent stereospecific analyses of

natural fats have shown that the arrangement of FA's within



TG's is invariably selective with positions 1,2 and 3 each
having a different FA composition. This finding led to
the introduction of the l-=random=2-random-3-random theoiy
which states that FA's are selective as to positions on
the glycerol molecule but arcec, within these positions,
evenly distributed over all TG molecules. Although this
theory appears to hold for the majority of fats which
have so far been subjected to detailed structural analyses

it cannot be accepted as a general rule (Brockerhoff, 1971).

1.1.2. Early investigations of the triacylglycerols

of milk fat.

Hilditch and co-workers were largely responsible for
the early investigations of the composition of TG's of milk
fat (Hilditch and Williams, 1964). Using the oxidation
technique developed by Hilditch and Lea (1927) Hilditch
and Sleightholme (1931) found that the proportions of
saturated TG's in five samples of milk fat varied between
24.3 and 38.5 wt. %. In .a more extensive study of the
TG's of milk fat Hilditch and Paul (1940) separated milk
fat from English cows into three fr?ctions by crystallization
from acetone and then examined in detail each fraction
using oxidation, hydrogenation and crystallization methods.
From the FA compositions of the resultant TG fractions the
authors were able to estimate the composition and proport-
ions of a number of the constituent TG's of milk fat. The

more abundant of these are listed in Table 1. It can be

seen that difficulty was experienced in making accurate



estimates or the amounts of certain of the TG types.
However, the experimental data was remarkably detailed

in view of the limited experimental techniques available.

Table 1. The probable composition and proportions
of the more abundant constituent triacylglycerols of milk

fat of English cows {(Hilditch and Paul, 1940).

Triacylglycerols Estimated proportions

(mole %)

16:0, (4:0 to 14:0), (4:0 to 14:0) 7

18:0, 10:0, (4:0 to 14:0) 9

18:1, 16:0, (4:0 to 14:0) 22-30

18l 18e0y (e toyndmo) 6-12

T 8wnE 1805 moElo 8-17

18:1, 18:1, (4:0 to 14:0) 0-10

181l M3, ME:O 4-18

Achaya and Hilditch (1950) used a similar approach,
involving low-temperature crystallization and oxidation
methods, to determine the probable composition of the
quantitatively more important TG's of milk fats of Indian
buffaloes and cows. The authors found the same major

component TG's as Hilditch and Paul (1940).

More recently Haab et al. (1959) used fractional
crystallization in combination with counter-=current
distribution to establish the presence of tripalmitoyl-

glycerol, dipalmitoyl-stearoyl-glycerol and dipalmitoyl-



myristoyl-giycerol in milk fat.

101.3., Studies of the triacylglycerol structure of milk

fat using pancreatic lipase.

As a result of the discovery by Mattson and Beck (19560),
and Savary and Desnuelle (1956) that pancreatic lipase is
highly specific for primary esters of acylglycerols it
became possible to determine the distribution of FA's
between the secondary hydroxyl and the primary hydroxyls

of the glycerol molecule.

When Patton and co-workers (Patton et al. 1960;
McCarthy et al. 1900) applied the method of pancreatic
lipase digestion to milk fat they found that the FA's at
the secondary carbon were enriched in 10:C, 12:0, 14:0 and
16:0 while 18:0 and 18:1 were preferentially esterified at
the primary carbons of the glycerol molecules. Proportions
of 4:0 and 6:0 were not determined. Similar results were
obtained by Ast and Vander Wal.{(1961) who found that 14:0
and 16:0 were preferentially esterified at position 2 and
18:0 and 18:1 were preferentially esterified at positions
1 and 3. Again data for 4:0 and 0:0 were not presented.
Despite the obse;ved non-random distributions these authors
concluded that the saturated and unsaturated FA's became
associated in an approximately random manner. Unlike the
above studies Kumar et al. (1960) obtained data for 4:0.
in a parallel investigation which indicated that 4:0 was
esterified almost exclusively at the primary hydroxyls of

the glycerol molecule.



In these early experiments it was assumed that the
specificity for primary esters of acylglycerols was the
only specificity exhibited by pancreatic lipase. However,
Entressangles et al. (1961) observed that short-chain FA's
were hydrolysed by pancreatic lipase more rapidly than
long-chain FA's in both simple and mixed TG's. They
concluded that pancreatic lipase possessed a short-chain
FA specificity and could not be used to study the structure

of TG's containing short-chain FA's.

In view of the findings of Entressangles et al. (1961),
Jack et al. (1963) investigated the action of pancreatic
%ipase on milk fat to determine whether there existed
experimental conditions under which valid results could be
obtained. It was found that if the reaction was stopped
after one-third of the ester bonds had been hydrolysed
preferential hydrolysis of a particular TG species was
slight. Using these conditions they found that the
majority of FA's were distributed uniformly within the TG
molecules exceptl for 4:0 and 6:0 which were preferentially
esterified at the primary hydroxyls of the glycerol
molecule and 16:0 which was preferentially esterified at

the secondary hydroxyl.

Subsequently Jensen and co-workers (Jensen et al.
1964; Sampugna et al. 1966; and Sampugna et al. 1967)
examined the specificity of panereatic lipase more
thoroughly using synthetic TG's and milk fat. Synthetic
mixed TG's containing 4:0 were each digested with
pancreatic lipase in the presence of equimolar quantities

of trioleoylglycerol (Sampugna et al. 1967). The results



obtained showed that TG's containing 4:0 were hydrolysed
more rapidly than trioleoylglycerol. However, the
digestion of TG's containing 4:0 was a complicated
phenomenon., For example, analysis of the reaction
products after the digestion of rac—~1,2~dipalmitoyl-3-
butyroyl~sn~glycerol with pancreatic lipase showed that
rac-~1-butyroyl-2-palmitoyl-sn-glycerol was present in
greater amounts than rac-1,2-dipalmitoyl-sn-glycerol and
that slightly more 10:0 than 4:0 was released. These
results were consistent with the faster digestion rate of
rac-1,2-dipalmitoyl~sn-glycerol. This study indicated
that pancreatic lipase preferentially digests certain
diacylglycerols .(DG's) and TG's but that it does not
exhibit short—-chain FA specificity as earlier postulated
by Entressangles et al. (1901). In their investigation
of the lipolysis of milk fat TG's Jensen and co-workers
(Jensen et al. 1904; Sampugna et al. 1966) obtained

data which indicated that pancreatic lipase preferentially
digests TG's containing short-~chain FA's, Their results
relating to the arrangement of individual FA's within the
constituent TG's of milk fat were comparable with those
obtained by previous workers; 10:0, 12:0, 14:0 and 16:0
were preferentially esterified at position 2 while 4:0,
6:0, 18:0 and 18:1 were preferentially esterified at

positions 1 and 3.

A further investigation of the digestion of milk fat
with pancreatic lipase was carried out by Boudeau and de
Man (1966), Unlike Jack et al. (1963) and Sampugna et al.

(1966) they found a greater proportion of short-chain FA's
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in the DG producﬁs of the lipolysis reaction than in the
original TG's. The authors assumed that pancreatic
lipase possessed a short—-chain FA specificity and as a
result concluded that substantial amounts of short-chain
FA's must be esterified at position 2. The absence of
short-chain FA's in the monoacylglycerol (MG) products

was therefore interpreted as evidence that MG's containing
4:0 and 60:0 at position 2 were hydrolysed by pancreatic
lipaseo. However, as shown later by Sampugna et al. (1967),
synthetic TG's with 4:0 esterified at the primary carbons
of the glycerol molecule give DG products which are

enriched with 4:0 when digested with pancreatic lipase.

The data obtained by Jensen and co-workers (Jensen
et al. 1964; Sampugna et al. 19006) indicate that when
pancreatic lipase is incubated with milk fat it preferent-
ially digests TG's containing short-chain FA's., Despite
this complication investigations of the structure of milk
TG's by hydrolysis of milk fat with pancreatic lipase
have been useful in establishing general relationships
con?erning the distribution of FA's in the TG's of milk
fat. Eséecially noteworthy was the establishment of a
non-random distribution of FA's in milk TG's between

position 2 on the one hand and positions 1 and 3 on the

other,

j [ [, £ Studies _of the triacylglycerol structure of

fractions of milk fat using pancreatic lipase.

-

Once it became evident that hydrolysis of milk fat



10.

with pancreatic lipase would not give quantitative results
because of the complications arising from the presence of
TG's containing short-chain FA's efforts were dirgcted
towards the study of the action of pancreatic lipase on

fractions of milk fat.

Clement et al. (1963) separated milk fat by silicic
acid column chromatography into three fractions, one
containing high mol. wt. TG's and the other two containing
low mol. wt. TG's. Blank and Privett (1904) combined
silicic acid column chromatography and silver ion thin-
layer chromatography (silver ion=T.L.C.) to prepare
fractions of high mol. wt. TG's of differing degrees of
unsaturation. Smith et al. (1965) combined fractional
crystallization and counter-current distribution to
prepare milk fat fractions of differing mol. wt. and Jensen

t al. (1907) fractionated milk fat by successive

— —

crystallizations from acetone at -25 and —700C.

Hydrolysis of the above TG fractions with pancreatic
lipase yielded results which may be summarized as follows.
Clement et al. (1903) noted that the FA composition of
TG's remaining after the digestion differed from the FA
composition of the original TG's and concludéd that the
results could only be interpreted in terms of preferential
attack by pancreatic lipase on TG's containing short-chain
FA's. In contrast Smith et al. (1965) found that if the
lipolysis reaction was terminated after one-third of the
ester bonds had been hydrolysed the FA composition of TG's

remaining after the digestion closely resembled the FA

composition of the original TG's thereby indicating that
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pancreatic lipase exhibited no appreciable specificity.
This finding was in accord with the conclusions obtained
previously by the same group of workers (Jack et al. 1963)
concerning the action of pancreatic lipase on total milk
fat. Jensen et al. (1967) found that when short digestion
times were employed e.g. 2.5 minutes, the preferential
Qigestion of TG's containing 4:0 was slight. Longer
lipolysis times, however, produced data which indicated

considerable preferential hydrolysis.

The above results indicate that there exist experiment-
al conditions under which fractions of milk fat can be
hydrolysed by pancreatic lipase with little preferential
digestion of TG'S containing 4:0. However these
cénditions will not necessarily produce valid results
since it has been shown by Sampugna et al. (1967) that
certain DG species produced during the lipolysis of TG's
containing 4:0 are preferentially hydrolysed by pancreatic

lipases

Although the results obtained may not be strictly
quantitative these investigations have provided valuable
information concerning the positioning of FA's in the
component TG's of milk fat fractions. The different
fractionation procedures used by the above workers meant
that the fractions of milk TG's subjected to hydrolysis
by pancreatic lipase were generally not of comparable TG
composition, Despite this it was found that the arranée-
ment of individgal FA's within the constituent TG's of
different TG fractions was similar. In all fractions

which contained low mol. wt. TG's, 4:0 and 6:0 were largely
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esterified at the primary carbons of the glycerol moleculess
Clement et al. (1963) estimated that at least 75% of 4:0
présent in milk fat is esterified at the primary carbons.
12:0 and 14:0 were preferentially esterified at the
secondary carbon while 18:0 and 18:1 were, in the main,
concentrated at the primary carbons. The above workers
found that 10:0 was preferentially esterified at the
secondary carbon. However Dimick et al. (1965) found
that in high mol. wt. fractions of milk fat 16:0 was
preferentially esterified to the secondary hydroxyl of
the glycerol molecule while in milk fat fractions of low

mol. wt., 16:0 was preferentially esterified to the primary

hydroxyl groups. .

11.5. Detailed investigations of the composition and

structure of triacylglvyvcerols of milk fat.

The detailed investigations of the structure of the
TG's of milk fat which have been carried out in recent
years are characterized'by the extensive use of chromato-
grapﬁic methods. In nearly all these studies a
combination of chromatographic methods was employed to
fractionate milk 'TG's into classes on the basis of their

constituent FA's and G.L.C. was used to analyse the TG

classes obtained.

Blank and Privett (1964) fractionated the TG's of milk
| '
fat into fractions of high and low mol. wt. using silicic
apid column chromatography and examined the fractions in

detail in the following ways:



13.

(i) The high and low mol. wt. fractions were
resolved by silver ion-T.L.C. and by ozonolysis-T.L.C.
into TG classes of differing degrees of unsaturation, the
proportions of which are given in Table 2. The positional
arrangement of FA's in each of the TG classes of the high
mol., wt. fraction was investigated using pancreatic lipase
and from the data obtained some 35 TG types of milk fat

were determined.

(ii) The low mol. wt., fraction, after interesterificat-
ion, was resolved by T.L.C. into three groups of TG's which
were shown to contain 0, 1, and 2 short-chain FA's per TG
Toleculeo Since the original fraction was found to consist
off a single spot which had the same Rp value as TG's
containing 1 short-chain FA per TG molecule it was concluded
that the component TG's of the low mol. wt. fraction consist
of one short-chain FA in combination with two long-chain
FA'!'s. On the basis of this finding it was calculated that
78% of the TG's ef the low mol. wt. fraction contain 4:0 in

combination with two long-chain FA's.

It is clear from the above results that FA's are

distributed in a non-random manner in both high and low mol.

wte TG's of milk fat.

A detailed study of the structure and composition of
milk TG's of low mol. wt. was carried out by Nutter and
Privett (1967). TG's of low mol. wt. were obtained from
milk fat by column chromatography on Flori§il and then
separated into TG classes of differing levéls of unsaturat-
ion by silver ion-T.L.C. The proportions of the different

TG classes are given in Table 2. Further resolution of
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these TG classes on the basis of mol. wt. by liquid-

liquid partition chromatography made possible the identifi-
cation of 168 different molecular species of TG's. The
more abundant molecular species of TG's identified in this
low mol. wt. fraction of milk fat are listed in Table 3.
The short-chain FA's were found to be widely distributed
among the constituent TG's with practically all TG's
containing one short-chain FA in combination with two
medium- and long-chain FA's. Nevertheless small but
significant amounts of TG's containing two short-chain

FA's were found. There was no one principal TG speciess

In a subsequent investigation carried out by
Breckenridge and Kuksis (1968a, 1969) T.L.C. was used to
separate milk TG's into fractions of high, medium and
low mol. wt. Each of these TG fractions was separated
by silver ion-T.L.C. into TG classes of differing degrees
of unsaturation, the proportions of which are presented in
Table 2. The saturated TG's and monoene TG's obtained
from the fraction of low mol. wt. were further resolved
on the basis of mol. wt. by preparative G.L.C. of intact
TG's. Analysis of the resultant mixtures of small
numbers of TG's enabled some 38 molecular species of TG's
representing 28% of total TG's, to be identified and
their relative proportions to be estimated. The
quantitatively more important molecular species of TG's
are given in Table 3. Results again showed the non-
random distribution of FA's in milk TG's of low mol. wt.
with 4:0 and 6:0 being found almost exclusively in

combination with medium- and long-chain FA's. This
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investigation apbears to be one of tne most detailed
studies of the constituent TG's of milk fat and as a
result it is a useful source of basic data about the
detailed chemical composition of milk fat and its

fractionso.

A detailed examination of milk TG's of high mol. wt.
was recently carried out by Shehata et al. (1971, 1972).
Fractions of milk fat of high mol. wt., which were
prepared from milk fat by column chromatography on silicic
acid, were separated into TG classes of differing levels
of unsatu;ation by silver ion-T.L.C. The proportions of
the classes of TG's obtained are shown in Table 2. From
the analyses of these TG classes the identity and
proportions of the component molecular species of TG's in
these high mol. wt. fractions of milk fat were deduced.
The quantitatively more important molecular species of
TG's, which consist of combinations of 14:0, 16:0, 18:0

and 18:1, are given in Table 3.

In each of the above detailed investigaticns of the
TG's of milk fat, TG fractions of differing mol. wt.
prepared from milk fat by adsorption chromatography were
separated according to their degree of unsaturation by
preparative silver ion-T.L.C. The proportions of the
TG classes prepared in this manner are presented in Table
2. It can be seen that in the main different sets of
workers found comparable proportions of corresponding TG
classes in fractions of similar mol. wt. The only
exception occurs in the data obtained for milk fat

fractions of high mol. wt. where results obtained by



Table 2. Proportions of triacylglycerol classes of differing degrees of unsaturation

prepared from milk fat by a combination of adsorption chromatography and silver ion - T.L.C.
Triacylglycerol Proportions in triacylglycerol fractions of differing Proportions in
class molecular weight milk fat
High Medium Low
d

Ref.1® Ref.3° Ref . 4 Ref.3°  Ref.1® Ref.2” Ref.3° Ref.1® Ref.3®

(wt.%) (mole %) (wt.%) (mole %) (wtoe%) (wt.%) (mole %) (wt.%) (mole %)
Saturated TG's 19.6 16.5 16.4 18.0 38.7 43.7 47 .2 45.0 28.1 32,0
Monoene TG's 518 W3 36.7 38.5 43.9 38.3 40,8 33.5 38.1 50.4 37.6
Diene TG's 22.1 27 .7 30.4 29.1 14.4 9.8 15.2 11.7 16.9 18.4
Triene TG's - 12.9 10.5 5.8 i 5.6 4.1 5.2 2.1 8.8
Polyene TG's - 6.2 4 4.2 - - - - - s

100.0 100.0 100.5 101.0 100.1 99.9 100.0 100.0 97.5 100.3

4Blank and Privett (1964)

bNutter and Privett (1967)
CBreckenridge and Kuksis (1968a, 1969)
dshehata et al. (1971, 1972)

UgI
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Blank and Privett (1904) differ somewhat from those
obtained by other workers. In going from high to low
mol. wt. fractions of milk fal the proportion of saturated
TG's increases, the proportion of dieﬁe, triene, and
polyene TG's decreases and the pfoportion of monoene TG's
remains approximately constant. One result of this trend
is that the saturated TG's comprise 10-20% and 44-47%

respectively of the high and low mol. wt. fractions.

The more abundant molecular species of TG's determined
in fractions of milk TG's of differing mol. wt. are
presented in Table 3. The same major molecular species
of TG's are present in the two samples of milk TG's of low
len wt., which were analysed (Nutter and Privett, 1907;
Breckenridge and Kuksis, 1968a, 1969). In each case these
molecular species consist of 4:0 in combination with two
of the following long-chain FA's; 14:0, 10:0, 18:0 and
181, o The quantitatively important molecular species of
milk TG's of high mol. wt. (Shehata et al. 1971, 1972)
consist of combinations of the major FA's in the high mol.

wt. fraction of milk fat i.e. 14:0, 16:0, 18:0 and 18:1.
i \

It is noteworthy that the molecular species of TG's
listed in Table 3 resemble the more abundant constituent

TG's of milk fat determined by Hilditch and Paul (1940).



Composition of the more abundant molecular species of triacylglycerols

Table 3.

present in triacylglycerol fractions of milk fat.

Triacylglycerol fractions of differing molecular weight

Triacylglycerol High . Low Low b
class Ref. 3 Ref. 1 Ref. 2
Saturated TG's 18:0, 18:0, 14:0 18:0, 16:0, 4:0 18:0, 16:0, 4:0
1808 1670, 1600 18:0, 14:0, 4:0

18:0, 16:0, 14:0 16:0, 16:0, 4:0 16:0, 16:0, 4:0
10:0, 16:0, 16:0 16:0, 14:0, 4:0 16:0, 14:0, 4:0
18:0, 14:0, 14:0
16:0, 16:0, 14:0

Monoene TG's 185, L8k0, 16:@ 18:4, 18:0;, 496 18:%, 1840, 4:0
18:1, 18:0, 14-0 18:1, 16:0, 4:0 18:1, 16:0, 4:0
18:1, 16:0, 16:0 18:1, 14:0, 4:0
18:1 16:0, 14:0

Diene TG's I8 1€:4n 160 18:1, 18:1, 4:0 NDd

I

Nutter and Privett (1967)
bBreckenridge and Kuksis (1968a, 1969)
®Shehata et al. (1971, 1972)

?Not determined

lgI
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1o1.0. Stereospecific analyses of triacylglyvcerols of

milk fat.

To date two sets of workers, Pitas et al. (1967)
and Breckenridge and Kuksis (1968b, 1969), have studied
the stereospecific positioning of individual FA's in TG's

of milk fat using the procedure of Brockerhoff (1965).

Results obtained from the stereospecific analysis of
milk fat by Pitas et al. (1967) show that FA's are
distributed within the TG's of milk fat in a highly
selective manncr. The short-chain FA's 4:0 and 6:0 are
esterified almost entirely at position 3. In contrast
the greater proportions of 10:0, 12:0 and 14:0 are
esterified at carbon 2 of the glycerol molecules. 16:0
is preferentially esterified at positions 1 and 2 while
18:0 and 18:1 are concentrated at position 1. Stereo-
specific analysis of TG's using the procedure of
Brockerhoff (1905) requires 1,2(2,3)-DG's as intermediates.
Pitas et al. (1967) found that the 1,2(2,3)-DG's prepared
for this study by the action of pancreatic lipase on milk
fat, were not representative of the FA's of the original
TG's, This was the expected finding since studies of
the hydrolysis of milk fat by pancreatic lipase (section
1.1.3.) have shown that pancreatic lipase preferentially
digests certain milk TG's. The results obtained in this

investigation are therefore subject to some error.

Two molecular distillates of butteroil, one represent-
ative of the high mol. wt. TG's of milk fat and the other

representative of the low mol. wt. TG's of milk fat were
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each subjected to stereospecific analysis by Breckenridge
and Kuksis (1968b, 19609). When the molecular distillate
containing low mol. wt. TG's was digested with pancreatic
lipase to prepare 1,2(2,3)-DG intermediates the results
obtained indicated that there was no selective hydrolysis
of any specific TG type. On the basis of this finding
the authors concluded that the results of the analysis
were quantitatively ccorrect but data obtained by Sampugna
et al. (1967), which has been discussed in Section 1.1.3.,
suggests that the 1,2(2,3)-DG's formed would be non-
representative of the original TG's. The data obtained
in this study showed a stereospecific placement of FA's

in the TG's of milk fat which was similar to that determined

by Pitas et al. (1967).

It is evident from the data obtained by the two sets
of workers that none of the major FA's in milk fatl s
randomly distributed and, furthermore, that the FA's do

not fit a 1,3-random-2-random distribution pattern.
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Section 1.2. Seasonal variations in_ the properties of

New Zealand milk fat.

1.2.1. Seasonal fluctuations in the general properties

of New Zcaland milk fat.

A seasonal survey of the general properties of New
Zealand milk fat was carried out by Cox and McDowall (1§48)
who determined iodine values, Reichert values, saponificat-
ion values and softening points on monthly samples obtained
from nine factories over a period.of four years. Each of
the four properties measured showed marked and regularly
occurring seasonal fluctuations. Reichert values rose
from low levels at the beginning of the season (July) to a
maximum in Spring (August-September) and then declined
gradually until a minimum value was reached in May.
Saponirication values exhibited a trend which was comparable
to that shown by Reichert values. On the other hand iodine
values fell sharply, from high spring values, during late
spring-early summer (October) and remained at a low level
during summer after which they increased. Softening points
were relatively low during spring and relatively high during

summer and autumn.

In more recent studies of the seasonal variation of
properties of New Zealand milk'fat, McDowell and Creamer -
(1970) and Norris et al. (1973) noted the same trends in

these properties of milk fat.
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1: 225 Influence of feed conditions and stage of

lactation on the general properties of New Zealand

milk fat.

In New Zealand, cows are grazed on pasture throughout
the year and lactation normally commences in early spring,.
Hence there occur changes in stage of lactation and in feed
conditions with the prdgress of the dairying season which
are, more or less, consistent for successive dairying
seasons. It can therefore be theorised that properties
of milk fat which vary on a regularly recurring seasonal
basis are influenced by either or bolh of these factors.
Consequently studies have been carried, out on the influence
of feed and stage of lactation on the properties of milk
fat which vary in this manner (McDowall et al. 1961;
McDowall, 1962; McDowall and McGillivray, i963a,1963b;
Hawke, 1963). Extensive use was made of monozygotic twin

cows in these investigations to facilitate experimental

design.

In a study designed to determine the effect of stage
of lactation on the characteristics of milk fat early and
late calving cows of monozygotic twin pairs were grazed
on the same pasture over the period when both cows of the
twin pairs were in lactation (McDowall, 1962)° Seasonal
fluctuations in the prope?ties of milk fat; namely iodiné
value, refractive index, saponification value, Reichert

value, softening point, and carotene and vitamin A contents,

were found to be closely similar for the two groups of cows
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which indicated that the seasonal changes in these
properties are not the result of changes in the state of

lactation of cowso

This-neéative correlation led to an investigation of
the influence of seasonal changes in diet on the character-
istics of milk fat. In this connection it seemed
significant that the emergence of clover in late spring-
early summer as the dominant botanical species in déiry
pastures coincides with a marked decrease in the iodine
values and vitamin A and carotene contents of milk fat.
However trials carried out by McDowall and McGillivray
(1963a) have shown that although the properties of milk
fat can be influenced by the botanical composition of
pasture the seasonal changes in the characteristics of
New Zealand milk fat were not directly attributable to the
changes which occur in the propocrtion of clover present in

pastures.

At the same time that clover emerges as the dominant
species in pasture in late spring-early summer ryegrass
changes from soft, lush, iﬁmature foliage to a harder,
more mature grasso An investigation of the lipids of
ryegrass by Hawke (1963) showed that the lipid content of
new ryegrass was greater than that of mature ryegrass and
that the lipid from the new growth was more unsaturated
than mature ryegrass containing a greater proportion of
18:3 and lesser proportions of 18:2 and 16:0. In addition
the milk fat from cows grazed on the new growth was found
to contain greater proportions of 4:0, 18:0 and 18:1 and

lesser proportions of 6:0, 8:0, 14:0 and 16:0. The
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findings concerning milk fat were sugpported by McDowall

and McGillivray (1903b) who noted that milk fat from cows
grazing immature ryegrass was more unsaturated and had
higher carotene and vitamin A contents than that from cows
grazing mature ryegrass. Hawke (1963) theorised that the
increased unsaturation of milk lipids from cows fed
immature ryegrass could arise from the greater total intake
of dietary lipid which could result in a decrease in the

overall hydrogenation in the rumen.

It would appear from the above investigations that
the seasonal fluctuations in the general characteristics
of milk fat are mainly attributable to the variation in
the stage of maturity of the ryegrass in the pastures
(Mcbowall et al. 1961; McDowall and McGillivray, 1903b).
In particular, the marked fall in the iodine value and in
carotene and vitamin A ccentents of milk fat in late
spring-early summer occurred as ryegrass became mature
while the subsequent rise in these properties in autumn
coincided with the appearance of new growth due to autumn

rains.

1.2.3. Seasonal fluctuations in the fatty acid composition

of New Zealand milk fat.

Hansen and Shorland (1952) used ester fractionation
techniques to determine the FA composition of samples of
New Zealand milk fat which were collected at two-monthly
intervals throughout the dairying season. The following

seasonal fluctuations in the proportions of FA's were
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found:
(i) 4:0 showed a general decline throughout the
season.

(ii) Each of 6:0, 8:0, 10:0, 12:0 and 14:0 were found
to increase from a low value at the beginning of the
season (July) to a maximum value during carly summer
(November) and then to decline throughout the rest of the
seasorin.

(iii) Values for 16:0 rose slightly during late spring
(October) and then decreased slightly in autumn (April).

(iv) Proportions of 18:0 remained constant for most
of the scason but increased in autumn (April-May).

(v) 18:1 fell from high values early in the season
(July-September) to low values during summer and then

increased again Lo maximum values in autumn.

In a more recent survey Gray (1973) used G.L.C. to
study the seasonal variation in the FA composition of New
Zealand milk fat. Samples werec collected at two-weekly
intervals throughout the dairying scason from herds
consisting of cows which calved in spring. In general,
the results obtained were comparable with those mentioned
above. However values for 16:0 were found to vary
considerably thfoughout the season. 16:0 rose from low
values in spring (August-September) to high values during
sunmer  dnd  then decreased fo low values ducin

autumn. The seasonal trend shown by 16:0 was the inverse

of that exhibited by 18:1.

Hansen and Shorland (1952) and Norris et al. (1973)
found the predicted relationships between the seasonal

changes in the proportion of FA'!'s and the seasonal
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fluctuations in the chemical constants, iodine value and
Reichert value. Pooled data for short-chain FA's
exhibited a trend similar to that noted for seasonal
fluctuations in the Reichert value while data for total

unsaturated FA's followed the same trend as iodine value.

1:2.4. Influence of stage of lactation, diet and plane

of nutrition on the fatty acid composition of New Zealand

milk fat.

It can be seen from the above results that maximum
proportions of FA's 6:0 to 14:0 were attained during early
swnmer (November), some 10-14 weeks after calving. Gray
(1973) suggested that this pattern may be caused by
lactational effects since it has been reported by Decaen
and Adda (1966) that, in experiments in which cows were
fed a uniform diet, the total amounts of FA's 6:0 to 14:0
synthesised rose from low levels at the beginning of
lactation to a maximum 6-12 weeks after calving and then
decreased as lactation progressed. In the same study
Decaen and Adda (1966) showed that the amounts of 18:0 and
18:1 produced declined rapidly, from high initial levels,
during the first eight weeks of lactation and thereafter
decreased at a less rapid rate. The amounts of 16:0
synthesised during lactation were found to decline slowly
as lactation progressed. These findings suggest that
seasonal changes in the proportions of 16:0, 18:0 and 18:1
reported above for New Zealand milk fat are not significant-

ly influenced by changes in the state of lactation of cows.
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As noted préviously (section 1:2.2.) Hawke (1963)
showed that milk fat from cows grazed on mature ryegrass
contained lesser proportions of 18:0 and 18:1 and a
greater proportion of 106:0 than milk fat from cows grazed
on immature ryegrass. It is thercfore significant that
the decrease in the proportions of 18:0 and 18:1 and the
increase in the proportion of 10:0 which occur in New
Zealand milk fat in lale spring ~ early swmner coincides
with ryegrass becoming more mature. Similarly the inverse
changes in the proportions of these FA's which occur in
autumn is coincident with the appearance of new growth
caused by autumn rains. It would appear that the marked
seasonal fluctuations in 16:0, 18:0 and 18:1 which occur
in late spring -~ early summer and during autumn can be
largely attributed to changes in diet, namely changes in

the maturity of ryegrass in pastures.

The above findings are not unexpected since it is
now generally accepted that in milk fat FA's 4:0 to 14:0
are synthesised within the mammary gland, FA's containing
18 carbon atoms are derived from the blood plasma TG's

and 16:0 originates from both sources (Jones, 1969).

Near the end of the season (late autumn - early
winter) there occurred an increase in the proportions of
18:0 and 18:1 and a decrcase in the proportions of FA's
4:0 to 14:0. These fluctuations may be the result of a
lowering of the plane of nutrition since in late autumn -
early winter there is little growth of pasture and
consequently there occurs a reduction in the amount of

feed available to the cow unless supplementary feeding
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is undertaken. In this connection it has been shown
that a sub-optimum plane of nutrition reduces the
supply of short-chain FA's from the rumen and increases
the utilization of FA's from body fat by the mammary
gland thereby decreasing the proportions of short-chain
FA!'s and increasing the proportions of FA's containing
18 carbons in the resultant milk fat (Smith and Dastur,

1938; Luick and Smith, 1963; Munford et al. 1964 ).

1.2.5., Seasonal variations in the fatty acid composition

of milk fat from other countries.

In an investigation of the seasonal variation in the
FA composition of Australian milk fat, Parodi (1970)
obtained results comparable with those reported by Hansen
and Shorland (1952) and by Gray (1973) for New Zecaland
milk fat, The similarity between the results is not
surprising because conditions for milk production in
Australia are similar to those which exist in New Zealand,
i.e. cows are maintained on pasture throughout the year
and calving occurs in late winter - early spring to

coincide with new spring pasture.

On the other hand, in Northern Hemisphere countries,
where cows are housed in winter and where calving is not
confined to early spring the proportions of 18:0 and
18:1 in milk fat are lower in winter (November-March)
than in summer (July-September) and the proportion of
16:0 shows the reverse trend. (Jensen et al. 1962;

Hutton et al. 1969; Hall, 1970). This pattern may be



attributed to the change from indoor feeding of cows
during winter to outdoor pasture grazing during summer
since it has been shown by Reiter et al. (1969) that a
change from a diel of hay and concentrate to a diet of
fresh grass causes an increase in the proportions of
FA's containing 18 carbons and a decrease in the
proportion of 16:0. It would appear therefore that
different feeding conditions are responsible for the
difference between the seasonal trends of 16:0, 18:0 and
18:1 in milk fats from Northern Hemisphere countries
and the seasonal trends of 16:0, 18:0 and 18:1 in milk

fats from Australia and New Zealand.

29.
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Section 1.3. Physical characteristics of milk fat.

1.3.1. Factors influencing the physical characteristics

ggﬁfats.

Most of the investigations into both the physical
and chemical properties of fats have for commercial
reasons been related to factors which influence the
consistency of fat and fat products. The main physical
processes involved in determining the consistency of fat
are polymorphism and solid solution formation which are
both influenced by temperature treatment of fat
(tempering) . The chemical composition of fat i.e. FA
composition and 7G structure, are known to markedly
affect the physical properties of fat, in particular the
consistency of fat, Considerable work has been carried
out on the correlation between chemical composition and

physical properties of fats.

Polymorphism and solid solution formation invariably
occur together in fats. "Polymorphism is most evident
in sharp melting fats which consist predominantly of a
small number of TG's (e.g. cocoa butter) and is the
major factor influencing the consistency of fats of this
type. For example, during chocolate manufacture the
cocoa butter mix is tempered to produce a particular
polymorphic form which has the desirable characteristics
of snap and narrow melting range (Wille and Lutton,
1966). Oﬁ the other hand in more complex fats with a

broad melting range (e.g. milk fat) solid solution
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formation is the predominant factor influencing the
consistency of fats and fat products. Generally
polymorphism is not a factor which significantly affects
the consiStehcy of this type of fat (Bailey, 1950). The
term solid solution formation used here refers to multi-
component phase behaviour which for mixtures of TG's
normally involves limited solid solution formation i.e.

formation of mixed crystals between different TG species.,

Partial hydrogenation, which is used extensively in
the margarine industry, demonstrates clearly how a change
in FA composition alone affects the physical properties
and consistency of fat (Mattil, 1964). The influence
of TG structure on the physical properties of fats is
shown by a comparison between two natural fats, cocoa
butter and tallow. These two fats have similar FA
compositions but widely different physical properties.
Cocoa butter is brittle, non-greasy and has a very narrow
melting range while tallow is soft, greasy and has a
considerably broader melting range. The difference in
physical properties of these fats is due to their differ-
ing TG compositions and structures. Cocoa butter
consists predominantly of three monoene TG's: 1,3~
dipalmitoyl-2-oleoyl-glycerol; 1,3-distearoyl-2-oleoyl-
glycerol; and rac-i-palmitoyl-2-oleoyl-3-stearoyl-sn-
glycerol (Sampugna and Jensen, 1969). On the other hand
tallow contains a greater number of quantitatively
important TG species and a more diverse structural range

of TG's (Hilditch and Williams, 1964).
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1.3.2, Polymorphism and solid solution formation in

milk fat.

(a) Polymorphism

Mulder (1953) was among the first to note polymorphism
in milk fat. He observed a double melting point when
heating milk fat which had been rapidly cooled to e,
Subsequently a number of investigations, using techniques
such as X-ray diffraction and infrared spectroscopy have
conclusively demonstrated the occurrence of various
polymorphic forms in milk fat. Woodrow and de Man (1968)
have shown the occurrence of three polymorphic forms i.e.
alpha, beta~prime and beta, in milk fat. Results
obtained for slowly cooled milk fat indicated the presence
of crystals in the beta-prime and beta modifications.
Rapid cooling of milk fat resulted in the formatinn of
crystals which were predominantly in the alpha form. On
holding at SOC these crystals slowly transformed to the
beta-prime and beta forms. These findings differ some-
what from earlier results obtained by de Man (1961b) who
established that slow cooling of milk fat produced crystals
in both beta-prime and beta modifications while rapid
cooling resulted only in the beta-prime form. However,
in this study the temperature of the samples used for the
X-ray examinations was not as precisely controlled as in
the later investigation. In a recent study van Beresteyn
(1972) obtained data which again showed the three poly-

morphic forms in milk fat obtained by Woodrow and de Man

(1968).
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The above findings indicate that polymorphism is
unlikely to affect the physical properties of butter made
from cream by the conventional method because the processing
conditions result in the formation of the most stable
polymorphic form in the butter. In this connection Wood
and Dolby (1965) observed an abrupt break in the setting
curve of butter made from cream given abnormal treatment
i.e. rapid cooling followed by churning after only 30 min.
They speculated that this phenomenon may indicate a change

in the polymorphic form of milk fat crystals.

(b) Solid solution formation

In a review article Mulder (1953) noted that the
available experinental data relating to the melting and
solidificatien of milk fat could be explained if it was
assumed that milk TG's could crystallize as mixed crystals
i.e., that milk fat exhibited solid solution formation.
Using this hypothesis Mulder was able to put forward a
number of general conclusions concerning the melting and
solidification properties of milk fat:

(i) . On cooling, Sifle, Lowesr Bile temperature at which
liquid milk fat begins to crystallize the lower the final
melting point of the solid formed.

(ii) A larger proportion of milk fat solidifies with
rapid cooling than with either slow cooling or stepwise
cooling.

(iii) Recrystallization can take place if semi-solid
milk fat is tempered, the rate of recrystallization

depending on the amount of liquid phase present,
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(iv) If milk fat is cooled rapidly belcw the
solidus line the effect of the solidification temperature

will be removed.

Evidence supporting Mulder's hypothesis has

subsequently becen reported by a number of investigators.

De Man and Wood (1959) obtained dilatometric
measurements which showed that rapid cooling produced a
higher solid fat content than slow cooling. The larger
amount of solid fat obtained by rapid cooling results
from the inclusion of lower melting TG's in the solid
phase which would have remained in the liquid phase in
the case of slow cooling. The liquid phase of rapidly
cooled fat is in turn depleted in these Ta's and con-
sequently it has a greater proportion of very low melting
TG's. Since the very low melting TG's of milk fat
contain high levels of short-chain and unsaturated FA's
it would be expected that rapid cooling would produce a
liquid phase higher in short-chain and unsaturated FA's
than slow cooling. A later investigation by Vasic and

de Man (19066) showed this to be the case.

Knoop and Samhammer (1962) interpreted X-ray
diffraction patterns as indicating the presence of two
solid solutions in milk fat, one consisting of saturated
TG's and the other consisting of monoene TG'!s. Using
a combination of X-ray diffraction and adiabatic calori-"
metric techniques Sherbon and Coulter (1966) showed that
solid solution formation occurred between high and low

melting fractions of milk fat. The presence of two
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solutions wugs noted, the solid phase consisting of a
solid solution of a low melting fat fraction in a high
melting fat fraction and the liquid phase consisting of
a solution of a high melting fat fraction in a low

melting fat fraction.

1.3.3. Influence of chemical composition on the

physical characteristics of milk fat.

(a) Fatty acid composition

The marked influence of unsaturated FA's on lhe
thermal properties of milk fat was demonstrated by
Yoncoskie gg'gl.'(1969) who showed, using differential
thermal analysis, that the proportion of low melting
TG's gradually decreased as milk fat was progressively
hydrogenated- Original milk fat melted over the range
-30 to 400C while completely hydrogenated miik fat melted

between 0 and 60°C.

(b) Triacylglycerol structure

Interesterification of milk fat, which changes a
highly selective arrangement of FA'S (Pitas et al. 1967)
into a random FA distribution, demonstrates how a change
in TG structure alone affects the physical properties of
milk fat. de Man (1961a) has shown that interesterificat-
ion markedly increased hardness, solid fat content and the

proportion of high melting TG's of milk fat.

(c) Seasonal variation in chemical composition

In New Zealand a number of investigations of the
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seasonal variations in the characteristics of milk fat
have been carried out with a view to relating the chemical

composition to the physical properties of milk fat.

Dolby (1949) examined the seasonal changes in the
characteristics of milk fat and butter obtained from a
number of commercial dairies and noted that hardness of
buttcer samples was significantly correlated with iodine
value and with softening point. In addition he found
that only a small part of the seasonal variation in butter
hardness was due to variations in the manufacturing process
and that at least 80% of this seasonal change could be
attributed to differences in the chemical composition of
milk fat, lis findings were supported by Russell (1970)
who showed that the hardness of butter, manufactured
under constant processing condilions, varies considerably
throughout the season and exhibits a seasonal trend

similar to that shown for iodine value.

Recently Norris el ilf (1973) measured the seasonal
changes in the liquid fat content of milk fat at various
temperatures using differential scanning calorimetry
(D.S.C.) and related them to seasonal fluctuations in
FA composition. Data obtained showed that seasonal
variations in liquid fat content at 12 and 22°C were
significantly correlated with seasonal variations in the
sum of short-chain and cis-unsaturated FA's. Short-
chain FA's were shown to account for a greater proportion
of the variance. Liquid fat content at 12 and W oC
exhibited a seasonal trend comparable to that found by

Russell (1970) for hardness of butter manufactured under



37.

constant prucessing conditions.

1.3-.4. The consistency of butter.

Numerous workers have, for commercial reasons,
investigated factors influencing the consistency of butter
in an attempt to find practical methods of controlling
butter consistency. These studies, which in recent years
have been directed towards producing a more spreadable
butter, have shown that the following procedures can be
used to produce a soft butter: thermal treatment of
cream, mechanical treatment of bulter, altcration of the

chemical composition of milk fat.

The Alnarp process, in which cream is cooled to
5~7OC and then heated and held at 16-19OC for 2 to 6 h
before being cooled to churning temperature, is widely
used in European countries to produce a soft butter

(Samuelsson and Peterson, 1937).

The hardness of butter increases rapidly during the
first few hours after manufacture and thereafter at a
decreasing rate. This phenomenon is known as setting
and has been attributed to changes of a thixotropic
nature., (Mulder, 1949). It has been shown that
mechanical working of butter after manufacture produces
a softening effect, the reduction in hardness increasing

with the extent of setting which occurs before reworking

(Taylor et al. 1971).

The above two processes soften butter by altering its

physical state and as a result the softening effect
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produced may be destroyed if significant recrystallization
occurs during storage. Methods which produce a soft
butter by changing the chemical composition of milk fat
do not suffer from this disadvantage.. One such method
is to separate milk fat into fractions of different
melting ranges by fractional crystallization. The
recent development of a commercial process by the Alfa
Laval Co. for separating milk fal into high and low
melting {ractions has made it possible to make hard and
soft butters (Norris et ai. 1971). The low melting
fraction produced by this process is currently being used
in New Zealand to manufacture soft butter on a commercial

scale.

Scott et al. (1970) have developed an alternative
method of changing the chemical composition of milk fat.
The prccedure involves the feeding to cows of lipids
protected against biohydrogenation in the rumen which
results in milk fat containing considerable proportions
of the polyunsaturated FA's, 18:2 and 18:3. Butter

produced from this milk fat is very soft,
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Section 1.4. The aim of the present work.

The present study was undertaken to investigate
changes in the structure of milk TG's which occur as a
result of the marked and regular seasonal fluctuations
in the characteristics of New Zealand milk fat,
Consequently a detailed study of the constituent TG's
of samples of milk fat, representative of different
stages of the dairying season, was carried out. In
addition the thermal properties of TG fractions of milk
fat were examined with a view to determining the influence
of TG structure on the physical characteristics of milk

fat.
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Chapter 2,

MATERTALS AND METHODS

Section 2.1. Materials.

2.1.1. Reagents and Solvents.

All the chemicals used in this work were supplied by
British Drug Houses Ltd. (Poole, England) and by May and

Baker Ltd. (Dageham, England) except for the following:

Chromosorb W, 60-80 mesh, acid-washed and treated with
dichlorodimethyloilane (Varian-Aerograph, California,

USA).

Thermally stabilized diethylene glycol adipate

polyester (Analabs, Connecticut, USA).

3% (w/w) JXR on Gas-Chrom Q, 100-120 mesh; and
methanol containing 14% {(w/v) boron trifluoride (Applied

Science Laboratories, Célifornia, USA) .

Standard triacylglycerols, 99% pure; pancreatic

lipase, Steapsin; and Ophiophagus hannah snake venom

(Sigma Chemical Co., St. Louis, USA).

Kieselgel G, according to Stahl (E. Merck A.G.,

Darmstadt, Germany).

Phenyldichlorophosphate (Aldrich Chemical Co.,

Milwaukee, USA).

Mr R. Norris generously provided a number of pure

standard triacylglycerols and diacylglycerols.
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All solvents used were of analytical grade and were

distilled before use.

2.1.2. Preparation of samples of milk fat.

At monthly intervals during the 19069/70 dairying
season one day samples of milk were obtained from the
Massey University No. 2 herd, which is typical of dairy
units operating in New Zealand. The herd consisted of 29
pairs of monozygotic twin éows; the majority of which were
Jersey, and the remainder Friesian, Friesian-Jersey cross
and Ayrshire-Jersey cross. The calving period for the
herd was spread over a six-seven week period beginning
about the middle of July and finishing near the end of
August. The herd was grazed on pasture throughout the
dairying season which is normal practice in New Zealand.
The milk from a few twin cows involved in special feeding
experiments was excluded from the bulked sample of milk

collected,

After collection the milk was passed through a cream
separator, the cream held overnight at SOC and then
churned in the laboratory. The butter produced was
melted in a water-bath at 600C, centrifuged, and the super-
natant fat filtered in an oven at 60°C. Portions of the
melteda filtered fat were weighed, dissolved in hexane, and

stored in a glass-stoppered flask at -10°C until required:
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Section 2.2. Analvtical methods.

2¢201. Thin-laver chromatography.

(a) Preparation of thin-layers

For preparative T.L.C. organic impurities were removed
from 200 g batches of Kieselgel G (silica gel G) by slurry-

ing with 500 ml CHCl transferring to sintered glass

33
filter funnels and washing with 5 vol. CHCl3 . CH3OH
(2:1, v/v) followed by 5 vol. CHCl3 : CH30H (1:1, v/v).

The washed adsorbent was air-~dried, dried overnight at
100°C and stored in glass-stoppered reagent bottles until

required. .

Silica gel G was slurried with water in the proportions
1:2, w/v and spread on to glass plates (20 x 20 cm) to a
thickness of either 0.25 mm (analytical) or 0.5 mm
(preparative). After air-drying for 30 min the thin-layers

of silica gel G were activated by heating at 110°C for 2 h.

Thin-layers of silica gel G impregnated with boric
acid were prepared in a similar manner, the slurry consist-
ing of silica gel G and 3% aqueous boric acid solution

(1:2, w/v).

were prepared by

3

spreading a slurry, consisting of 30 g silica gel G and 65

Thin-layers impregnated with AgNO

ml 10% AgNO3 solution, on to glass plates with a perspex
spreader. The thin-layers were allowed to air-dry in the

dark for 2 h and then activated at 105°C for 1 h.

After activation, thin-layer plates were allowed to
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cool in a dessicator for 2 h before use. Thin-layers of
silica gel G impregnated with AgNO3 were prepared .and used
the same day while other thin-layers were stored for up to

one week in a dessicator.

(b) Conditions for_ thin-layer chromatography

Samples were applied as small bands approximately 1 cm
long using capillary pipettes for analytical work and as
one continuous band across the thin-layer with a 50 p 1
syringe for preparative separations. During application
of samples thin-layers were covered with clear glass plates
to retard adsorption of water by silica gel G. Thin-layer
plates were developed by the ascending method. Chromato-
graphic tanks (Desaga Co., Germany) were lined with filter
paper to enhance vapour saturation of the atmosphere within
the tank. Developing solvent was added to the tank to a
depth of approximately 0.5 cm 30 min before thin-layer
plates were chromatographed. Plates were developed at
room temperature (about ZOOC) to 12-14 cm above the origin
which was set 2 cm from the bottom of the plate. After
developing, thin-layer chrématograms were allowed to dry

before spraying,.

(c) Detection of lipids on thin-layer chromatograms

General lipid spray. Lipids were normally detected by

spraying thin-layers with a 0.1% (w/v) solution of
2:7—dichlorofluoﬁgcein in CH30H and viewing under ultra-
violet light. Lipid components showed as yellow

fluorescent spots on an orange background.

Non-specific spraye. Organic compounds were detected by
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spraying thin~layer chromatograms with a solution of 1%
KZCPZO7 in 9 M sulphuric acid and heating plates at 1400C
for approximately 1 ho Under these conditions organic
compounds appeared as charred black spots on a white back-
ground. Acylglycerols containing double bonds charred
more readily than saturated acylglycerols. This spray,
although more sensitive than dichlorofluorscein, is

destructive and conscquently unsuitable for preparative

T.L.C.

Phosphate ester spray. A spray reagent, specific for

compounds containing a phosphate ester group, was prepared
according to the method of Vaskovsky and Kostetsky (1968).
Upon spraying on thin-layer chromatograms it reacted
immediately with phospholipids to give blue spots on a
white background. The colour gradually disappeared over

2 h.

2.2.2. Analysis of fatty acidse.

(a) Preparation of methyl esters by method A

(Adapted from the procedure of Van Wijngaarden, 1967).

To a 5 ml round bottomed flask a 5 mg sample of TG's
and 0.5 ml 0.5 M methanolic NaOH were added. The flask
was connected to a double surface condenser and the mixture

refluxed for 3 min in a sand bath. 0.5 ml of CH,OH

3
containing 14% (w/v) boron trifluoride was then added
through the condenser and refluxing was continued for a

further 2 min. 1 ml of pentane was added and after

refluxing for a further 30 s the flask was cooled in water



45.

at 0°c. Thhe condenser was removed and sufficient saturated
NaCl solution added to raise the pentane layer into the
neck of the flask from where it was transferred to a glass-
stoppered centrifuge Ltube. A small amount of anhydrous
NaZSO4 was added and 2-5#1 of the solution was analysed

by G.L.C.

(b) Preparation of methyl esters by method B

(The method of Shehata et al. 1970).

50u 1l of transesterifying reagent was added to a 1-4 mg
sample of acylglycerols in a 0.3 ml reaction vial (Kontes
Glass Co., USA). The vial was capped and rotated gently
for 2-3 min. At this stage transesterification was
complete. The vial was opened, 5011l of pentane added,
the vial rapidly re-capped and then shaken gently. 2-5u 1
of the pentane layer was injected directly into the gas-

liquid chromatograph.
The transesterifying reagent consisted of 0.5 ml 0.5 M

3 $
pentane, and 0.85 ml diethyl ether. Although consisting

NaOCH, in CH,OH (prepared by dissolving Na in CH3OH), 2 ml

of two phases at SOC the reagent formed one phase upon
mixing at room temperature. Fresh reagent was prepared
every two or three days from a stock solution of 0.5 M
NaOCH3 in CH30H which was stored in a dessicator at SOC

in tubes fitted with teflon-lined, screw capse.

The completeness of the conversion to methyl esters
was checked by T.L.C. Reaction products together with
marker standards were applied to silica gel G thin-layer

plates impregnated with boric acid, which were developed
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in hexane: diethyl ether (4:1; v/v). Both methods were
found to completely convert TG's, DG's . and MG's to methyl
esters. Solvents used in the above methods were distilled
before use and analysed by G.L.C. to ensure that no

impurities were present.

(c) Comparison of methods used to prepare methyl esters

with respect to quantitative recoveries of methyl esters

Using the two methods described above, aliquots of a
standard mixtuiec of high purity TG's were converted to

methyl esters and injected into the gas-liquid chromato-~

weicht
area

grapho. Weight response factors (Fw = ) were
calculated for individual methyl esters from the weight of
each methyl ester in the standard mixture and its peak
area. For each method a set of mean Fw values was
determined. Theoretical Fw values were determined using
che calculation of Ackman and Sipos (1964), which assumes
that the carbonyl carbon atom gives no response in
hydrogen flame ionization detectors and that methyl
esters of FA's are completely recovered from the column.
The two sets of Fw values‘determined from experimental
data and the set of theoretical Fw values are given in
Table 4. For each set methyl caprate was assigned a Fw

value of 1.00.

It can be seen that F, values which were calculated
from results obtained by method B correspond reasonably
closely with the set of Fw values determined from
theoretical considerations. On the other hand, Fw values
for methyl esters of short-chain FA's calculated from

data obtained by Method A, were considerably greater than
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the corresponding theoretical Fw values and the
corresponding Fw values determined for Method B, indicating
that losses of methyl esters of short-chain FA's occurred
when Method A was used. On the basis of this finding it

was decided to use Method B for all subsequent FA analyses.

- Table 4. Weight response factors (Fw) for methyl
esters of fatty acids, which were calculated from experiment-
al data and determined from theoretical considerations.

(Methyl caprate assigned a Fw value of 1.00).

F values
w

Experimental Theoretical®

ggt?Ztt;S:2£Ss Method A2 Method Bb

methyl butyrate 2,67 1.85 1.38
methyl caproate 1.45 1.11 1.17
methyl caprylate 1.12 1.03 1.07
methyl caprate 1,00 1,00 1,00
methyl myristate 6099 0.96 0.96
methyl palmitate 0.97 0.95 0.91
methyl stearate 1.00 0.99 0.89

Fw values, each a mean of three determinations,

calculated from results obtained by Method A.

Fw values, each a mean of six determinations,
calculated from results obtained by Method B.

¢ Fw values determined using the calculation of

Ackman and Sipos (1964).
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(d) Gas—=liquid chromatography

Methyl esters of FA's were analysed by G.L.C. usiag
a Varian Aerograph Series 1520 Chromatograph equipped
with a hydrogen flame ionization detector and a linear
temperature programmer. The chromatographic separations
were made on a glass column (8 ft x § in. o.d.) packed
with 18% diethylene glycol adipate polyester on Chromosorhb
W (60-80 mesh). The column packing was prepared by the
"funnel coating method" (McNair and Bonelli, 1908) and
the column was packed to permit on-column injection using
the procedure outlined by Kuksis and Breckenridge (1966).

Prior to use, the column was conditioned overnight at

220°C with 20 ml/min nitrogen gas flow.

For normal operation the flow rate of the carrier gas,
nitrogen, was 25 ml/min while the flow of air and hydrogen
to the detector was 300 ml/min and 20 ml/min respectively.
The injector was maintained at 180°C and the detector base
at 240°cC. After injection of the sample at an initial
column temperature of 600C, the chromatograph oven was
temperature programmed at 40C/min to 180°C and held at
this temperature until all methyl esters were eluted.

Under these conditions methyl butyrate was completely

separated from CHBOH.

The identity of methyl esters was established by
comparison with the retention times and elution temperatd}es
of standard methyl esters. Peaks were triangulated and
their vertical heights and base-widths measured. The

relative proportions of FA's in a sample were calculated
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using the formula below. Results were expressed as
mole %.
h. b. F
i i ow,
AL
R My x 100
WONEL RS = _h, b, F
i Tiw
i
2
i
where: h = peak height.
b = peak width at base.

M = molecular weight of methyl ester.

F. = experimentally determined weight

response factor.

Data obtained for duplicate samples showed a relative
error of less than 5% for any peak comprising more than 5%

of the sample.

2.2.3. Analysis of triacylglvcerols.

(a) Gas-liquid chromatography

TG's were analysed by G.L.C. using a Varian Aerograph
Series 1520 Chromatograph fitted with a hydrogen flame
ionization detector and a linear temperature programmers.
The chromatographic separations were made with a glass
column (2 ft x { in. Qod;), fitted with glass to metal
Kovar seals, and packed with 3% (w/w) JXR on Gas-Chrom Q -
(100-120 mesh) to permit on-column injection according to
the technique of Kuksis and Breckenridge (1966). Prior
to use the column was conditioned for 4 h at 3500C with

100 ml/min_nitrogen gas flow. The first ten runs on the
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newly conditioned column were not used for quantitative

analysess

For normal operation the injector was maintained at
320°C and the detector base at 3500C. After injection
of the sample (3-5u1 of a 1% solution of TG's) at an
initial column temperature of 220°C the chromatograph
oven was temperature programmed to 3500C at 4OC/min°
Nitrogen was used as the carrier gas at a flow rate of
100 ml1/min at room temperature. After passing through
the column the carrier gas was split in the proportions
1:5 between detector and collector. The flow of air and
hydrogen to the detector was 300 ml/min and 15 ml/min

respectively.

TG peaks were designated by their carbon number i.es.
the number of acyl carbon atoms per TG molecule. Identi-
fication of peaks was accomplished by comparison with the
retention times and elution temperatures of standard TG's.
Peaks were triangulated and their vertical heights and
base-widths were measured. Odd-carbon number TG's in the
samples were estimated by completing the elution curves
between the adjacent even-carbon number TG's, The
relative proportions of TG peaks (TG species with the same

carbon number) in a sample were calculated using the

formula below. Results were expressed as mole %.
h., b. F ’
U
i
1
mole % i = h. b. F x 100
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where: h = peak height.
b = peak width at base.
M = molecular weight of TG.
Fw = experimentally determined weight

response factor.

The gas-~liquid chromatograph was calibrated by
injecting a standard mixture of trilauroyl-glycerol,
trimyristoyl-glycecrol, tripalmitoyl-glycerol and
tristearoyl-glycerol, and calculating weight response

weight - . .
factors (Fw r —E;zz—). With trilauroyl-glycerol assigned
a Fw value of 1,00 the Fw values for trimyristoyl-glycerol,
tripalmitoyl-glycerol and tristearoyl-glycerol were 1.00,

1.10 and 1.09 respectively.

(b) Thermal analysis

Thermal analyses of TG fractions of milk fat were
carried out using a Perkin-Elmer differential scanning
calorimeter (D.S.C.-1B). The D.S.C. was calibrated for
power and temperature readout according to the method of

Norris et al. (1973).

A solution containing a 2 - §5 mg sample of TG's was
transferred to a' 0.3 ml reaction vial and evaporated to
dryness under nitrogen. Traces of solvent were removed
by placing the sample under vacuum in a dessicator over-
night. The solvent-free sample was melted and transferred
as completely as possible to a sample pan, pre-weighed'with
lid, using a glass capillary. (This operation was carried

out while the sample was completely liquid). The sample
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pan was then sealed and loaded into the instrument. After
holding the sample at 60°C for 30 min to erase previous
thermal history a cooling thermogram was recorded down to
-60°C at a rate of 8°C/min. The sample was then held

at this temperature for 5 min prior to recording a heating

thermogram up to 60°C at a rate of 8°C/min.

Some samples when rapidly cooled in this way showed
an exothermic transition in the heating thermogram which
is a direct result of a polymorphic transition from a less
stable to a morcec stable crystalline form. To obtain a
heating thermogram for the most stable polymorphic form of
a sample the following tempering procedurec was adopted.
From the heating thermogram of the rapidly cooled sample
the last integral value of the temperature before the
sample was completely melted was obtained (temperature T).
The sample was cooled to -00°C at a rate of 80C/mjn, held
5. min, heated to temperature T at a rate of 80C/min, held
2-3 min and cooled to —600C at a rate of BOC/mino After
holding for 5 min a thermogram was recorded up to 60°C at

a rate of 8°C/min.

Normally tempering is carried out with a hold temper-
ature near the middle of the melting range. Such
tempering of TG fractions of milk fat allows considerable
recrystallization to take place which results in a dip at
the hold temperature in the resultant heating thermogram.
In the tempering process used in this work the very small
amount of solid present at temperature T precludes the

possibility of significant recrystallization occurring.
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The thermograms obtained were corrected for
temperature calibration, thermal-lag and heat-capacity
effects using a computer programmes. The programme
(Fortran 1I, for the I.B.M. 1620 with plotter) was
developed by Sherbon (1971) and is based on the work of

Heuvel and Lind (1970).
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Section 2.3. Fractionation of triacylglvcerols of milk fat.

2.3.1. Chromatography on columnns of silicic acid.

(a) Preparation of adsorbent

1,000 m1 5 M lC1l was added to 100 g silicic acid
(100 mesh, Mallinckrodt) and the resultant slurry stirred
for 00 min. After allowing the silicic acid to settle
for 30 min the supernatant was decanted. The silicic acid
was then mixed with § vols. of distilled water and, after
allowing the slurry to settle for 30 min, the supernatant
was decanted. This washing process was repeated three or
four times in order to remove a large proportion of fine
particles of silicic acid. The silicic acid was placed
in sintered glass filter funnels and washed with distilled
water until washings were neutral after which it was dried
overnight at 100°C. Removal of fine particles of silicic
acid increased the flow rate of eluting solvent through the

columno.

(b) Column preparation and elution

45 g of treated silicic acid was activated at 1100C
overnight and then slurried with hexaneo. The slurry was
placed under vacuhm to remove air bubbles and then
transferred slowly to a glass column (40 cm x 1.8 cm i.d.,

Quickfit and Quartz Ltd., England). The silicic acid

produced a column 33-35 cm in height.

5 ml hexane containing 650 mg milk fat was placed on
the column. The lipids were eluted using hexane, in

which the proportion of diethyl ether was linearly increased
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from 0 to $% over 1,500 ml. The gradual increase in the
polarity of the eluting solvent caused milk TG's to be
eluted in order of decreasing mol. wt. i.e. increasing
polarity, A micro metering pump (F.A. Hughes and Co.,
England) was employed to pump eluting solvent through the
column at a rate of 90~100 ml/h. It was necessary to
wash the column tip at intervals with small amounts of
hexane to stop eluted TG's coating the outside of the
column tip. 90 fractions, each containing 15 ml of
cluant, were collected, HZO was rigidly excluded from

apparatus and solvents in order to obtain satisfactory

and reproducible fractionations of milk TG's.

(¢) Analysis of eluant

Selected eluant fractions were evaporated to dryness
using a stream of nitrogen and redissolved in 2 ml hexane.
510 1 of each solution was then applied, as a 1 cm band,
to silica gel G thin-layer plates. A sample of milk fat
was used as a marker, The thin-layers were developed in
hexane : diethyl ether (4:1, v/v) and sprayed with either
dichlorofluoﬂ%cein or sulphuric acid spray reagents. RF
values of eluant fractions were measured, Under these
chromatographic conditions RF values of standard TG's were
shown to be proportional to their mol. wt; high mol. wt,
TG's having greater R_. values than low mol. wt. TG's. The

F
measured RF values of eluant fractions were used to select
eluant fractions for combination into three TG fractions
of differing mol. wt. (designated high, medium and low mol.

wt.). After bulking the eluant fractions, each mol. wt.

fraction was evaporated to dryness, weighed, redissolved in
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20-30 ml hexane and stored at -10°C in glass-stoppered

flasks.

The following amounts of TG fractions of differing
mol. wt. were prepared from milk fat using a column of
silicic acid:

milk fat placed on column 040 mg

TG fraction of high mol. wt. 275 mg
(eluant fractions 38-50)

TG fraction of medium mol. wto 95 mg

(eluant fractions 51-55)

TG fraction of low mol. wto 230 mg

(eluant fractions (56-82)

Recovered TG's 600 mg

A thin-layer chromatogram of TG fractions of high,
medium and low mol. wt. is shown in Figure 1. It is
evident that the three TG fractions gave distinctly

different RF values in hexane: diethyl ether (4:1, v/v).

FA compositions of milk fat samples and TG fractions
of high, medium and low mol. wt. were determined. In
addition the March samples of milk fat and its TG fractions
of differing mol. wt. were subjected to analysis of intact

TG's by G.L.C. and to thermal analysiso

2:3.2. Chromatography on thin-layers of silica gel G

impreenated with silver nitrate.

(The method of Breckenridge and Kuksis, 1908a).

TG fractions, which were prepared from milk fat by

silicic acid column chromatography, were separated into TG



high medium low milk fat

Figur[*e 1. Thin-1layer chromatogram of
the March sample of milk fat and its triacyl-
glycerol fractions of high, medium and low
molecular weight. Thin-layer plate developed
in hexane : diethyl ether (4:1, v/v).

57.



classes of differing levels of Qnsaturation by preparative
silver ion-T,L.C. Thin~layers impregnated with Agj{'NO3 were
prepared and activated as described previously (section
N e ' 6;8 mg of a TG fraction was dissolved in 0.2 ml
of CHClL, and applied to a silica gel G thin-layer plate

3

impregnated with AgNO A standard mixture of TG's

3°
consisting of tripalmitoyl-glycecrol; rac~i-palmitoyl-2-
oleoyl—3-stearoyl-sn—~glycerol; and trioleoyl-glycerol was
used as a marker. After developing the plate in ethanol
free - 011013 : CH3OH (100 : 0.6, v/v) the TG bands were
visualized by spraying with the dichlorofluorscein reagent
and viewing under ultraviolet light. In general TG samples
were separated into seven TG bands which were tentatively
identified by reference to the mixture of standard TG's.
Each TG band was scraped into a 50 ml centrifuge tube and
extracted three times with 20 ml aliquots of diethyl ether:
CH3OH : H20 (95:5:1, v/v/v). The combined extracts of

each band were evaporated to dryness under vacuunm,
redissolved in 30 ml hexane and washed three times with

2 ml portions of H20 to remove traces of dichlorofluoﬁ%cein
and silver ions. Each hexane extract was then evaporated
to dryness, and the TG's were redissolved in 5-10 ml hexane

and stored at —IOOC in tubes fitted with teflon-lined screw

capss

The FA composition of each TG band was determined
using a measured aliquot of each hexane extract. Prior to
transesterification 100n 1 of a standard solution of methyl
heptadecanoate was added as an internal standard. This

enabled the moles of FA's present in each TG band to be
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determined by the following formula:

h. b, F
i i ow.
Z 1
moles of FA's _ moles of < M,
in TG band internal standard BllE P
s s w
s
M
s
where: h = peak height.
b = peak width at bases
Fw = experimentally determined weight

response factors
M = molecular weight of methyl ester.

s = internal standard.

The relative proportioans of the respective TG bands

were calculated from the moles of FA's present in each band.

From the FA compositions of each TG band the average
number of double bonds per TG molecule was calculated. On
the basis of this information and the initial tentative
identification it was deﬁermined that the seven TG bands

(in decreasing order of R. values) contained saturated TG's,

F
monoene TG's, monoene TG's, diene TG's, diene TG's, triene
TG's and triene TG's. T.L.C. analysis of the methyl esters
prepared from the constituent TG's of each band showed that,
of the two bands containing monoene TG's, the one with the
higher RF value contained only trans-unsaturated FA's while
the one with the lower RF value contained only cis-—
unsaturated FA's. For ease of presentation FA compositions

for diene TG's and for triene TG's were pooled. Consequently

data obtained from FA analyses of the above TG bands are



presented in the chapter on Results (Section 3.3.) as
saturated TG's, trans-monoene TG's; cis-monocne TG's,

diene TG's and triene TG's.

60,
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Section 2.4. Stereospecific analysis of triacylglycerols

of milk fat.

2.4.1. General outline of method.

Stereospecific analyses of TG fractions of milk fat
were carried out using the procedure of Brockerhoff (1965)
as modified by Christie and Moore (1969). The procedure
for the analysis is given in Figure 2. TG fractions of
high, mediwn and low mol. wt., which were prepared from
milk fat, were degraded to yield DG's, MG's and FA's either
by deacylation with a Grignard rcagent or by digestion with
pancreatic lipase (EC 3.1.1.3). The mixture of 1,2~diacyl-
sn-glycerols and 2,3--diacyl-sn-glycerols /T1,2(2,3)-DG's/
were isolated from the reaction products and converted to
a mixture of 1,2-diacyl-sn-glycerol 3-phosphoryl phenols
and 2,3~diacyl-~sn-glycerol 1-phosphoryl phenols
[1,2(2,3)—PL'§7, which were then digested with phospholipase
A2 (EC 3:1.1.4) from snake venom. Phospholipase A2
hydrolysed only the 1,2~diacyl-sn=glycerol 3-phosphoryl
phenols (1,2-PL's) to give the l1-acyl-sn-glycerol
3-phosphoryl phenols (1-PL's). Thus the FA composition
of the 1-PL's reéresented that of position 1 in the original
TG's. The FA composition of position 2 was determined
from the 2-MG's formed during pancreatic lipase hydrolysiso
The FA composition of position 3 was determined using the

two calculations below:

position 3 2x(2,3=-PL's)=(2=-MG's)

position 3 3x(TG's)=(1-PL's)=(2=-MG's)



1 1 1
2 —_— 2 4 FA's SRS MG's 4 FA's
Grignard Grignard
3 reagent 3 reagent
" TG's 1,2(2,3)-DG's 1,3-DG's b
1 1
2 e 2 BAllE == 2 + FA's
pancreatic pancreatic
3 lipase lipase
TG's 1,2(2,3)-DG's 2-MG's
1 1 r— PPh 1 PPh
2 + 2 _ 2 + 2 —_ 2 + + 2
| 3dicg?ggzl;os hat i ’ phospholipase A2 el :
1,2(2,3)=-DG!'s P phate 1,2(2,3)-PL's 1-PL's 2,3=-PL's

1,2,3 = Fatty acids in these positions. (positions relative to sn-glycerol 3-phosphate).

PPh = Phosphoryl phenol.

Figure 2. The procedure for the stereospecific analysis of triacylglycerols.

ozg
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The conversion of 1,2(2,3)~bG's to 1,2(2,3)-PL's and
the subsequent hydrolysis with phospholipase A2 are
essentially quantitative reactions but the 1,2(2,3)-DG's
are formed only as intermediates in the initial deacylation
recactions. Conscyuently the stercospecific analysis is
only valid if the 1,2(2,3)-DG's formed are representative
of the FA's of the original TG's. It is therefore
ncecessary to determine experimentally the FA composition
of each 1,2(2,3)-DG preparation and to compareit with the
FA composition calculated for representative 1,2(2,3)-DG's
by the formula below (the calculatio.n of Yurkowski and

Brockerhoff, 19060):

_ 3x(IG's) + (2-MG's)
calc 4

1,2(2,3)=-DG's

This theoretical calculation assumes that the 2-MG's
formed during pancreatic lipase hydrolysis are representat-

ive of the FA's at position 2 in the original TG's.

In a similar manneir the FA composition of 1,3-DG's,
formed during the deacylation of the original TG's with a
Grignard reagent, can be compared with the FA composition

calculated for representative 1,3-DG's.

_ 3x(TG's) - (2-MG's)

— 1
1,3-DG's calc 2

2.4.2, Hydrolysis of triacylglycerols by pancreatic lipase.

(Adapted from the method of Luddy et al. 1964).

Prior to use the crude preparation of pancreatic lipase
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was extracted with diethyl ether according to the procedure
of Sampugna et al. (1964). The extracted preparation was

dried and stored at SOC.

TG fractions, which were prepared from milk fat by
silicic acid column chromatography, were digested with
pancreatic lipase in a room regulated at 35—370C. A
suspension consisting of 1 ml 0.5 M tris buffer (pH 8.0),

@rl mill 2 M iGach 0.2 ml 0.2% (w/v) sodium cholate, and

22
15 mg pancreatic lipase, was prepared and added to a 10 ml
tube containing 60 mg TG's dissolved in 0.1 ml hexane.

The tube was promptly capped and shaken for 75 s at

maximum speed in a flask shakers At the end of the
reaction time 1.5 ml C2H50H was added to stop the digestion.
The reaction mixturc was adjusted to pH 4 with 1 M HCl and
extracted three times with 20 ml aliquots of diethyl ethers
The diethyl ether extract was washed with 2 ml portions of
distilled water until the washings were neutral and then
evaporated to dryness under vacuum,. After dissolving the

residue in a small quantity of CHCl, the liberated DG's

3
and MG's were isolated by preparative T.L.C. The CHCl

3
solution was applied to two silica gel G thin-layer plates
impregnated with boric acid which were developed in

hexane : diethyl‘ether (1:1, v/v). Lipid bands were
visualized by spraying with the dichlorofluorgcein reagent
and viewing under ultraviolet light and identified by
reference to marker standards run at the sides of the
plates. After extraction from the thin-layers and

. e o . .
removal of traces of dichlorofluonscein and boric acid as

described previously (Section 2.3.2) the 2-MG's and 20%



of the 1,2(2,3)-DG's were subjected to FA analysis. The
remaining 1,2(2,3)-DG's were subsequently used for stereo-

specific analysis.

When TG's were digested with pancreatic lipase under
the above experimental conditions 18-25% of ester bonds
were hydrolysed. Short reaction times were employed to

minimize acyl migration.

In order to dectermine the effect of the addition of
hexane to the reaction mixture on the hydrolysis of TG's by
pancreatic lipase two 00 mg samples of the TG fraction of
low mol. wt. prepared from the March sample of milk fat
were subjected to hydrolysis by pancreatic lipase. One
sample was digested as oullined above while the other
sample was digested under the same conditions except that
no hexane was adaded. 1,2(2,3)-DG's and 2-MG's were
isolated from the reaction products of each digestion and
subjected to FA analysis. Results obtained are shown in
Table 5. The FA compositions of the respective
1,2(2,3)-DG's and 2-MG's were similar indicating that the
addition of hexane to the reaction mixture did not sign-
ificantly affect the specificity of pancreatic lipase under
the above experimental conditions., A second experiment
gave similar results. On the basis of these findings it
was decided to add hexane to the reaction mixture of
subsequent digestions (i.e. follow the experimental
described above) because hexane should ensure a homogenous
dispersion of TG's in the reaction mixture and would
eliminate any possibility of TG's existing in crystalline

form,
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Table 5. Effect of the addition of hexane (0.1 ml)
to the reaction mixture (1.3 ml) on the hydrolysis of

the low molecular weight triacylglycerol fraction of

the March milk fat sample by pancreatic lipases

Fatty acid composition (mole %) of reaction

products isolated following pancreatic lipase

hydrolysis.
llexane added No hexane added
FA 1,2(2,3)-LG's 2-MG's 1,2(2,3)=DG's 2-MG's
4:0 20.9 - 21 /8 -
6:0 651 - 6.3 -
8:0 1.4 il . 7 1.7 1,8
10:0 3.5 8.1 8.y 8.3
0E - 0.6 0.3 0.3
12:0 | 8.8 401 8.4
14:0 13.9 23.7 13.2 23.5
14:1 0.9 2. 0.9 2.0
15:0 1.7 2.8 1.4 2.4
16:0 27.8 - EE- 5 26.1 32.7
16:1 1. 20 2 1.8 2.1
18:0 6.0 3.9 5.8 4.2
18:1 12.1 12.3 12.8 13,0
18:2 0.5 0.6 - 0.8

100.0 100.1 99.9 100.1
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2.4.3. Deacylation of triacylglycerols by a Grignard

reagent.

(a) Triacylglycerol fractions of high molecular weight

Initially a solution of CZH MgBr was prepared. 0.4 ml

5
CZHSBP was added to a 25 ml glass-stoppered flask con-

taining 180 mg Mg turnings, 5 ml dry diethyl ether, and a
small 12
promptly attached to the flask., Approximately 30 s after

crystal. A condenser and drying tube were

the addition of CZHSBr the iodine colour disappeared and

a spontaneous reaction occurred which resulted in the

formation of a 1 M solution of CZH MgBr.

5
60 mg of a ﬁigh mol. wt. fraction of milk TG's

dissolved in 3 ml dry diethyl ether was shaken rapidly
with a flask shaker, 0.5 ml of the freshly prepared
CZHSMgBr solution was added to the shaking flask. The
deacylation of TG's was stopped after 40 s by the addition
of 0.00 ml glacial acetic acid followed by 2 ml H20° The
reaction mixture was exlracted three times with 20 ml
portions of diethyl ether. The diethyl ether extract was

washed successively with 3 ml H,0, 3 ml 2% NaHCO and

3,

3 ml H,0 and then evaporated to dryness under vacuum.

2
After dissolving the residue in a small quantity of CHCl3
the 1,2(2,3)-DG's and 1,3-DG's were isolated by preparative
T.L.C. The CHCl3 solution was applied to two silica gel G
thin-layer plates impregnated with boric acid which were
developed in hexane : diethyl ether (1:1, v/v). After

visualization with the dichlorofluoq@cein spray reagent

DG bands were identified by reference to 1,3-dipalmitoyl-
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glycerol and rac—1,2-dipalmitoyl-sn-glycerol run as
markers, Under these conditions the 1,3-DG band

(RF 0.3) ran slightly ahead of the 1,2(2,3)-DG band

(RF 0.25). After extraction from the thin-layers and
removal of traces of dichlorofluorscein and boric acid as
described previously (Section 2.3.%) the 1,3-DG's and

20% of the 1,2(2,3)-DG's were subjected to FA analysis.
The remaining 1,2(2,3)=DG's were subsequently usecd for

stereospecific analysis.

Results of FA analyses which are presented in the
chapter on Results (Section 3.2.3.) show that for each
high mol. wt. fraction of milk TG's the FA composition of
1,2(2,3)-DG's isolated from the reaction products of the
deacylation reaction closely resembled the FA composition
calculated for rcpresentative 1,2(2,3)-DG's. This
indicates that the deacylation of high mol. wt. fractions

of milk fat by C,H MgBr produced 1,2(2,3)-DG's which were

5

representative, within experimental errors, of the FA's

present in the original TG's.

(b) Triacylglycerol fractions of low molecular weight

The TG fraction of low mol. wt., prepared from the
March sample of milk fat, was deacylated with C2H5MgBr
and the reaction products were separated by T.L.C. using
the procedure outlined above. Two DG bands were obtained.
Reference to pure DG standards run as markers showed that
the faster-running DG band corresponded to the RF's of
1,3-DG's containing one short-chain and one long-chain FA

and 1,2(2,3)-DG's containing two long-chain FA's while

the slower-running DG band corresponded to the RF of
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1,2(2,3)=-DG's containing one short-chain and one long-
chain FA. Consequently the 1,2(2,3)=DG's formed by the
deacylation reaction were not separated from the 1,3-DG's

by these chromatographic conditions,

In an attempt to overcome this problem of separation
continuous development of thin-layers was carried out
according to the procedurc of Bennett and lleftman (1903),
An aliquot of the products of the above deacylation reaction
was applied to a silica gel G thin-layer plate impregnated
with boric acid., A trough of aluminium foil was attached
to the top of the plate and filled with silica gel G. The
plate was then developed at 20°C for 3% h in benzene : dry
diethyl ether (94:06, v/v). Under these conditions three DG
bands, which overlapped slightly, were obtained, By
reference to pure DG standards run as markers the bands

were identified in decreasing order of R

P values asj

1,2(2,3)=DG's containing two long-chain FA's, 1,3-DG's
containing one short chain and one long-chain FA, and
1,2(2,3)-DG's containing one short-chain and one long-
chain FA. The three DG bands were recovered as described
previously (Section 2.3.2.), the two 1,2(2,3)-DG bands
pooled, and the FA compositions of the 1,2(2,3)-DG's and
1,3-DG's determined. The results are given in Table 6
together with FA compositions of 1,2(2,3)-DG and 2-MG
products of pancreatic lipase hydrolysis (see Table 5) and
FA compositions calculated for representative 1,2(2,3)-DG's
and 1,3-DG's. A comparison of the FA compositions of the
respective 1,2(2,3)=-DG's showed éhat the 1,2(2,3)-DG's

isolated from the Grignard reaction contained lower
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Table 6. Fatty acid compositions of the reaction
products isolated after the deacylation of the low
molecular weight triacylglycerol fraction of the March

milk fat sample by two different methods.

Fatty acid composition (mole %)

FA TG's 2-MG's 1,3-DG's 1,2(2,3)=-DG's
Orig. Expoa Calc. Expob Calc. }3>cpu"Jl Exp.,b
4:0 23.5 - 3S5ad B8.1 17.0 20,9 2047
6:0 0.7 - 10.1 0.8 5.0 6.1 5.7
8:0 2.0 1.7 Bhoi2 3.3 1159 1.4 0.8
10:0 2.9 8.1 0.3 6.2 4.2 3.5 1.6
10:1 0.4 0.6 0.3 0.5 0.5 - -
N2 29 3.6 8.8 1.0 5.6 4.9 4.1 2.9
14:0 10,3 23.7 3.0 9.3 13.8 13.9 12.9
14:1 1.0 2.1 0.5 0.7 1,08 0.9 1.0
15:0 1.4 2.8 0.7 1.5 1.8 1.7 1.0
16:0 24.0 33.3 19.3 19.4 206.2 27 .8 28.4
16:1 L. 7 ) 1.5 0.8 1.8 1.4 1:%
17:0 0.6 - 0.9 - 0.5 - -
18:0 7.4 3.9 9.2 7.1 6.5 6.0 72
18:1 18.5 12.3 14.1 10.3 33 .2 1241 15.1
18:2 0.6 0.6 0.6 0.5 0.6 0.5 0.6
18:3 0.5 - 0.8 - 0.4 - -
100.1 100.1 100.3 100.1 100.2 100.0 100.1

dreaction products isolated after hydrolysis of the

triacylglycerol sample by pancreatic lipase.

breaction productsisolated after deacylation of the

triacylglycerol sample by a Grignard reagent.
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proportions of 10:0 and 12:0 than either the 1,2(2,3)-DG's
formed by pancreatic lipase hydrolysis or the calculated
1,2(2,3)=DG!'s» On thc other hand the FA composition of
1,3~DG's isolaled from the Grignard reaction deviated from
that calculated for representative 1,3-LG's in that it
contained lesser proportions of 4:0, 6:0 and 18:1 and
greater proportions of 10:0, 12:0 and 14:0. It is clear
from the above results that, although representative
1,2(2,3)-DG's may be produced by the Grignard deacylation,
the 1,3-DG band was not quantitatively separated from the
1,2(2,3)=-DG bands under the above chromatographic condit-
ions. Consequently it was decided to prepare the
1,2(2,3)=-DG's for the sterecospecific analyses of TG
fractions of low and medium mol. wt. by pancreatic lipase
hydrolysis even though the results in Table 6 showed that
the FA composition of 1,2(2,3)-IG's prepared in this
manner from the low mol. wt. TG fraction of the March milk
fat sample deviated slightly from that calculated for

representative 1,2(2,3)~DG's.

2.4.4. Preparation of phospholipids

6-8 mg of 1,2(2,3)-DG's dissolved in 0.5 ml ethanol-
free CHCl3 were added slowly at 0°C to a 5 ml round-

bottomed flask containing 0.5 ml ethanol-free CHCL 0.5 ml

3’
pyridine and 0.1 ml phenyldichlorophosphate. The reaction
mixture was stood at room temperature (about ZOOC) in a
stoppered flask for 2 h during which time the flask was

occasionally swirled. At the end of the reaction time

the flask was placed in ice and 2 ml pyridine followed by



72-

0.5 mlL H,O0 were added dropwise. 15 ml CH,0H, 12.5 ml

2 3
HZO’ 15 ml CHC].3 and 0.5 ml triethylamine were then
added. The mixture was shaken and the chloroform layer

recovered and evaporated to dryness, under vacuum, below
350C. Analysis of the reaction products by T.L.C. showed
that 1,2(2,3)=PL's had been formed in good yield and only

traces of unrcacted 1,2(2,3)-DG's were present.

2:4.5: Hydrolysis of phospholipids by phospholipase Az o

1 ml diethyl ether, 0.1 ml 0.2 M CaClz, 10 m1L 0.1 M
triethylammonium bicarbonate (prepared by bubbling CO2
through 0.1 M triethylamine until a pH of 7.0 was obtained)

and 1 mg snake venom (Ophiophagus hannah) were added to a

20 ml glass-stoppered conical flask containing the
1,2(2,3)-PL's. After the reaction mixture had been
gently stirred overnight 10 ml isdoutanol was added and the
mixture evaporated to dryness, under vacuum, below 350C,
with the aid of small volumes of absolute ethanol:

benzene (1:1, v/v). The residue was dissolved in a small

quantity of CHC1 :CHBOH (2:1, v/v), a drop of acetic acid

3
added, and the reaction products were isolated by preparat-
ive T.L.C. The solution was applied to a silica gel G
thin-layer plate impregnated with boric acid which was
developed in hexane:diethyl ether (1:1, v/Vv). After
visualization with dichlorofluongcein spray reagent the

FA band was extracted as described previously (Section

2.3.2.). The band at the origin, which contained a

mixture of 1-PL's and 2,3-PL's was extracted four times,
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twice with 30 ml portions of CHCLl,:CH OH:H20 (20:10:1,

3 3

v/v/v) and twice with 30 ml portions of CHCl,:CH,Oll:H,0

3 3 2
(15:15:1, v/v/v). After evaporation to dryness under
vacuum the mixture of 1-PL's and 2,3-PL's was redissolved
in a small quantity of CHClz:CH3OH (2:1 v/v) and reapplied
to a silica gel G thin-layer plate, which was developed in
CHC13:CH30H:14 M NH, (80:20:2, v/v/v). The phospholipid
bands were identified by spraying the outside inch on both
sides of the thin-layer with the phosphate ester spray.
Under the above chromatographic conditions bands containing

1-PL's and 2,3-PL's had R, values of 0.1 and 0.5 respective-

F
ly. After detection the 1-PL's and 2,3-PL's were recovered
as described above for the origin band and their respective
FA compositions were determineds. The FA's of the recovered
FA band were converted to methyl esters, by refluxing with
methanol containing 14% (w/v) boron trifluoride for 2-=3

min, and analysed by G.L.C. The resultant I'A composition
was not strictly representative of FA's at position 2 in

the original TG's because short-chain FA's were lost during
the extraction procedure. However the analysis was useful

for comparison with the FA composition of 2-MG's formed

during pancrecatic lipase hydrolysis.
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Chapter 3.

RESULTS

Section 3.1. Selection and fractionation of samples of

milk fat.

3.1.1. Selection of samples of milk fat for detailed

study of triacylglycerol structure.

As discussed in the introduction (Section 1.2.3.)
there occur marked and regular seasonal fluctuations in
the constituent FA's of New Zealand milk fat. It was
considered that the effect of this seasonal variation of
the FA's on the structure of TG's of milk fat could be

best studied by:

(i) selecting samples of milk fat which exhibited

large differences in their respective FA compositions,

(ii) selecting samples of milk fat with similar FA
compositions which were produced at different stages of

the dairying season.

Accordingly the FA compositions of the milk fat
samples collected from the Massey University No. 2 herd
were determined. With the availability of this data
three samples were selected for detailed study of TG
structure. The two milk fat samples which showed the
greatest difference in their respective FA compositions

were selected, cne from the month of September (spring)



Table 7. Fatty acid compositions of the three
samples of milk fat selected for detailed analysis of

triacylglycerol structure.

Fatty acid composition (mole %)

FA September January March

(4-9-69) (14-1-70) (12-3-70)
4:0 12.0 9.7 10,0
6:0 4.5 4.5 4.6
8:0 2.3 2.2 2518
10:0 4.2 4.2 4.2
10:1 0.3 0.4 0.3
1230 4.0 4.1 3.9
14:0 10.9 11.5 10.9
14 g 0.8 1.2 1.1
15150 1.4 1.7 1.6
16:0 22.1 27.6 26.4
1630 ‘ 1.4 ' 2531 1.9
17:0 0.6 0.8 0.9
18:0 13.1 | 10.1 11.5
1850 21.5 17.8 18.4
18:2 Or7 1.4 il
1838 0.3 0.8 0.8
20:2 0.2 - -

100.3 100.1 99.9
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and the other from the month of January (summer). In
addition a third milk fat sample from the month of_March
was selected because it had a FA composition similar to

that of the selected January sample.

The FA compositions of the three milk fat samples
selected are given in Table 7. The results presented
are the means of duplicate determinations. In addition
the proportions of the quantitatively more important FA's
in the samples are compared in graphical form in Figure
3 and a gas-liquid chromatogram of the FA methyl esters
of the September sample is presented in Figure 4. It can
be seen that the FA compositions of the January and March
samples resembled each other closely with values for
corresponding FA's (as moles %) varying only slightly. On
the other hand, the FA composition of the September sample
differed considerably from those of the January and March
samples in that it contained higher proportions of 4:0,

18:0 and 18:1 and a lower proportion of 16:0.

3.1.2. Fractionation of fhe three selected samples of

milk fat.

The selected samples of milk fat were separated into
TG fractions of high, medium and low mol. wt. (fractions
A, B and C) by chromatography on silicic acid columns and
these TG fractions were further resolved into TG classes
of differing levels of unsaturation by silver ion-T.L.C.

(Figure 5).
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Figure 5. Triacylglycerol fractions and classes

obtained from milk fat.

milk fat

column chromatography

on silicic acid

high mol. wto
fraction

(fraction A)

silver ion-
T.L.C.

saturated TG's
trans-monoene TG's
cis-monoene TG's
diene TG's

triene TG's

medium mol. wto
fraction

(fraction B)

silver ion-
T.L.C.

saturated TG's
trans-monoene TG's
cis-monoene TG's
diene TG's

triene TG's

low mol. wt.
fraction

(fraction C)

silver ion-
T.L.C.

saturated TG's
trans-monoene TG's
cis-monoene TG's
diene TG's

triene TG's

(a) Proportions of the triacylglycerol fractions of high,

medium and low molecular weigbt

The proportions of the corresponding TG fractions

prepared from the three samples of milk fat by silicic acid

column chromatography (Table 8) were similar in that the

TG fractions of hLigh mol. wt. (fraction A's) comprised

between 39.1 and 41.4% of the samples, the TG fractions

of medium mol. wte.

(fraction B's) comprised between 16.0
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and 18.1%, and the TG fractions of low mol. wt. (fraction

C's) comprised between 42.4 and 43.2%.

Table 8. Proportions of the triacylglycerol fractions
of high, medium and low molecular weight (fractions A, B
and C) obtained from each of the three samples of milk fat

by silicic acid column chromatography.

Proportions ( Mole % )2

Triacylglycerol September January March
fraction

Fraction A 40.1 39.1 41.4
Fraction B 16,6 18.1 16.0
Fraction C 43.2 42.8 42.4

aTriacylglycerol fractions were weighed and converted

to mole % using their respective fatty acid compositions.

(b) Proportions of the triacylglycerol classes of differing

levels of unsaturation

The proportions of TG classes of differing degrees of
unsaturation, which were prepared from the TG fractions of
high, medium and low mol. wt. by silver ion-T.L.C. are
presented in Table 9. The data show that the saturated
IG's, cis-monoene TG's and diene TG's were the more
abundant component TG classes in fraction A while trans-
monoene TG's and triene TG's were relatively minor

constituent TG classes. In fraction B the saturated TG's,
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Table 9. Proportions of the triacylglycerol classes of
differing levels of unsaturation prepared from the triacyl-
glycerol fractions of high, medium and low molecular weight

(fractions A, B and C) by silver ion-T.L.C.

Proportions (mole %)2

Triacylglycerol September January March
class 2 F® g M 2F2 2M° 2F® M
Fraction A

Saturated TG's 2845 1.4 33.9 13.2 81.7 131
Trans-monoene TG's 11.2 4.5 10.0 3.9 8.2 Bletd
Cis-monoene TG's 28.4 11.4 31.3 12.2 32.8 13.6
Diene TG's 21.5 8.6 17.5 6.8 17.5 702
Triene TG's 10.5 4.2 7.6 3.0 9.9 4.1

Fraction B

Saturated TG's 454 7.6 50.4 9.1 49.1 7.8
Trans-monoene TG's 10.1 1.V 7 o1 1.3 6.2 1.0
Cis-monoene TG's 272 4.5 2315 2 4.2 20.7 48
Diene TG's 10.0 1%e17. 11.3 2.0 10.1 1.6
Triene TG's 6.8 1.1 8.2 1.5 8.0 1.3

Fraction C

Saturated TG's 46.5 20.1 54.3 23.2 53.4 22.6
Trans-monoene TG's 9.4 4.0 7 JO 3.2 5.8 2014
Cis-monoene TG's 28.2 12.1 25.3 10.8 26,5 11.2
Diene TG's 9.9 4.3 8.4 3.6 8.9 3.8
Triene TG's 6.3 2.7 4.6 2.0 5.6l . 2w

percentage in triacylglycerol fraction.

percentage in milk fat.
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which comprise between 45.4 and 50.4% of the TG's present
in these fractions, were the principal TG class. Cis-
monoene TG's were present in appreciable amounts but
trans-monoene TG's, diene TG's and triene TG's were of
minor quantitative importance. In fraction C the
saturated TG's were again the principal constituent TG
class, comprising between 46.5 and 54.3% of the TG's.

Cis~-monoene TG's were of considerable quantitative

importance but trans-monoene TG's, diene TG's and triene

TG's were minor component TG classes.

The proportions of corresponding TG classes in the
January and March samples of milk fat samples were
comparable.. In.contrast each TG fraction of the
September milk fat sample contained a lesser contribution
by saturated TG's and a greater contribution by unsaturatea
TG's than the corresponding TG fractions of the January
and March milk fat samples. In each sample of milk fat
the contribution by saturated TG's increased in going from
fraction A to fraction C and the converse applied for
unsaturated TG's. As a result of this trend saturated
TG's of low mol. wt. accounted for more than 50% of the

total saturated TG's present in each sample of milk fat.

(c) Purity of the triacylglycerol classes of differing

levels of unsaturation

In order to obtain an estimate of the purity of the
TG classes separated by silver ion-T.L.C. the average
number of double bonds per TG molecule was calculated

from their FA compositions (Table 10). No unsaturated FA's
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Table 10. Degree of unsaturation of the triacylglycerol
classes prepared from the triacylglycerol fractions of high,
medium and low molecular weight (fractions A, B and C) by

silver ion-T.L.C.

Average number of double bonds per
triacylglycerol molecule.

Triacylglycerol September January March
class -

Fraction A

Saturated TG's 0.0 0.0 0.0
Trans-monoene TG's 0.95 0.93 0.91
Cis-monoene TG's 1.05 1.02 1.03
Diene TG's 1.91 1.90 2.09
Triene TG's 2.87 2.82 3.05

Fraction B

Saturated TG's 0.0 0.0 0.0

Trans-monoene TG's 0.90 0.85 0.85
Cis-monoene TG's 1.07 0.98 1.03
Diene TG's 1.75 1572 1.80
Triene TG's 2,76 2,02 2.72

Fraction C

Saturated TG's . 0.0 0.0 0.0

Trans-monoene TG's 0.94 0.94 0.88
Cis-monoene TG's 1.03 0.97 1.04
Diene TG's 1.87 W7 1.80
Triene TG's 2,60 2,68 2.95

calculated from the respective fatty acid

compositionss.
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were detected in any of the satﬁrated TG's. In all cases
values for trans-monoene TG's were slightly less *than unity
suggesting that these IG classes were contaminated with
small amoﬁnts of saturated TG's. Values for cis-monoene
TG's were equal to unity, within experimental error,
indicating no contamination by diene TG's. T.L.C.
analysis of methyl esters prepared from the constituent
TG's of bands containing monoene TG's showed that trans-
monoene TG's contained no detectable amounts of oleic

acid and that no elaidic acid could be detected in the
cis-monoene TG's, thus ruling out partial overlapping of
the bands containing monoene TG's. With the exception of
fraction A of the March sample of milk fat, values for
diene TG's were less than two suggesting partial contamin-
ation of these TG classes by cis-monoene TG's. Again,
with the exception of fraction A of the March sample of
milk fat, values for triene TG's were less than three
which suggests partial contamination of triene TG's by

diene TG's. S
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Section 3.2. Composition of the triacylglycerol fractions

of high, medium and low molecular weight prepared from

each of the three samples of milk fat.

302.1. Triacylglycerol compositions of the triacylglycerol

fractions prepared from the March sample of milk fat.

The TG compositions of the March sample of milk fat
and the TG fractions of high, medium and low mol. wt.
(fractions A, B and C), which were prepared from the March
sample by silicic acid column chrématography, are given in
Table 11. In addition gas-liquid chromatograms of the
constituent TG's of these samples are presented in Figure
6 and the TG compositions of the TG fractions are shown in

graphical form in Figure 7.

Reference to Table 11 shows that the following
molecular types of TG's all contributed appreciable
amounts to the March sample of milk fat; C34 ( 5+'2% ), C36
(13.9%)5 Cqg (17.28), C,q (12.0%), Cy, (6.3%), C,, (4.9%),
C46 (5.3%), C48 (7.2%), C50 (9.6%), and C52 (7.7%). 1In
fraction A the more abundant molecular types of TG's; C44

(9.0%), C46 (11.7%), Cy8 (16.9%), Cso (23.0%) and Ceyp

(18.7%), comprised 79.3% of the TG's which make up this
TG fraction. The major molecular types of TG's in fraction

B; Cug (25.0%), Ch0 (33.3%) and C,., (20.9%) comprised .

42
79.2% of the TG's present. In fraction C the two

principal molecular types of TG's were C36 (31.3%) and
C,g (30.9%), while C,, (12.2%) and C,q (13.9%) were of

considerable quantitative importance.



86.

Table 11. Triacylglycerol compositions of the March
sample of milk fat and its triacylglycerol fractions of

high, medium and low molecular weight (fractions A, B and C).

Composition of molecular types of criacylglycerols

(mole %)

mg? Fraction A Fraction B Fraction C Milk fat

% FP % M°© % FP % M© % FP % M© Rec. Orig.
28 - - - - 0.4 0.2 0.2 0.2
30 - - - - 1.1 0.5 0.5 0.4
32 - - - - 3.3 1.4 1.4 1.3
34 - - - - 12.2 5.1 5.1 4.4
35 = = = - 1.0 0.4 0.4 0.5
36 - - 324 0=5 ©31.3 13.2 1307 122
37 o= = = - 2.5 1.1 1.1 0.9
38 - - 25.0 4.0 30.9 13.1 17.1 15.3
39 = = 1.9 0.3 1.2 0.5 0.8 0.8
40 1.8 0.7 33.3 5.4 13.9 5.9 20  §2.4
41 0.3 0.1 1.3 0.2 0.6 0.3 0.6 0.7
42 562 2.2 20.9 3.3 1.6 0.7 @552 6.9
43 0.7 0.3 1.0 0.2 - - 0.5 0.4
44 9.0 3.7 e g - - 4.9 5.6
45 1.1 0.5 0.5 0.1 - - 0.6 0.4
46 11.7 4.8 gyl Oms - - 5.3 5.6
47 U0 5 - - - - 0.7 0.6
48 16.9 7.0 1.3 0.2 - - 702 7.9
49 1.6 0.7 - - - - 0.7 0.8
50 23,0 9.5 0.6 0.1 - - 9.6 10.4
51 1.6 0.7 - - - - 0.7 0.9
52 18.7 7.7 - - - - 747 8.1
53 0.9 0.4 - - - - 0.4 0.5
54 5.7 204 - - - - 2.4 2.9

99.8 41.4 99.9 16.0 100.0 42.4 99.8 100.1

8carbon number of triacylglycerols
bpercentage in triacylglycerol fraction

cpercentage in milk fat
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milk fat 28
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high 46
42 54
medium -
42
46
0 e
38
low
34
250 300 350
temperature °C

Figure 0. Gas-liquid chromatograms of the
triacylglycerols of the March sample of milk fat and its
triacylglycerol fractions of high, medium and low

molecular weight.
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It is evident from the data presented in Table 11 and
Figure 7 that the March sample of milk fat was effectively
separated into three TG fractions on the basis of mol. wt.
were concentrated

The molecular types of TG's C g to C

4 54
almost exclusively in fraction A, the molecular types C28

to C36 were concentrated almost exclusively in fraction C
while fraction B contained the greatest proportions of the
molecular types C40 and C4zo The average mol. wt.
(calculated from TG compositions) of the total March sample
and fractions A, B and C prepared from it were respectively;
734, 814, 702 and 652. These values provided additional

evidence of the effectiveness of the fractionation proced-

uree.

30202, Fatty acid compositions of the triacylglycerol

fractions of high, medium and low molecular weight.

The FA compositions of the TG fractions of high,
medium and low mol. wt. (fractions A, B and C), which were
prepared from each of the three samples of milk fat by
silicic acid column chromatography, are given in Tables
12, 13 and 14, The results shown are the means of
duplicate determinations. A graphical representation

of the more abundant FA's in the three TG fractions of the

March sample of milk fat is presented in Figure 8.

An inspection of Tables 12, 13 and 14 shows that
for each sample of milk fat the FA composition reconstructed
from the proportions of FA's in the respective TG

fractions closely resembled the FA composition determined



Fatty acid compositions of the triacylglycerol fractions of high, medium, and low

molecular weight (fractions A, B and C) obtained from the sample of September milk fat by silicic

acid column chromatography.
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experimentally.

(a) The September sample of milk fat

Fraction A of the September sample contained no
4:0 and very little 6:0 while 14:0 (11.5%), 16:0 (23.2%),
18:0 (17.5%), and 18:1 (28.8%) together comprised 81.0%
of the component FA's (Table 12). 18:0 and 18:1 together
accounted for 34.6% of the FA's in the milk fat sample
and of this 18.5% (i.e. 53% of total 18:0 4+ 18:1) was
concentrated in fraction A. In fraction B 6:0 (11.2%),
14:0 (10.2%), 16:0 (21.7%), 18:0 (13.3%) and 18:1 (16.6%)
together accounted for 73.0% of the FA's present. 4:0
(24.9%), 14:0 (10.5%), 16:0 (20.2%), and 18:1 (15.9%)
comprised 71.5% of the FA constituents of fraction C. The
short-chain FA's; 4:0, 6:0 and 8:0, accounted for 33.1%
of the FA's present in this fraction. 90% of 4:0 present

in the September sample was concentrated in fraction C.

(b) The January sample of milk fat

In fraction A of the January sample 14:0 (13.0%),
16:0 (30.8%), 18:0 (14.5%) and 18:1 (23.5%) together
constituted 81.8% of the FA's present (Table 13). No
detectable amounts of 4:0 or 6:0 and only a small amount
of 8:0 were found in this TG fraction. More than 50%
of the 18:0 and 18:1 present in the January sample was
found in fraction A. 6:0 (9.6%), 14:0 (11.7%), 16:0
(27.8%) and 18:1 (13.4%) comprised 62.5% of the component
FA's of fraction B. In fraction C 4:0 (23.1%), 14:0
(10.4%), 16:0 (24.4%) and 18:1 (12.7%) accounted for

70.6% of the constituent FA's. Together the short-chain
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FA's; 4:0, 6:0, and 8:0, contributed 31.9% of FA's
present in this TG fraction. The 4:0 present in the
January sample was concentrated almost exclusively in

fraction C.

(c) The March sample of milk fat

In the March sample fraction A contained no 4:0 and
only small amounts of 6:0 and 8:0 while 14:0 (12.4%),
16:0 (29.2%), 18:0 (15.6%) and 18:1 (24.9%) comprised
82.1% of the component FA's (Table 14). Together 18:0
and 18:1 accounted for 29.9% of the FA's in the sample
of milk fat and of this 16.7% was concentrated in fraction
A. In fraction'B 6:0 (11.7%), 14:0 (11.6%), 16:0 (206.2%),
18:0 (9.8%) and 18:1 (15.1%) accounted for 74.4% of FA's
present. In fraction C 71.3% of the FA's consisted of
4:0 (23.5%), 14:0 (10.3%), 16:0 (24.0%) and 18:1 (13.5%).
Together the short-chain FA's; 4:0, 6:0 and 8:0 accounted
for 32.2% of the FA's present in this TG fraction. The
4:0 present in the sample of milk fat was again concentrated

almost exclusively in fraction C.

(d) Comparison of the September, January and March samples

of milk fat

From the above description it is evident that
corresponding TG fractions contained the same major FA's.
In the TG fractions of high mol. wt. (fraction A's) the
major constituent FA's were 14:0, 16:0, 18:0 and 18:1;. in
the TG fractions of medium mol. wt. (fraction B's) 6:0,
14:0, 16:0, 18:0 and 18:1 made large contributions to the

total FA's; and the major FA components in the TG



96-

fractions of low mol. wt. (fraction C's) were 4:0, 14:0,

16:0 and 18:1.

Tables 12, 13 and 14 show that the distribution of
FA's in the three TG fractions of differing mol. wt. was
similar for each of the three samples of milk fat. 4:0
occurred almost exclusively in fraction C's with the
exception of the September sample where it comprised 6%
of the total FA's in fraction B. Values of 6:0, 8:0
and 10:0 (mole %) were greatest in fraction B. 1In the
January and March samples the proportions of 14:0
decreased from fraction A to fraction C but in the
September sample the proportions of 14:0 in fractions B
and C were 10.2% and 10.5% respectively. In each of the
three samples proportions for 16:0 decreased from fraction
A to fraction C. 18:0 showed a similar but greater
decrease from fraction A to fraction C while the proport-
ions of 18:1 in each fraction A was considerably greater

than those in the respective fractions B and C.

As noted previously (Section 3.1.1.) the January and
March samﬁles of milk fat had similar FA compositions
which differed from the FA composition of the September
sample in that the September sample contained greater
proportions of 4:0, 18:0 and 18:1 and a lesser proportion
of 16:0 (Table 7). These similarities and differences
in FA compositions were, in general, reflected in the FA
compositions of the TG fractions of differing mol. wts.
prepared from each of the three samples of milk fat
(Tables 12, 13 and 14). Fraction A of the September

sample contained higher proportions of 18:0 and 18:1 and
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a lower proportion of 16:0 than the A fractions of the
January and March samples, fraction B of the September
sample hau higher proportions of 4:0 and 18:0 and a lower
proportion of 16:0 than the January and March B fractions,
and fraction C of the September sample contained higher
proportions of 4:0 and 18:1 and a lower proportion of 16:0
than the C fractions of the January and March samples.

In addition to the above differences in the proportions

of FA's between corresponding TG fractions most of the
other more abundant FA's in the B fractions varied

slightly between the respective fraction B's.

These findings suggest that, in the main, the entire
mol. wt. range of TG's present in milk fat is influenced
by changes in the FA composition of milk fat. Furthermore,
milk fat samples of similar FA composition contain TG
fractions of comparable mol. wt. which have similar FA

compositions.

Table 15 shows the average mol. wt. of the component
FA's of each sample of milk fat and each TG fraction.
Values of 256-257, 224-226, and 200-202 were obtained for
the A fractions, the B fractions and the C fractions
respectivelyo. Thus it is evident that the A fractions
contained TG's which possessed on average six carbons
more than TG's of the B fractions and 12 carbons more
than TG's of the C fractions. Despite the difference
between the FA compositions of the September sample and
its TG fractions, on the one hand, and the FA compositions -
of the January and March samples and their TG fractions,

on the other, it is clear that the three samples of milk
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fat and the corresponding TG fractions consisted of FA's

which had closely similar average mol. wts.

Table 15. The average molecular weight of the fatty
acid constituents of each sample of milk fat and each

triacylglycerol fraction.

Average molecular weighta

September January March
Milk fat 227 229 229
fraction A 256 257 257
fraction B 224 226 224
fraction C 202 200 202

dcalculated from the respective fatty acid

compositions.

302.3. Stereospecific analysis of the triacylglycerol

fractions of high, medium and low molecular weignt.

The TG fractions of high; medium and low mol. wte
(fractions A, B And C), which were prepared from each of
the three samples of milk fat by silicic acid column
chromatography, were subjected to stereospecific analysis.
The results obtained are shown in Tables 16 to 24.
Included in the Tables are the FA compositions of (i) the
original TG's, (ii) the 1,2(2,3)-DG's, 1,3-DG's and 2-MG's

isolated from the reaction products following deacylation
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of the TG samples, (iii) the 2,3—PL'S and 1-PL's isolated
from the reaction products after the digestion of -
1,2(2,3)—PL'$ with phospholipase A,, (iv) the 1,2(2,3)-DG's
and 1,3—DG'S determined by calculation, and (v) position

3 determined by two different calculations.

(a) Accuracy of the stereospecific analyses

For the results of the stereospecific analysis to be
quantitatively correct the 1,2(2,3)-IG's formed as inter-
mediates during the first step of the analysis must be
representative of the FA's present in the original TG's

(Section 2.4.1.).

Data presented in Tables 16, 17 and 18 show that for
each TG fraction of high mol. wt. (fraction A) the FA
composition of the 1,2(2,3)-DG's, prepared by deacylation
of TG's with a Grignard reagent, was similar to the FA
composition determined for the 1,2(2,3)-DG's by calculation.
This would suggest that 1,2(2,3)-DG's determined experiment-
ally were representative of the FA's present in the
original TG's. Furthermore, it was found that for each
fraction A the FA compositions of the 1,3-DG's obtained
experimentally deviated slightly from the FA composition
determined for the 1,3-DG's by calculations However the
differences between each set of FA compositions did not
indicate that the 1,3-DG's obtained experimentally were

partially contaminated with 1,2(2,3)-DG's.

Data obtained for TG fractions of medium and low mol.
wt. (fractions B and C) which is presented in Tables 19 to

24 showed that for each TG fraction the FA composition of

LIBRARY
MASSEY UNIVERSITY
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the 1,2(2,3)-DG's, prepared by digebtion of TG's with
pancreatic lipase, deviated to some extent from the FA
composition determined by calculation. In each case
the Proportibns of 4:0 and 6:0 obtained by calculation
were 10-20% lower. This would suggest that the
1,2(2,3)-DG's obtained experimentally were not strictly
representative of the constituent FA's of the original

TG's.

A further check of the accuracy of each stereo-
specific analysis may be obtained by comparing the two
FA compositions determined for position 3. Both FA
compositions were determined indirectly by calculation
and the nature of the calculations magnified the experiment-
al errors. Consequently some variation in the two sets
of data would be expected and in each stereospecific
analysis it was found that these two FA compositions
varied appreciably. However, the uncertainty introduced
into this aspect of the stereospecific analysis did not
prevent valid qualitative comparison between the distri-

bution of FA's in positioﬁs 1, 2 and 3 of TG's.

(b) The arrangement of fatty acids in positions 1, 2 and

3 of the triacylglycerols of high molecular weight

The similarities between the FA compositions of the
A fractions of the January and March samples (Section
3.2.2.) were reflected in the FA compositions of positions
1, 2 and 3 of their constituent TG's with corresponding
positions in each fraction having similar FA compositions

(Tables 17 and 18). Furthermore the differences in the
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Table 17. Stereospecific analysis of the triacylglycerol fraction of high molecular weight
(fraction A) obtained from the sample of January milk fat by silicic acid column chromatography.

Fatty acid composition (mole %)

la 2a 38
FA TG's 1,3-DG's 1,2(2,3)-DG's 2,3-PL's 1-PL's 2-MG's 3Ab 3B¢
Orig. Exp. Calc, Exp. Calc.,

8:0 0.6 0.4 0.9 0.8 0.5 0.7 - = 1.4 1.8
10:0 3.7 3.7 4.4 3.8 3.4 4.7 1.2 2.3 =1 7.6
12:0 403 393 307 407 4n6 505 108 506 504 505
14:0 13.0 1 0%l 8.3 16.5 15.4 16.9 7.0 2255 11.3 9.5
14:1 103 1802 105 103 % 2 lo() 006 loO 2] o 2} 203
15:0 1.9 1.6 2.0 2.0 a9 i) 1.1 153 1.9 2.9
16:0 30.8 20.4 23,8 35.9 34.3 28.9 38.6 44.9 12.9 8.9
16:1 2.4 1.6 2.8 1.7 2.2 1.7 032 1.6 1.8 4.4
17:0 1.6° 1.4 201 0.8 1.4 o 2 1.3 0.7 1.7 2.8
18:0 14.5. 18.9 18.6 18231 12.5 12.2 218 .0 6.4 18.0 14.1
18:1 23.5 29.7 29.0 19.7 20.5 23.8 285 11.3 36.3 35.7
18:2 1.6 1.8 1.8 0.8 1.5 1.0 0.6 1.3 0.7 2.9
18:3 0.9 - 1.1 - 0.8 = - 0.0 -0.6 2.1

100.1 100.1 100.6 100.1 100.2 100.0 99.9 99.9 1001 100.5
aposition relative to sn - glycerol 3- phosphate
b

2x(2,3-PL's) - (2-MG's)

€3x(T&'s) - (1-PL's) - (2-MG's)

*COT



Stereospecific analysis of the triacylglycerol fraction of high molecular weight

18 &
(fraction A) obtained from the sample of March milk fat by silicic acid column chromatography.

Table

Fatty acid composition (mole %)
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proportions of 16:0, 18:0 and 18:1 between fraction A

of the September sample, on the one hand, and the A
fractions of the January and March samples, on the other,
(Section 3.2.2.) were reflected in the differences in the
proportions of FA's which occupied positions 1 and 2 of
their constituent TG's (Tables 16, 17 and 18). For
example, in fraction A of each of the September, January
and March samples of milk fat the proportions of 18:1

in the constituent TG's were 28.8%, 23.5% and 24.9%
respectively; the proportions of 18:1 esterified at
position 1 were 33.6%, 23.5% and 2401% respectively, the
proportions at position 2 were 21.8%, 11.3% and 13.8%
respectively, and the proportions at position 3 were (31.0-

34.4%), (35.7-36.3%) and (35.8-360.8%) respectively.

As expected these differences involving 16:0, 18:0
and 18:1, were superimposed on broad similarities in the
pattern of distribution of FA's in positions 1, 2 and 3
of each fraction A (Tables 16, 17 and 18). 10:0 was
preferentially esterified at position 3 while similar
proportions of 12:0 were esterified at positions 2 and 3.
Only small amounts of these two FA's occupied position 1.
14:0 was preferentially esterified at carbon 2 of the
glycerol molecules while smaller amounts were esterified
at carbons 1 and 3. Proportions of 14:0 at carbons 1,
2| ana & were-(700-9ol%), (19.0-22.5%) and (8.4-11.3%)
respectively. 16:0 was preferentially incorporated at
position 1 (27.6-38.6%) and at position 2 (36.2-44.9%)
with only a relatively minor amount incorporated at

position 3 (5.8-14.2%). 18:0 exhibited a pattern of
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distribution which was the reverse of that shown by 14:0.
It was preferentially esterified at positions 1 and 3 with
only a small amount esterified at position 2. Proportions
of 18:0 at positions 1, 2 and 3 were (20.3-25.2%), (6.4-
9.7%) and (14.1-21.1%) respectively. The distribution
pattern of 18:1 was similar to that for 18:0 with proport-
ions of (23.5-33.0%), (11.3-21.8%) and (31.0-30.8%)

esterified at positions 1, 2 and 3 respectively.

As a result of this non-random distribution of FA's
in the TG fractions of high mol. wt., position 1 was largely
occupied by 16:0, 18:0 and 18:1; position 2 by 14:0 and
16:0; and position 3 by 18:0 and 18:1. In addition
considerable amounts of 18:1 were esterified at position 2
in fraction A of the September sample. The long-chain
FA's (14:0, 16:0, 18:0 and 18:1) which comprise the major
FA's in each fraction A were present in significant

proportions in all three positionss

(c) The arrangement of fatty acids in positions 1, 2 and

3 of the triacylglycerols of medium molecular weight

Fraction B of the September sample contained greater
proportions of 4:0 and 18:0 and a lesser proportion of 16:0
than the B fractions of the January and March samples. In
addition the proportions of most of the other more abundant
component FA's varied slightly between the respective B
fractions (Section 3.2.2.). The diffeirrences in the
proportions of 4:0, 16:0 and 18:0 between fraction B of the
September sample, on the one hand, and the B fractions of |

the January and March samples, on the other, were reflected
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Table 20. Stereospecific analysis of the triacylglycerol fraction of medium molecular
weight (fraction B) obtained from the sample of January milk fat by silicic acid column

chromatography.

Fatty acid composition (mole %)

la 2a 3a

FA TG's 1,2 (2,3) - DG's 2,3-PL's 1-PL's 2-MG's 34P 3BC

Origo Exp. Calc.,
4:0 0.5 0.5 0.4 1.2 - - 2.4
6:0 9.6 9.2 7505 13.4 4% ol 2/51o117, 23.60
8:0 6.4 5.6 5.4 7.4 2.4 2,06 12.2 14.2
10:0 8.7 8.0 8.2 9.8 4.0 6.7 12.9 15.4
10:1 0.9 0.5 . 0.8 0.5 0.6 0.5 0.5 1.6
12:0 5.2 5.9 5.8 4.8 6.9 7.7 1.9 1.0
14:0 11.7 14.5 14.1 13.4 7.9 21.1 151 7 Ore 11
14:1 1.4 1.2 1.4 0.9 1.0 1.6 0.2 1.6
15:0 1.2 x5 1.4 1.5 2.4 2.0 1.0 -0.8
16:0 27 .8 31.4 30.2 26.3 35.8 37.6 15.0 10.0
16:1 1.8 1.2 1.7 | 1.7 1.3 0.9 2.4
17:0 1.0 0.4 0.9 0.6 0.8 0.5 0.7 1.7
18:0 8.8 7.6 7.8 6.9 13.8 4.8 9.0 7.8
18:1 13.4 11.9 12.8 11.8 18.1 10.9 127 1.2
18:2 1.1 0.6 1.0 0.4 0.6 0.8 0 1.9
18:3 0.7 = 007 = = 007 —007 1.4

100.2 100.0 100.1 100.0 100.1 99.9 100.1 100.6

aposition relative to sn - glycerol 3- phosphate

b

2x(2,3-PL's) - (2-MG's)
C3x(TG's) - (1-PL's) - (2-MG's)

*L0T



Table 21 . Stereospecific analysis of the triacylglycerol fraction of medium molecular

weight (fraction B) obtained from the sample of March milk fat by silicic acid column

chromatography.
Fatty acid composition (mole %)
la 2a
FA TG's 1,2 (2,3) - DG's 2313=PE"s 1-PL's 2-MG's 3P 3B¢
Origo. - Expo. Calc,

4:0 7.0 1.8 il N5 2.9 - - 5.8 6.0
6:0 1107 11.0 808 1500 405 - 3000 3006
8:0 5.0 4.4 4.1 551 3.0 1.5 8.7 10.5
10:0 707 704 7-4 703 501 005 801 1105
10:1 0.8 0.5 0.7 0.4 0.6 0.4 0.4 1.4
12:0 4.6 4.9 5.2 4.5 3.8 6.9 2.1 Qiowl
14:0 1106 1401 1404 13°5 906 2207 403 2'5
14:1 1.4 1.2 1.5 1.2 0.9 2ec: 0 0.4 1.3
15:0 100 106 103 103 105 204 002 —009
16:0 20,2 28.6 28.8 24,8 35.1 36,6 13.0 6.9
16:1 1.0 1.0 1.2 1.1 1.0 1.8 0.4 0.2
17:0 0.3 0.3 0.3 0.6 0.5 0.3 0.9 0.1
18:0 9.8 e 2 8.7 8.8 185 . 2 5.5 1201 8.7
18:1 15.1 13.7 14.3 12.9 19.1 12.0 13.8 14.2
18:2 12 0.8 1.0 0.6 = 0.6 0.6 3.0
18:3 0.8 @l 5 0.8 - = 0.8 -0.8 1.6
100.2 100.0 100.0 100.0 99.9 100.0 100.0 100.7

aposition relative to sn - glycerol 3- phosphate
b2x(2,3—PL's) - (2-MG's)

C3x(TG's) - (1-PL's) - (2-MG's)
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in the differences in the proportions of these FA's in
positions 1, 2 and 3 of their constituent TG's (Tables 19,
20 and 21). However, the effect was not constant through-
out all three positions in that the differences in the
proportions of 4:0 affected only position 3, the differences
in 16:0 affected positions 1 and 2 and the differences in
18:0 affccted position 1. The small differences in the
proportions of other FA's between the respective B

fractions were also reflected in the differences in the
proportions of FA's esterified at carbons 1, 2 and 3 of

their constituent TG's.

Despite these differences between the FA compositions
of corresponding positions of the respective B fractions
the overall pattern of distribution of FA's in positions
1, 2 and 3 was similar for each fraction B (Tables 19, 20
and 21). The short-chain FA's, 4:0 and 6:0, were
esterified almost exclusively at position 3 while 8:0 was
preferentially incorporated at this position. In the
January and March B fractions 10:0 was preferentially
esterified at position 3 but in fraction B of the
September sample 10:0 was preferentially esterified at
position 2. Proportions of 12:0 were greatest at carbon
2 and least at carbon 3. Approximately twice as much
14:0 was esterified at position 2 as at position 1 with
small to negligible amounts esterified at position 3.

The proportions of 14:0 at positions 1, 2 and 3 were
(7:9-9.6%), (21.1-22.7%) and (-0.2 - 6.1%) respectively.
16:0 was concentrated at carbon 1 (29.3-35.8%) and at

carbon 2 (28.2-37.6%) with comparatively minor amounts
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esterified at carbon 3 (6.9-15.0%). The greatest
proportions of 18:0 were esteriiied at position 1 (13.8-
20.5%) considerable proportions were esterified at
position 3 (7.8-13.4%) but only small proportions were
esterified at position 2 (4.8-0.0%). 18:1 was prefer-
entially incorporated at carbon 1 of the glycerol
molecules (18.1-26.2%) while smaller and comparable
amounts were incorporated at carbon 2 (10.9—15.1%) and

at carbon 3 (8.5-14.2%).

From the above description it is clear that in each
TG fraction of medium mol. wt. the more abundant con-
stituent FA's were distributed in a non-random manner
within the constituent TG molecules. 16:0, 18:0 and
18:1 comprised about 70% of the acyl groups at position
1; 14:0 and 16:0 accounted for 50-00% of the FA's
esterified at position 2, and 4:0, 6:0, 8:0 and 10:0
accounted for 50-70% of the acyl groups which occupied

position 3.

(d) The arrangement of fatty acids in positions 1, 2 and

3 of the triacyleglyvcerols of low molecular weight

The similarities between the FA compositions of the
C fractions of the January and March samples (Section
'302.20) were reflected in the proportions of FA's in
positions 1, 2 and 3 of their constituent TG's and almost
without exception corresponding positions in these
fractions had similar FA compositions (Tables 23 and 24).
The slightly greater proportions of 4:0, and 18:1 and the

lesser proportions of 16:0 in fraction C of the September



Table 22, Stereospecific analysis of the triacylglycerol fraction of low molecular weight
(fraction C) obtained from the sample of September milk fat by silicic acid column chromatography.

Fatty acid composition (mole %)

la za ?a

FA TG's 1,2 (2,3) - DG's 2,3—PL'S 1-PL's 2=-MG's 3Ab 3BC

Origo Exp. Calc,
4:0 24.9 - 122 18.7 33.6 - - 67.2 74.7
6:0 6.1 5.5 4.6 7.6 1.9 - 15.2 16.4
§:0 2.1 2. @ 2.2 2 2 e 2 2Ry 157 2.4
10:0 3.5 5.3 5ter2 4.4 1.5 9.7 -0.9 -0.7
10:1 0.4 0.3 0.5 0.3 - 0.6 0 0.6
12:0 3.7 4.7 5.0 4.8 1.4 8.8 0.8 0.9
14:0 10.5 14.3 14.0 12.1 8.7 24.6€ -0.4 -1.8
14:1 0.6 0.6 0.9 0.6 0.3 1.7 -0,.§ -0.2
15:0 1.3l 18 2 1.4 1.6 2% 6 2 .12 1.0 -1.5
16:0 20.2 2004 2202 1607 3102 2804 500 1.0
16:1 1.2 1.0 | ) 1.1 0.9 1.8 0.4 0.9
17:0 0.3 0.4 0.3 0.4 0.4 0.4 0.4 0.1
18:0 8.2 6.8 7.1 3.6 28] Vi 3.9 3.3 -1.0
18:1 15.9 w4853 15.5 10.6 28.1 14.1 7.1 5m5
18:2 1.1 0.7 1.0 0.5 - 0.8 0.2 2.5
18:3 0.5 0.6 0.5 - - 0.4 -0.4 1.1

100.3 99.9 100.5 100.1 99.9 100.1 100.1 100.9

aposition relative to sn - glycerol 3- phosphate

b2x(2,3-PL's) - (2=-MG's)

©3x(TG's) - (1-PL's) - (2-MG's)

*TITI



Table 23 . Stereospecific analysis of the triacylglycerol fraction of low molecular weight
(fraction C) obtained from the sample of January milk fat by silicic acid column chromatography.

Fatty acid composition (mole %)

la 2a ) ga

FA TG's 1,2 (2,3) - DG's 2,3-PL's 1-PL's 2-MG's 3Ab 3BC

Origo Exp. Calc.
4:0 23.1 19.4 17.3 8L § 1.7 ~- 65.0 67 .6
6:0 7.0 0.4 No7/ 8.1 2.4 2.0 14,2 16,6
8:0 1.8 1.7 1.9 1.6 1.0 2.3 0.9 2rs i
10:0 3.0 8.8 4.2 2.9 145 7.9 -2.1 -0.4
10:1 0.5 0.4 O 5 0.4 - 0.7 0.1 0.8
12:0 3wd. 4.3 4.6 4.2 3.1 8.4 0,0 ~1e2
14:0 1004 1404 1305 1106 907 2209 0:3 -104
14:1 0.8 1.1 1.1 009 007 2. 0 —002 —0.3
15:0 1.3 1.4 1.6 1.5 1.1 2.4 0.6 0.4
16:0 24.4 27 .4 26,7 21.1 BICkIE 353.5 8.7 0.9
16:1 1.9 1.4 1.9 1.6 1.8 2.0 1.2 1.9
17:0 0.9 0.5 0.8 0.4 1.0 0.4 0.4 13
18:0 6.9 5.4 6.0 3.0 16.4 3.4 2.6 0.9
18:1 1.3.7 11.3 12.3 9.6 20.6 11.0 8.2 6.5
18:2 1.2 0.6 1.1 0.5 0.4 0.7 0.3 2.5
18:3 008 004 007 - = 0.4 —0.4 2 o10)

100.1 99,9 99.9 99.9 100.1 100.0 99.8 100.2

aposition relative to sn - glycerol 3- phosphate

b2x(2,3-PL's) - (2-MG's)

€3x(TG's) - (1-PL's) - (2-MG's)

2T



Table 24. Stereospecific analysis of the triacylglycerol fraction of low molecular weight
(fraction C) obtained from the sample of March milk fat by silicic acid column chromatography.

Fatty acid composition (mole %)

la 2a 3a

FA TG's 1,2 (2,3) - DG!'s 2,3-PL's 1-PL's 2-MG's 3Ab_ 3B€

Orig. Expo. Calc.
4:0 23.5 20.4 17.6 32.2 3.6 - 044 66,9
6:0 6.7 5.8 5.0 8.2 2.0 = 16.4 175
8:0 2.0 1.7 1.9 15 7 0.8 1.7 1.7 3.5
10:0 209 306 400 3'5 1.9 7°5 -005 -007
10: 0.4 O 8 On & 0.3 B 2 0.8 -0.2 0.2
12:0 3.6 404 & 18 4.0 2,52 8.4 -0.4 0.2
14:0 10.3 13.6 13-4 10.8 10.6 2 207 -1.1 -2.4
14:1 1.0 1.1 1,3 0.8 0.5 2.3 -0.7 0.2
15:10 1.4 1.8 1.7 1.6 1.0 2.8 0.4 -0.2
16:0 24.0 26'..5 202 20.3 37.2 32.8 7.8 2.0
16:1 1.7 1.2 1.9 105 1.3 2.4 0.6 1.4
17:0 0.6 0%:2 0.5 0.3 0.6 0.3 0,3 0.9
18:0 7.4 5.8 o 5 3.8 15.9 3.7 3.9 2.6
8% 13.5 13.2 13.5 10.4 20,8 13.4 f=d 6.3
18:2 0.6 0.5 0.7 0.5 0.3 0.9 0.1 0,6
18:3 0.5 0.3 0.5 - - 0.4 -0.4 1.1

100.1 100.0 100.0 99.9 100.1 100.1 99,7 100.1

aposition relative to sn - glycerol 3- phosphate
b2x(2,3-PL's) - (2-MG's)

€3x(TG's) - (1-PL's) - (2-MG's)

*CIT
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sample, compared to the C fractions eof the January and
March samples (Section 3.2.2.) were reflected in the
differences in the proportions of FA's which occupied
positions'l,'z and 3 of their constituent TG's (Tables
22, 23 and 24). However the effect was not constant
throughout all three positions in that the differences
in the proportions of 4:0 affected only position 3, the
differences in 16:0 aftrected positions 1 and 2 and the

differences in 18:1 affected only position 1.

Despite these differences the overall pattern of
distribution of FA's in positions 1, 2 and 3 was similar
for each fraction C (Tables 22, 23 and 24). The short-
chained FA's, 4:0 and 6:0, were esterified almost entirely
at position 3. In each fraction C 4:0 comprised about 65%
and 0:0 about 15% of the acyl groups at position 3. In
contrast the medium-chain FA's, 10:0 and 12:0, were
esterified almost exclusively at position 2 with each FA
comprising 7.5-10.0% of the component FA's of this
position. The long-chain FA's, 14:0, 16:0, 18:0 and 18:1,
were preferentially esterified at carbons 1 and 2 of the
glycerol molecules. Approximately twice as much 14:0 was
esterified at position 2 as at position 1 with negligible
amounts esterified at position 3. Proportions of 14:0
at positions 1, 2 and 3 were (8.7-10.6%), (22.7-24.6%) and
(=2.4 = 0.3%) respectively. 16:0 was preferentially
esterified at position 1 (31.2-38.8%) and at position 2
(28.4-33.5%) while only a relatively minor proportion was
esterified at position 3 (0.9-8.7%). 18:0 was preferentially

esterified at carbon 1 (15.9-21.7%) with only small amounts



115.

at carbon 2 (3.4~3.9%) and at carbon 3 (-1.0 - 3.9%).
18:1 was aiso concentrated at position 1 although
appreciable amounts were esterified at positions 2 and
8 Proportions of 18:1 at positions 1, 2 and 3 were,

(20.6-28.1%), (11.0-14.1%) and (5.5-8.2%) respectively.

It is clear from the above description that in each
TG fraction of low mol. wt. the component FA's were
arranged in a highly selective manner within the con-
stituent TG molecules. 4:0 and 60:0 comprised 80-90%
of the FA's esterified at position 3, 14:0 and 10:0
accounted for about 55% of the acyl groups at position 2,
and 16:0, 18:0 and 18:1 constituted 75-80% of FA's at

position 1.

(e) The arrangement of fatty acids in positions 1, 2 and

3 of the constituent triacylglvcerols of each sample of

milk fat.

The FA compositions at positions 1, 2 and 3 of the
TG's of the three total milk fats were reconstructed from
the proportions of FA's at positions 1, 2 and 3 of their
respective TG fractions of high, medium and low mol. wt.
In each case the FA composition of position 3 was re-
constructed from data determined by the following

calculation:

position 3 = 2 x (2,3-PL's)-(2-MG's).

The detailed results are shown in Tables 25, 26 and
27 and the arrangement of the more abundant FA's in

positions 1, 2 and 3 of the September sample of milk fat
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Table 25 Stereospecific analysis of the

triacylglycerols of the sample of September milk fat. Data

reconstructed from analyses carried out on the high, medium,

and low molecular weight fractions.

Fatty acid composition (mole %)

FA 12 22
4:0 - -
6:0 1.3 -
8:0 0.8 1.9
1030 1.4 72
10:1 0.1 0.4
12:0 2.1 702
14:0 8.1 21.9
1490 0.5 y 4 |
15:0 1.8 1.9
16:0 29.4 BRI
10:1 0.9 1.7
17:0 0.5 0.4
18:0 22,9 6.6 -
18:1  30.0 7.3
18:2 0.4 0.8
18:3 - 0.2
20:2 - -
100.2 100.1

100.2

Milk fat
Rec, Origo
10.8 ' 12.0
4.8 405
2.1 263
349 4.2
0.2 0.3
3.8 4.0
11.1 10.9
0.7 0.8
1.0 1.4
23.1 2201
1.2 1.4
0.5 0.0
13.0 13.1
21.9 21.5
0.7 0.7
0.2 0.3
- 0.2
100.2 100.3

aposition relative to sn - glycerol

3- phosphate



Table 26.

triacylglycerols of the sample of January milk fat.

Stereospecific analysis of the

117

Data

reconstructed from analyses carried out on the high, medium,

and low molecular weight fractions.

FA
4:0
6:0

8:0

12:0
14:0
14:1
15:0

16:0

17:0
18:0
18:1
18:2

18:3

Fatty acid composition (mole %)

0.7
1.8
0.9
1m=B
0.1
3.2
8.3
0.7
1.3
38.2
1.6

1805
2123

005

100.0

1.1
1.5
5.5
0.4
702
22.4
1.5
2.1
38.7
1.7

4.8
11.1
1.0

0.5

100.0

28.2
10.7
3.1
4.2
0.1
2.5
5.6

0.8

11.5
1.4
1.0
9.8

20,0
0.4

-0.5

100.0

Milk

Rec.
9.6
4.5
1.8
3.8
0.2
4.3

12.1
1.0
1.5

29.5
1.5
0.9

11.0

17.4

006

fat

Orige

10,1
17 .8
1.4

008

100. 1

aposition relative to sn - glycerol 3- phosphate



Table 27 .

Stereospecific analysis of the
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triacylglycerols of the sample of March milk fat. Data
reconstructed from analyses carried out on the high, medium,
and low molecular weight fractions.
Fatty acid composition (mole %)
Milk fat
FA 1@ 22 g® Rec. Orig.
4:0 1.5 - 28.4 10.0 10.0
6:0 1.8 - 11.8 4.0 4.6
8:0 0.8 1.2 2.9 1.0 28
10:0 2.3 5.6 3.1 3.7 4.2
10:1 0.2 0.4 0.0 0.2 0.3
12:0 2.5 7.0 1.4 3.6 3.9
14:0 9.8 22,0 4.4 12.1 10.9
14:1 0.7 1.8 0.4 0.9 1.1
15:0 1.5 2.4 1.0 1.6 1.6
16:0 37.2 36,6 11.3 28.4 20.4
10K i) 1.2 2.3 0.7 1.4 1.9
L7 Ei0 0.8 0.4 1.2 0.8 0.9
18:0 Y 26 5.3 13-4 12.1 11.5
W85 21.9 ' 13.3 20.2 18.5 18.4
i cH” 0.4 1.2 0.4 0.7 1.1
18:3 - 0.8 -0.8 0.0 0.8
100, 2 100.3 99,8 100,2 FIMO
aposition relative to gn . glycerol 3=phosphate
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Figure 9. The arrangement of fatty acids within the
triacylglycerols of the September sample of milk fat.
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is present=d in Figure 9.

The data obtained show that of the short-chain FA's,
4:0 and 0:0 were esterified almost exclusively at position
3 while 8:0 was preferentially esterified at position 3.
On the other hand, the medium-chain FA's 10:0 and 12:0
were preferentially esterified at position 2 with, in
general, more than 50% of each FA at this position. In
contrast to the short- and medium-chain FA's, the major
long-chain FA's, 14:0, 16:0, 18:0 and 18:1, were not as
a class preferentially esterified at a specific position.
More than twice as much 14:0 was esterified at carbon 2
as at carbon 1 with only relatively small amounts at
carbon 3. About 10% of 10:0 in the milk fat samples was
esterified at position 3 while the remainder was cesterified
in equal proportions at positions 1 and 2. Proportions
of 18:0 were greatest at carbon 1 and least at carbon 2.
In the March and January samples about 20-25% of 18:1 in
the milk fat samples was esterified at position 2 while
the remainder was esterified in equal proportions at
positions 1 and 3. However, in the September sample of
milk fat 18:1 was preferentially esterified at position 1
with lesser and comparable proportions esterified at

positions 2 and 3.

As a result of this arrangement of FA's within the
constituent TG's of the three samples of milk fat 10:0,
18:0, and 18:1 comprised about 80% of the FA's esterified
at position 1, 14:0 and 106:0 accounted for 50-00% of the
acyl groups at position 2, and 4:0 and 18:1 accounted for

about 50% of the FA's esterified at position 3.
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It should be emphasised that the pattern of
distribution of FA's described above was the overall
arrangement of FA's in positions 1, 2 and 3 of the TG's
of the samples of milk fat. As discussed above certain
FA's (e.g. 18:1) exhibited different arrangements in

different TG fractions.
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Section 3.5%. Composition of the triacylglycerol classes

of differing degrees of unsaturation prepared from the

triacylglycerol fractions of high, medium and low

molecular weight.

3.,3.1. Fatty acid compositions of the triacylglycerol

classes of high molecular weight.

The FA compositions of TG classes of differing levels
of unsaturation, which were prepared from each of the
three TG fractions of high mol. wt. (fraction A) by silver
ion-T.L.C., are shown in Tables 28, 29 and 30. The
results presented in Table 28 are the means of duplicate

determinations.

(a) The September sample of milk fat

In the saturated TG's of fraction A of the September
sample 14:0 (17.3%), 16:0 (35.1%) and 18:0 (20.9%)
comprised 79.3% of the FA's present (Table 28). Irans-
and cis-monoene TG's had similar FA compositions and the
respective proportions of their major FA's were 14:0
(8.5% and 10.2%), 16:0 (25.5% and 25.8%), 18:0 (20.9% and
18.0%) and 18:1:(29.9% - elaidic acid and 32.8% - oleic
acid). In the diene TG's 18:1 (56.6%) was the principal
FA constituent while 14:0 (6.8%), 16:0 (15.8%) and 18:0
(9.3%) were present in appreciable amounts but 18:2 (1.7%)
was quantitatively unimportant. 18:1 (49.9%) was the .
principal FA in the triene TG's while 16:0 (12.1%), 18:0

(8.8%), 18:2 (10.4%) and 18:3 (7.0%) were all present in



Table 28.

Fatty acid compositions of the triacylglycerol classes of differing degrees of

unsaturation obtained from the high molecular weight fraction of the sample of September milk fat
by silver ion - T.L.C.

Fatty acid composition (mole %)

Fraction
Rec. Orig,

0.9 0.7
1.5 1.7
4.5 4.1
0.1 -
4.2 4.1
10.7 11.5
0.6 0.9
1.3 1.6
2408 RBEwZ
1.3 1.7
- 0.9
18.0 17.5
29.9 28.8
0.1 -
15 2.0
0.7 1.0
- 0.4

Saturated TG's Trans-monoene TG's Cis-monoene TG's Diene TG's Triene TG's
% c® % F° % c® % F° % c® % FP %2c® 2F>  zc® %FP
o /4 0.5 1.1 0.2 0.0 0.2 0.2 - - -

2% [ 0.8 1.6 0.2 1.3 0.4 0.7 0.1 0.2 -
7.9 2.2 5.0 0.6 3.8 1.1 2.3 0.5 0.8 0.1

- - - - - - 0.3 0.1 0.3 =
6.7 1.9 4.3 0.5 3ol 1.1 2.2 0.5 1.5 0.2
17.3 4.9 8.5 0.9 10.2 2.9 0,8 1.5 4.7 0.5
- - - - 1.0 0.3 1.0 0.2 1. 1 0.1
1.9 0.5 1.4 0.2 do'd 0.4 0.6 0.1 0.6 0.1
35.1 10,0 25.5 218 25.8 7% 8 15.8 3.4 12.1 1l 513
- - 0.7 0.1 1.5 0.4 2.5 0.5 2 010 0.3
26.9 7.7 20,9 21013 18.0 5.1 9.3 2.0 8.8 0.9
~ - 29.9 3.8 32.8 9.2 56.6 12,2 49.9 )

- - 100 091 — i - o~ = )

- - - - - = il o ¥ 0.4 10.4 1.1

- = = = = = - - 7.0 0.7
100.1 218195 99,9 11 . 2 100.1 28.4 100.0 21.5 1000 10.5

100.1 100.1

apercentage in triacylglycerol class
bpercentage in fraction

Cidentity not determined

"SAT



Table 29.

—_—

unsaturation obtained from the hi

by silver ion - T.L.C.

Fatty acid compositions of the triac

ylglycerol classes of differing degrees of
gh molecular weight fraction of the sample of January milk fat

FA

8:0
10:0
12:0
14:0
14:1
15:0
16:0
16:1
17:0
18:0
18:1C
UNK
18:2
18:3
20:2

Fatty acid composition (mole %)

Saturated TG's Trans-monoene TG's

4 c® ¢ gP 4 c® ¢ gP
v ax3 0.4 0.6 0.1
6.1 21%] 3.3 0.3
6.7 2.3 4.1 0.4
20.3 6.9 182¢.16 1.3
— a 100 Ool
2.6 0.9 1.2 0.1
42.5 14.4 32.0 302
- = 1.4 0.1
20.5 6.9 15.1 1.5
- - 26,7 207,
s = 2510 0.2
100.0 3309 10000 1000

Cis-monoene TG's

Diene TG's

Triene TG's

% c® % pP
0.6 0.2
206 008
3.8 1.2
12,0 3.8
107 005
1.1 0.4
32.1 10.0
8:0.2 1.0
13.5 4.2
29.4 9.2
100.0 31.3

% c® g P 2 c® ¢ FP
1.3 0,2 0.4 0.0
202 004 100 001
7.6 1.3 5.4 0.4
206 12 0.4 1.7 Ol
0.9 0.2 0.8 0.1

18.7 3.3 17.0 8
%3 0.6 3.0 0.2
8.1 1.4 §.9 0.7

52.9 9.2 4l 3.1
205 004 1404 101

- — 606 005
004 001 = -
100.1 17.5 100.3 7.6

Fraction
Rec. Orig.
0.7 0.6
8.4 377
4.4 4.3
13.7 13.0
1.1 =13
107 1-9
32.2 30.8
1.9 2.4
- 1.6
14“7 1405
2402 2845
0.2 -
1.5 1146
0.5 0.9
0.1 -

100.3 100.1

apercentage in triacylglycercl class
bpercentage in fraction

Cidentity not determined

At



Table 30, Fatty acid compositions of the triacylglycerol classes of differing degrees of
unsaturation obtained from the high molecular weight fraction of the sample of March milk fat

by silver ion - T.L.C.

Fatty acid composition (mole %)

FA Saturated TG's Irans-monoene TG'sS Cis-monoene TG'sS Diene TG's Triene TG's Fraction
% Ca % Fb _% Ca % Fb % Ca % Fb | % Ca % Fb % Ca % Fb Rec, Orlgo
6:0 009 003 o — I - i - =) - 003 002
8:0 202 Oo7 0.9 0.1 1.0 003 Cg - =) - 1.1 0.9
10:0 6,7 201 2.9 0.2 3.4 1.1 1.4 0.2 0.0 0.1 3.7 3.5
12:0 6.8 2.2 3.9 0.3 3.8 1.2 2.0 0.4 1.4 0.1 4.2 3.8
14:0 17.9 5.7 14.4 1.2 12, 7. 4.2 7.0 1.2 5o 2 0.5 12.8 12.4
14:1 —1 - 101 001 203 007 . 204 004 106 002 104 1.4
15:0 206 Oo8 193 001 106 005 100 002 Oo7 001 107 1'9
16:0 41.7 13.2 29,0 2.4 29.3 9.6 18,2 3.2 16.6 1.6 30.0 29.2
16:1 CJ = 101 001 200 Oo7 302 006 2 8 003 107 2-0
17:0 - - = - = = - - - - - 1.1
18:0 2102 6.7 7.8 1.4 13.9 4.6 8.5 1.5 8.9 0.9 159 1509
18:10 = - 2600 2n1 3001 909 4803 804 3808 308 2402 24.9
UNK o) - 203 002 = = = o= b o= Oaz -
11812 - - - - - - 7.8 1.4 11.8 1.2 2.0 2.1
18:3 ) - - - - - - - 1106 101 101 0-9
100.0 31.7 100. 2 8.2 100.1 32,8 99.8 17.5 100.0 9.9 100.1 99,9
apercentage in triacylglycerol class
percentage in fraction i
o
“

Cidentity not determined
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significant amounts.

(b) The January sample of milk fat

Table 29 shows that in fraction A of the January
sample the following FA's comprised 83.3% of the FA's
present in the saturated TG's: 14:0 (20.3%), 10:0
(42.5%) and 18:0 (20.5%). Trans- and cis-monoene TG's
had similar FA compositions and tiie respective proportions
of their more abundant FA components were 14:0 (12;6% and
12.0%), 16:0 (32.0% and 32.1%), 18:0 (15.1% and 13.5%)
and 18:1 (26.7% - elaidic acid and 29.4% - oleic acid).
In the diene TG's 18:1 (52.9%) was the principal FA
constituent, 14:0 (7.6%), 16:0 (18.7%), and 18:0 (8.1%)
were present in appreciable amounts but 18:2 (2.5%) was
only a minor component, In the triene TG's 18:1 (41.1%)
was the principal FA while 16:0 (17.0%) and 18:2 (14.4%)

were of considerable quantitative importance.

(c) The March sample of milk fat

The saturated TG's of fraction A of the March sample
contained 14:0 (17.9%), 16:0 (41.7%) and 18:0 (21.2%)
which acéounted for 80.8% of the constituent FA's (Table
30). 14:0 (14.4% and 12.7%), 16:0 (29.0% and 29.3%),
18:0 (17.3% and 13.9%) and 18:1 (26.0% - elaidic acid
and 30.1% - oleic acid) were the major FA's in the trans-
and cis-monoene TG's respectively. 18:1 (48.3%) was the
principal FA in the diene TG's and 14:0 (7.0%), 16:0
(18.2%), 18:0 (8.5%) and 18:2 (7.8%) were present in
considerable amounts. In the triene TG's 18:1 (38.8%)

was the principal FA and 16:0 (16.6%), 18:2 (11.8%) and
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18:3 (11.6%) were of considerable quantitative importance.

(d) Comparison of the feptember, January and March

samples of milk fat

It is evident from the above description of Tables
28, 29 and 30 that the same major FA's were found in
corresponding TG classes of the TG fractions of high mol.
wto In the saturated TG's 14:0, 16:0 and 18:0 made
large contributions to the total FA's, in the trans- and
cis-monocne TG's the major constituent FA's were 14:0,
16:0, 18:0 and 18:1, while in the diene TG's and triene

TG's 18:1 was the principal FA.

Table 31. Ratios of the saturated fatty acids
present in the triacylglycerol classes prepared from the
high molecular weight triacylgliycerol fraction of the

September milk fat sample.

Fatty acids expressed as a proport-

Trlacziiizcerol ion of the total saturated fatty
acids

14:0 16:0 850

Saturated TG's 0.17 0.35 0.27

Trans-monoene TG's 0.12 0.37 0030

Cis-monoene TG's 0.16 0.40 0.28

Diene TG'S 0018 0-42 0025

Triene TG's 0.16 0.42 0.31":
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When 14:0, 16:0 and 18:0 are expressed as a
proportion of the total saturated FA's present in the
respective TG classes it was found that for each of
these FA's the values were relatively constant throughout
the TG classes. The relevant values are given for
fraction A of the September sample in Table 31 and
similar trends were observed for the A fractions of the

January and March samples.

3.3.2. Fatty acid compositions of the triacylglycerol

classes of medium molecular weighta

The FA compositions of TG classes of differing
levels of unsaturation, which were prepared from each
of the three TG fractions of medium mol. wt. (fraction
B) by silver ion-T.L.C., are given in Tables 32, 33 and

34.

(a) The September sample of milk fat

In the saturated TG's of fraction B of the September
sample 6:0 (12.6%), 14:0 (12.7%), 16:0 (30.0%) and 18:0
(18.8%) comprised 74.1% of the FA's present (Table 32).
Trans- and cis-monoene TG's had similar FA compositions
and the respective proportions of their major component
FA's were 6:0 (12.5% and 11.3%), 16:0 (15.9% and 15.4%),
18:0 (10.7% and 9.3%), and 18:1 (27.9% - elaidic acid
and 32.6% - oleic acid). In the diene TG's 18:1 (41.8%)
was the principal FA while none of the remaining 12 FA's

excegded 11.7%. The more abundant constituent FA's of



Table 32 . Fatty acid compositions of the triacylglycerol classes of differing degrees of
unsaturation obtained from the medium molecular weight fraction of the sample of September milk
fat by silver ion - T.L.C.

Fatty acid composition (mole %)

FA Saturated TG's Trans~monoene TG's Cis—~monoene TG's Diene TG's Triene TG's Fraction
% c@ % Fb % c2 % Fb % c? % Fb % c? % Fb % c? % Fb Rec., Orig.
4:0 8.5 3.8 T 5.4 0,5 4.6 1.2 1.2 0.1 - - 5.6 6.1
6:0 1206 5.7 12,5 1.3 11.3 301 11.7 1.2 1.6 0.1 11.4 11.2
8:0 4.8 202 563 0.5 4.8 Iis 8 5ol 0.5 2.5 0.2 4.7 4.9
10:0 607 3.1 6.9 0.7 6.5 1.8 6.3 0,6 6.4 0.4 6.6 6.2
10:1 o) = - =) 004 Ocl 3&3 093 109 Ool 005 0.6
12:0 409 2./0%2 404 005 305 100 304 003 406 0.3 403 3.9
14:0 1207 5.8 807 0.9 81 2.2 5.8 0.0 9,1 0.6 10.1  10.2
14:1 = o = = 1.1 003 2.1 0.2 2.3 0.2 0.7 0.8
15:0 1.0 0.5 0.3 0.0 0.7 0.2 - - 0.5 - 0.7 1.2
16:0 30,0 1306 15.9 ll . 6 15.4 4.2 8.9 0.9 14.4 1.0 21.3 21.7
16:1 ~ - o) 0.1 1.0 0.4 3.0 0.3 2.0 0.2 1.0 1.0
17:0 - - - - - = - - - - - 0.7
18:0 18.8 8.5 10l % Lkl 9.3 25 3.3 0.8 @%2 0.4 12,8 133
1821 - - 2749 21618 32.6 8.9 41.8 4.3 2307 1.8 17 «8 16.6
UNK - = 1.3 0.1 = = = = - - 0.1 -
18:2 - - - - - - 4.1 0.4 701 0.5 0.9 0.8
18:3 - - - = = = = = 15.2 1.0 1.0 0.6
20:2 - - - - - - - - - - - 0.3
100.0 45-.4 100.0 10.1 99. 9 2742 100.0 10.0 100.1 6.8 99.5 100.2
apercentage in triacylglycerol class
bpercentage in fraction

Cidentity not determined

*6¢1



Fatty acid compositions of the triacylglycerol classes of differing cdegrees of

unsaturation obtained from the medium molecular weight fraction of the sample of January milk

33-
fat by silver ion - T.L.C.

Table

Fatty acid composition (mole %)

Fraction

Diene TG's Triene TG's
Orig.

Trans-monoene TG's Cis-monoene TG's

Saturated TG's

FA

Rec.
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Table

34.

by silver ion - T.L.C,

Fatty acid compositions of the triacylglycerol classes of differing degrees of
unsaturation obtained from the medium molecular weight fraction of the sample of March milk fat

Fatty acid composition (mole %)

FA Saturated TG!'s
% c® %FP
4:0 2.8 1.4
6:0 14.2 7.0
8:0 5.9 2.9
10:0 7.8 3.8
10:1 -~ -
12:0 4.8 2.4
14:0 13.8 6.8
14:1 - -
15:0 1.7 0.8
16:0 35.5 17.4
16:1 - -
17:0 - -
18:0 13.5 6.6
8 il - -
UNK®S - -
18:2 - -
13:3 - -
100.0 49.1

Trans-monoene TG's

% c® ¢ FP
18242 0.8
509 004
7.2 0.4
4.2 0.3
10.4 0.6
008 00
224298 1.
1.7 0.
8.6 0.5
2500 105
1.7 0.1
100.0 6.2

Cis-monoene TG's

Diene TG's

4 c2 % FP
11.5 3.1
598 105
et 1.9
0.4 0.1
4.5 1.2
9.3 2.5
215W), 0.7
1.5 0.4
19.6 5.3
2.0 0.5
6.5 1.7
29.2 7.8
100.1 26,7

%4 c® ¢ FP
6.1 0.6
4.0 0.4
507 006
4.5 0.5
309 004
7.9 0.8
3.8 0.4
1.1 0.1

14.4 1.4
2.7 0.3
5.1, 0.3

36.7 3.7
6.1 0.6

100.0 10.1

Triene TG's Fraction
%'Ca % Fb Rec. Orig,
"1 2 104 200
- - 11.5 11.7
1.3 0l 1 5.3 5.0
5.1 0.4 7.1 7.7
2 Hl 0.2 0.8 0.8
4.7 0.4 407 4.6
11.1 0.9 11.6 11.6
207 002 103 1-4
1.6 0.1 1.5 1.0
20,2 1.6 271 20.2
204 0.2 1.1 1.0
- = - 0.3
3.7 0.3 9.4 9.8
23.6 1.9 14.9 17571

E = 0.1 -
4.9 0.4 1.0 1.2
16.7 1.3 1.3 0.8
100, 1 8.0 100.1 100.2

a .
percentage 1in

triacylglycerol class

bpercentage in fraction

Cidentity not determined

*TET
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the triene TG's were 16:0 (14.4%), 18:1 (25.7%) and 18:3

(15.2%).

(b) The January sample of milk fat

In the saturated TG's of fraction B of the January
sample 6:0 (11.7%), 14:0 (14.2%), 16:0 (37.1%) and 18:0
(12.5%) accounted for 75.5% of the FA's present (Table
38l As in the September sample the FA compositions of
trans- and cis-monoene TG's resembled each other closely
and their respective major FA's were 6:0 (10.0% and 9.0%),
10:0 (9.3% and 9.2%), 14:0 (10.6% and 10.1%), 16:0 (21.3%
and 20.9%) and 18:1 (25.0% - elaidic acid and 27.7% - oleic
acid). In the diene TG's the more abundant constituent
FA's were 16:0 (17.0%) and 18:1 (29.9%) while none of the
remaining 11 FA's exceeded 7.9% of the total. In the
triene TG's, 14:0 (11.4%), 16:0 (22.1%), 18:1 (22.6%) and

18:3 (14.6%) comprised 70.7% of the total FA's.

(c) The March sample of milk fat

Table 34 shows that'the following FA's comprised
77.0% of FA's present in the saturated TG's obtained
from fraction B of the March sample: 6:0 (14.2%), 14:0
(13.8%), 16:0 (35.5%) and 18:0 (13.5%). Trans- and
cis-monoene TG's had similar FA compositions and the
respective proportions of their major FA constituents
were 0:0 (12.2% and 11.5%), 14:0 (10.4% and 9.3%), 16:0
(22.3% and 19.6%) and 18:1 (25.0% - elaidic acid and
29.2% - oleic acid). In the diene TG's the major FA's
were 16:0 (14.4%) and 18:1 (36.7%) while the remaining

11 constituent FA's, varied between 1.1 and 7.9%. The
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more abundant FA components in the triene TG's were
14:0 (11.1%), 16:0 (20.2%), 18:1 (23.6%) and 18:3 (16.7%)

which together accounted for 71.6% of FA's present.

(d) Comparison of the September, January and March

samples of milk fat

From the above description of Tables 32, 33 and 34,
it can be seen that, with few exceptions, corresponding
TG classes of the TG fractions of medium mol. wt. con-
tained the same major FA's. In the saturated TG's the
major FA components were 60:0, 14:0, 16:0 and 18:0 in
the trans- and cis-monoene TG's 6:0, 14:0, 16:0, and
18:1 were of considerable quantitative importance, in
the diene TG's the more abundant FA's were 16:0 and 18:1,
and in the triene TG's the major constituent FA's were

Igs:i0n WORIOp 1Swp amd TSsan

When comparing the contributions of saturated FA's
to each TG class it is observed that, for each fraction
B, values of 10:0 and 12:0 (moles %) remained approximately
constant and that values of 16:0 and 18:0 (moles %)
decreased as the proportion of saturated FA's in TG classes

decreased.

3.3.3. Fatty acid compositions of the triacylglycerol

classes of low molecular weight.

The FA compositions of TG classes of differing levels
of unsaturation, which were prepared from each of the

three TG fractions of low mol. wt. (fraction C) by silver



Table 35.

Fatty acid compositions of the triacylglycerol classes of differing degrees of

unsaturation obtained from the low molecular weight fraction of the sample of September milk fat
by silver ion - T.L.C.

FA

O oo

oo oo o0

cNoNoNeo}

—
o

12:0
14:0
14:1
1580
16:0
16:1
17:C
18:0
18:1c
UNK
18:2
18:3

Fatty acid composition (mole %)

Saturated TG's Trans-monoene TG!'s
% Ca % Fb % Ca % Fb
2501 11.7 2441 2z012
6.0 2.8 602 0.0
2.4 1.1 1.7 0.2
4.8 2.2 2 7 0.2
502 204 302 003
14.8 6.9 8.7 0.8
1.5 0.7 0.8 0.1
28.0 13.0 15.0 1.4
- Ld 106 0.2
12.2 5% 672 0,6
- L) 2801 2.6
et - 107 0.2
100.0 46.5 100.0 9.4

Cis-monoene TG's Diene TG's
% c® % F° %2 c® 2 F°
24.6 6.9 24,3 2.4
5.1 1.4 5.3 0.5
1.8 0.5 105 001
2.4 O 7 1.6 O . 2
0.5 0.2 1.6 0. 2
2.7 0.8 1.3 0.1
7.8 2.2 3.3 0.3
1.1 003 197 001
0.9 003 002 =
15°3 403 507 006
2042 0.6 3.0 0.4
5.0 1.4 2 0.2
30.7 8.6 40.1 4.0
- - 707 008
10C.1 28.2 100.1 9.9

Triene TG's Fraction
% c2 % Fb Rec. Orig.
22,0 1.4 24,0 24.9

7 17 0.5 5113 6.1
209 0.2 2.1 2.1
2.8 0.2 3.5 2 5
1.4 0.1 0.5 0.4
2.1 0.1 3.7 3.7
4.9 0.3 10.5 10.5
0.0 - 0.4 0.0
= - 1.1 1.1
8.9 0.6 19.9 20.2
15 Os1l 1.3 e 2
— - - 0.3
3.0 0.2 8.1 B2
16.1 1510 16,2 15.9
- - 0.2 -
8.1 QL5 il 5] g |
17. 1 o il il o1 0.5
100.2 6.3 100.3 100.3

apercentage in triacylglycerol class
bperceﬂtage in fraction

Cidentity not determined

‘ver



Fatty acid compositions of the triacylglycerol classes of differing degrees of

unsaturation obtained from the low molecular weight fraction of the sample of January milk fat

36
by silver ion - T.L.C.

Table

Fatty acid composition (mole %)

Diene TG's Triene TG's Fraction

Cis—-monoene TG's

Trans—monoene TG's

Saturated TG's
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Fatty acid compositions of the triacylglycerol classes of differing degrees of

unsaturation obtained from the low molecular weight fraction of the sample of March milk fat by

37
silver ion - T.L.Co

Table

Fatty acid composition (mole %)
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Diene TG's
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cis — monoene TG's

4:0
14:0 16:0 17:0 18:1
6:0 12:0 -
| N W )
4:0
saturated TG's
16:0
14:0
6:0 J0I D 17:0
18:0
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kLJ L L L /\ /\
60 120 180 180

temperature °C

Figure 10. Gas-liquid chromatograms of the fatty
acid methyl esters' of the saturated and cis-monoene
triacylglycerols obtained from the low molecular weight
triacylglycerol fraction of the September milk fat
sample.



138.

triene TG's

4:0
diene TG's

18:1

60 - 120 180 180
temperature °C

Figure 11. Gas-liquid chromatograms of the fatty
acid methyl esters of the diene and triene triacylglycerols
obtained from the low molecular weight triacylglycerol
fraction of the September milk fat sample.
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ion-T.L.C., are shown in Tables 35, 36 and 37. The
results given in Table 35 are the mecans of duplicate
determinations. Gas-liquid chromatograms of FA methyl
esters of TG classes prepared from fraction C of the

September sample are presented in Figures 10 and 11,

(a) The September sample of milk fat

In the saturated TG's of fraction C of the September
sample 4:0 (25.1%), 14:0 (14.8%), 16:0 (28.0%) and 18:0
(12.2%) comprised 80.1% of the total FA's present (Table
35). 4:0 (24.1% and 24.6%), 16:0 (15.0% and 15.3%) and
18:1 (28.1% - elaidic acid and 30.7% - oleic acid) were
the major FA's in the trans- and cis-monoene TG's
respectively. In the diene TG's the major FA constituents
were 4:0 (24.3%) and 18:1 (40.1%) while the more abundant
FA's in the triene TG's were 4:0 (23.0%), 18:1 (16.1%) and

18:3 (1700%)°

(b) The January sample of milk fat

Table 30 shows that the following FA's comprised
72.6% of- the FA's presené in the saturated TG's obtained
from fraction C of the January sample: 4:0 (24.4%),

14:0 (14.8%) and 16:0 (33.4%). Again 4:0 (21.2% and
24.9%), 16:0 (18.9% and 17.1%) and 18:1 (27.4% - elaidic
acid and 27.8% - oleic acid) were the more abundant FA's
in the trans- and cis-monoene TG's. The major con-
stituent FA's in the diene TG's were 4:0 (20.7%) and 18:1
(31.2%) while in the triene TG's the quantitatively more
important FA's were 4:0 (11.6%), 16:0 (18.6%), 18:1

(16.0%) and 18:3 (18.8%).
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(c) The March sample of milk fat

In the saturated TG's of fraction C of the March
sample 4:0 (23.5%), 14:0 (14.7%), 16:0 (33.6%) and 18:0
(10.1%) accounted for 81.9% of the FA's present (Table
7N - The FA compositions of trans- and cis-monoene
TG's were similar and the respective proportions of the
major FA components were 4:0 (22.3% and 22.8%), 10:0
(20.1% and 17.4%) and 18:1 (26.2% - elaidic acid and
29.06% - oleic acid). In the diene TG's the major
constituent FA's were 4:0 (18.7%) and 18:1 (33.4%) while
in the triene TG's 4:0 (15.1%), 16:0 (13.5%), 18:1 (12.3%)
and 18:3 (23.1%) were of considerable quantitative

importance.

(d) Comparison of the September, January and March

samples of milk fat

It is clear from the above description of the results
that the same major FA constituents were present in
corresponding TG classes of the TG fractions of low mol.
wt. In the saturated TG's 4:0, 14:0, 16:0 and 18:0 were
of considerable quantitative importance, in the trans-
and glg-monoene'TG's the more abundant FA constituents
were 4:0, 160:0 and 18:1, in the diene TG's 4:0 and 18:1
made large contributions to the constituent FA's, and

in the triene TG's the major FA's were 4:0, 16:0, 18:1

and 18:3.

Reference to Table 35 shows that in fraction C of
the September sample of milk fat the proportions of each

of 4:0, 6:0 and 8:0.were similar in each TG class while
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the proportions of each of 14:0, 16:0 and 18:0 decreased
markedly as the proporticn of unsaturated FA's in TG
classes increased, These FA's showed a similar pattern
of distribution in the C fractions of the January and

March samples of milk fat (Tables 36 and 37).

From a further examination of the data presented in
Tables 28 to 37 and from the above detailed description
of these results it is possible to put forward the
following general conclusions relating to the component

TG classes of the three samples of milk fat examined:

(i) TG's of the same average degree of unsaturation,
obtained from corresponding TG fractions, had the same

major FA constituents and generally comparable FA compositions.

(ii) In each TG fraction trans- and cis-monoene TG's

had similar FA compositions.

(iii) In the TG fractions of medium and low mol. wt.

more than 50% of each saturated FA was found in the

saturated TG's.

(iv) For each TG fraction close agreement was
obtained between the FA composition reconstructed from
the proportions‘of FA's in the respective TG classes and

the FA composition determined experimentally.
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3.3.4. Triacylglycerol compositions of selected

triacylglycerol classes_of the March sample of milk fat.

The TG compositions of the more abundant TG classes
prepared from the March sample of milk fat are given in
Table 38. The molecular types C40 (7.4%), C42 (16.0%),
Caq (18.8%), Ch6 (17.4%), Cyg (15.4%) and Csg (10.4%)
were of considerable quantitative importance in the
saturated TG's of fraction A and comprised 85.4% of the
TG's present. TG's with 44,46,48,50 and 52 carbon
atoms in their constituent FA's comprised 9.8, 12.1,
22.2, 27.1 and 13.8% respectively of the cis-monoene
TG's of fractioﬁ A (85.0% of the TG's present). In
fraction B C38 (42.2%) and C40 (29.3%) comprised 71.5%
of the saturated TG's while in the cis-monoene TG's of
fraction B the molecular types C40 (42.4%) and C42 (27.3%)
together accounted for 69.7% of the TG's. In the
saturated TG's of fraction C the major TG types were C34
( 22:. 6% ; c36 (41.4%) and c38 (16.0%) while in the cis-
monoene TG's C36 (20.2%), C38 (47 .6%) and C40 (15.9%)

comprised 83.7% of the constituent TG's.

It is evident from Table 38, that for each of the
three TG fractions obtained from the March sample the
saturated TG's had a lower average mol. wt. than the

cis-monoene TG's.
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Table 38. Triacylglycerol compositions of the
saturated and cis-monoene TG's obtained from the
triacylglycerol fractions of high, medium and low
molecular weight (fractions A, B and C) of the March
milk fat sample,

Composition of molecular types of triacylglycerols

(mole %)
ng? Fraction A Fraction B Fraction C
Satob Mon. € Satob Mon. € Satob Mon., ©
26 - - - - 0.3 =
28 - - - - 012 -
30 - = - - 2.6 0.4
32 - - - - 8e5
34 & " 0.5 = 22.6 515
35 - - - - 2.6 0.9
36 - - 10.7 - 41.4 20,2
37 =i - 20,2 - 2.7 3.4
38 0.7 - 42.2 6.4 16.0 47 .6
39 = - 2.8 1.7 0.7 2.4
40 7.4 - 29,3 42.4 1.4 15.9
41 1.0 - 1.2 2.4 - 0.5
42 . 16,0 3.9 8.4 27.3 - 0.9
43 1.7 0.6 0.7 1.9 - -
44 18.8 9.8 1.5  11.6 - =
45 2.1 1.2 0.3 0.9 - -
46 17.4 12,1 . 0.2 3.9 - -
47 : 260 1.6 = 0.4 g "
48 15.4 22.2 - 0.8 - -
49 1.6 2.9 N - - -
50 10.4  27.1 = 0.5 " =
51 1.0 1.6 - - - -
52 3.7 1358 = - - -
53 0.4 1.0 - = & . ..
54 0.3 202 - - = -
99.9 100.0 100.0 100.2 100.0 99.7

#carbon number of triacylglycerols

b
saturated triacylglycerols

(. :
cls-monoene triacylglycerols
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Section 3.4. Thermal analysis of the triacylglycerol

fractions and classes prepared from the March sample of

milk fat.

3.4.1. Heating thermograms obtained by differential

scanning calorimetrya.

The heating thermograms of tiie March sample of milk
fat and the TG fractions of high, medium and low mol. wt,
(fractions A, B and C), which were prepared from the
March sample by silicic acid column chromatography are
shown in Figure 12. The saturated TG's and unsaturated
TG's prepared from fractions A and C of the March
sample by silver ion-T.L.C. were also examined by
differential scanning calorimetry (Figure 13). The
heating thermograms presented in Figures 12 and 13 were
recorded after rapid cooling of the fat sample (Sectiomn

2.2.3.).

Figure 12 shows that the March sample of milk fat
melted over the range —3é to 37OC with the main melting
peak at 170C, a small broad peak centred at 70C, and
a shoulder plateau between 22 and 370Ce No exothermic
transitions were present although a dip occurred at
' 1100. Fraction A melted over the range -2 to 420C and
had a single melting peak at 38-40°C which was preceded
by an exothermic transition centred at 12°C. Reference
to the heating thermogram, obtained after tempering,
showed that about 80% of this fraction melted between

25 and 420C° Fraction B melted over the range -18 to
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milk fat and its triacylglycerol fractions of high, medium

and low molecular weight.
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Figure 12. Heating thermograms of the March sample of
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Figure 13.

Heating thermograms of the saturated and

unsaturated triacylglycerols obtained from the high and low
molecular weight triacylglycerol fractions of the March milk

fat sample.




147e

23°C with a single large meltihg peak at 18°¢. No
exothermic transitions were present. Fraction € had

the greatest melting range of the three fractions (=38 to
2500), .It-had also the most complex heating thermogram
with an exothermic transition at 80C, a dip in the thermce-
gram which almost reached zero at ISOC, and a main melting
peak at 230C. Approximately 30% of the most stable

form of this fraction melted between -40 and OOC.

The heating thermogram for the saturated TG's of
fraction A (Figure 13) had a melting range from 14 to
45°C with an exothermic transition centred at 25°C and a
single sharp melting peak at 430C. It resembled the
heating thermogram for fraction A although it had a
sharper melting peak. The unsaturated TG's of fraction
A melted over the range -23 to 290C which was considerably
below that of fraction A. The heating thermogram had a
dip at about 17OC which almost reached zero. The
heating thermograms for the saturated TG's and unsaturated
TG's of fraction C had melting ranges from 38 to 30°C and
from -68. to -3°C respectively° They did not overlap
and each had a similar shape to the corresponding
proportion of the heating thermogram for fraction C.
However the unsaturated TG's exhibited a broad, shallow
exothermic transition centred at -50°C which was not

shown by fraction C.

The heating thermograms presented in Figures 12 and
13 show both polymorphism and solid solution formation.
As noted in the introduction (Section 1.3.) polymorphism

generally predominates in fats containing relatively few
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TG species while solid solution formation predominates
in fats which are complex mixtures of large numbers of
TG's. An cxample of this trend is given in Figure 12.
It can be seen that fractions A and C both exhibited
obvious polymorphic behaviour (i.e. an exothermic

transition) which was not evident in the total milk fat.

3.4.2, Effect of the tempering procedure.

Heating thermograms for fraction C of the March
sample of milk fat obtained with the rapidly cooled and
tempering procedures described in the Methods (Section
2.2.3.) are given in Figure 14. The'exothermic transition
at 8°C and the dip at 150C, which were present in the
heating thermogram recorded after rapid cooling, were
both removed by the tempering procedure with little
alteration to the rest of the thermogram. This showed
that both the exothermic transition and the dip at 150C

were caused by polymorphic transitions.

The tempering procedure was applied to the TG samples
whose heating thermograms are given in Figures 12 and 13.
In the case of fraction A the tempering procedure removed
the exothermic transition present in the heating thermo-
gram recorded after rapid cooling (Figure 12) without
significantly altering the shape of the rest of the -
thermogram thereby providing additional evidence that
this exothermic transition was a polymorphic transition.
Similarly all major dips present in the heating thermo-

grams recorded after rapid cooling, for the saturated
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Figure 14. Heating thermograms of the low molecular

weight triacylglycerol fraction of the March milk fat
sample obtained with the rapidly cooled and tempering
procedures. '
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TG's and unsaturated TG's of fractions A and C (Figure
13) were removed by the tempering procedure with, in
each case, little change to the shape of the main
melting peak. Hence these dips were the result of

polymorphic transitions.

3.4.3. Relationship between composition and melting

rancges of triacylglycerols.

Reference to Figure 13 shows that the greater the
average mol. wt. and the lesser the average level of
unsaturation of the TG sample the higher its melting
range. It can be seen that the melting ranges of the
different constituent TG classes of milk fat were spread

over a wide temperature range (-68 to 45°C).

From the data given in Table 39 it is evident that
although fraction A melted over the highest temperature
range it contained the lowest proportion of saturated
TG's. Conversely fraction C which melted over the
lowest temperature raﬁge contained the highest proportion
of saturated TG's. Thus in ‘going from fraction A to
fraction C of the March sample of milk fat the lowering
effect on the melting range caused by the decrease in
the average mol. wt. of constituent TG's outweighed the
elevating effect on the melting range caused by the

increase in the proportion of saturated TG's,
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Table 39. The influence of composition on the
melting ranges of the triacylglycerol fractions of high,
mediwn and low molecular weight (fractions A, B and C)

obtained from the March milk fat sample.

Triacylglycerol class

Fraction A Fraction B Fraction C

Average mol. wt. of
constituent TG's 814 702 652

Proportion (mole %)
of saturated TG's
in fraction : 31.7 49.1 53.4

Melting range °C -2 to 40 -18 to 23 -38 to 25
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Chapter 4.

DISCUSSION

Section 4.1. Composition of milk fats.

It has been shown that marked and regular seasonal
variations occur in the FFA composition of New Zealand
milk fat (Hansen and Shorland, 1952; Gray, 1973). It
was considered that the effect of this seasonal
variation of the FA's on the structure and composition
of milk TG's could be best studied by (i) selecting
samples of milk fat which showed large differences in
their respective FA coﬁpositions, and (ii) selecting
samples of milk fat with similar FA compositions which
were produced at different stages of the dairying
season. Reference to the studies carried out by
Hansen and Shorland (1952) and by Gray (1973) shows
that the September, January and March samples of milk
fat used in the current investigation were representative
of the two extremes which occur in FA composition of
New Zealand milk fat during the dairying seasono. The
September sample contained high proportions of 4:0, 18:0
and 18:1 and a low proportion of 16:0 and had a FA
composition typical of soft spring milk fat while the
January and March samples contained low proportions of
4:0, 18:0 and 18:1 and high proportions of 16:0 and
had FA compositions typical of hard summer milk fat

(Table 7).
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When these three samples of milk fat were separated
by adsorption chromatography on silica gel G into TG
fractions of high, medium and low mol. wt. it was found
that the proportions of corresponding TG fractions in
the different samples were similar. Kuksis and
Breckenridge (1968), using the same method of fraction-
ation, prepared from a Canadian milk fat TG fractions
whose proportions were comparable to those obtained
aboves For all samples the TG fractions of high mol.
wt. comprised between 38.6 and 41.4% of the milk fat,
the TG fractions of medium mol. wt. comprised between
16.0 and 18.1%, and the TG fractions of low mol. wte.

comprised between 42.4 and 44.6%.

An examination of the FA compositions of these
samples of milk fat and their TG fractions showed that,
in general, the similarities and differences between
FA compositions of the respective samples of milk fat
were reflected in the FA compositions of their correspond-
ing TG fractions. For example, the proportions of 16:0
in the Canadian (Kuksis and Breckenridge, 1968), September
and March samples and their respective TG fractions were
respectively: wilk fat 23.4%, 22.1% and 206.4%, high
mol. wt. fraction 24.4%, 23.2% and 29.2%, medium mol.
wt. fraction 22.9%, 21.7% and 26.2%, low mol. wt.
fraction 23.5%, 20.2% and 24.0%. Notable exceptions to
-the above trend were (i) the proportion of 4:0 in the*
low mol. wt. fraction of the Canadian sample which was
lower than expected and (ii) the proportion of 18:1 in

the high mol. wt. fraction of the same sample which



was higher than expected. This trend suggests that a
change in FA composition of milk fat is reflected

throughout the entire mol. wt. range of milk TG's.

When the TG fractions of differing mol. wt. were
separated by silver ion chromatography to give TG
classes of differing levels of unsaturation it was
found that the low mol. wt. fractions contained a
higher proportion of saturated TG's and consequently
a lower proportion of unsaturated TG's than the medium
mol. wt. fractions. In turn the medium mol. wt.
fractions contained higher proportions of saturated
TG's and lower proportions of unsaturated TG's than
the high mol. wt. fractions (Table 40). For example,
in the March sample of milk fat saturated TG's
comprised 31.7%, 49.1% and 53.4% respectively of the
high, medium and low mol. wt. fractions. In their
investigations of North American milk fats Blank and
Privett (1964) and Kuksis and Breckenridge (1968)
noted a similar trend in the proportions of TG classes

in the TG fractions (Table 40).

In so far as differences and similarities between
the September, January and March samples of milk fat
are concerned it was observed that (i) the proportions
of corresponding TG classes in the January and March
samples were similar and (ii) each TG fraction of the
September sample contained a lower proportion of
saturated TG's and a higher proportion of unsaturated
TG's than the corresponding TG fractions of the

January and March samples (Table 40). Comparable

154.
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fractionations carried out by 6ther workers (Blank and
Privett 1904, Kuksis and Breckenridge 1968, Shehata

et al. 1972) showed that samples of milk fat from North
American countries contained a much lower proportion of
saturated TG's in TG fractions of high mol. wt. than
New Zealand milk fats. However, similar proportions
of the saturated, monoene, diene and triene TG's of

low mol. wt. were found in the September sample and in

the North American samples (Table 40).

Further examination showed that corresponding TG
classes of these milk fats had generally comparable FA
compositions, This finding was not unexpected since
the TG classes were obtained by fractionating milk TG's

on the basis of their constituent FA's.



Table 40, Proportions of triacylglycerol classes of differing degrees of unsaturation
prepared from milk fats by a combination of adsorption chromatography and silver ion-T.L.C.

Proportions in triacylglycerol fractions of differing molecular weight
Present study

Triacylglycerol September January March Ref.1? Refozb Ref.3°
class (mole %) (mole %) (mole %) (wto %) (mole %) (wte %)

TG fraction
of high mol. wt.

Saturated TG's 28.5 33.9 81.7 19.6 16.5 17.0
Monoene TG's 39.6 41.3 41.0 58.3 36.7 40.6
Diene TG's 21.5 17.5 175 2201 247 o¥/ 34.2
Triene TG's 1(0) 45 . 7 o1 9.9 - 12.9 4.0
Polyene TG's - - - - Giy2 4.2
TG fraction
of medium mol. wt. )
Saturated TG's 45.4 50.4 49.1 - 38.7 -
Monoene TG's 27 A 30.4 32.9 - 38.3 =
Diene TG's 10.0 11.3 10.1 - 14.4 -
Triene TG's 6.8 8.2 8.0 - 8.7 =
TG fraction
of low mol. wt.
Saturated TG's 46.5 54.3 53.4 43.7 45.0 -
Monoene TG's 37.6 32.9 32.3 40,8 380 -
Diene TG's 9.9 8.4 8.9 9.8 11.7 -
Triene TG's 6.3 4.6 5.6 5.6 5.2 -

4Blank and Privett (1964)

bBreckenridge and Kuksis (1968a, 1969)

CShehata et al. (1971, 1972)

.()SI
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Section 4.2. Stereospecific analyses of the triacyl-

glycerols of milk fats.

A number of enzymatic methods have been proposed
for the determination of the stercospecific placement
of FA's in the constituent TG's of fats (Lands et al.
1966; Brockerhoff, 1965 and 1967). The initial step
in each method is the preparation of DG's, either by
hydrolysis with pancreatic lipase or by deacylation
with a Grignard reagent, which must be representative
of the original TG's for results of the stereospecific
analysis to be strictly quantitative. Because a
portion of milk TG's contain short-chain FA's the
preparation of representative DG's from milk fat poses

special problems for the following reasons:

(i) TG's containing 4:0 are hydrolysed more

rapidly than trioleoyl-glycerol by pancreatic lipase
(Sampugna et al. 1967).

(ii) Certain DG species formed by lipolysis of
TG's containing 4:0 are preferentially hydrolysed by

pancreatic lipase (Sampugna et al. 1967).

(iii) 1,2(2,3)-DG's and 1,3-DG's, obtained by
deacylation of total milk fat with a Grignard reagent,

cannot be completely separated by T.L.C. (Yurkowski

and Brockerhoff, 1966).

In the present study TG fractions of high, medium
and low mol. wt. prepared from milk fat were deacylated

with a Grignard reagent in an effort to obtain
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1,2(2,3)-DG's which were representative of the constit-
uent FA's of the original TG's (Section 2.4.3.). This
method produced representative 1,2(2,3)~DG's from TG
fractions of high mol. wt. However when the TG
fractions of medium and low mol. wt. were deacylated
with a Grignard reagent the DG products formed (1,3~DG's
and 1,2(2,3)-DG's) could not be completely separated.
Consequently there remained no alternative but to
prepare 1,2(2,3)-DG's by hydrolysis of TG samples with
pancreatic lipase. Although there exists no data in
the literature concerning the FA composition of
1,2(2,3)-DG's prepared in this manner from milk TG's
of low mol. wt. the data obtained by Sampugna et al.
(1967), which are mentioned above, suggest that the
1,2(2,3)-DG's formed would not be strictly representative
of the FA's present in the original TG's. The
experimental results obtained in the present study
indicated that this was the caseo. It was found that
for the TG fractions of medium and low mol. wt. the

FA compositions of the 1,2(2,3)-DG's obtained
experimentally contained some 10-20% more 4:0 and 6:0

than the FA compositions determined by calculation.

In the published studies relating to the stereo-
specific analysis of milk fat (Pitas et al. 1967) and
milk TG's of low mol. wt. (Breckenridge and Kuksis,
1968b) the 1,2(2,3)-DG intermediates were prepared by -
hydrolysis of the TG sample with pancreatic lipase.
Consequently these results and the data determined in

the present study for milk TG's of medium and low mol.
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wt. were not strictly quantitative. However, valid
qualitative conclusions concerning the stereospecific

arrangement of FA's can be obtained from these results.

An examination of the results of the stereospecific
analyses of the high mol. wt. fractions of September,
January and March samples of milk fat (Section 3.2.3.)
and the molecular distillate of milk TG's of high mol.
wt. (Breckenridge and Kuksis, 1969) showed that the
overall pattern of distribution of FA's in positions
1, 2 and 3 was similar for each TG fraction. Similarly,
when comparing the results of the stereospecific analyses
of the low mol. wt. milk TG's determined in the present
study and reporfed by Breckenridge and Kuksis (1968b) it
was again observed that the overall pattern of distri-
bution of FA's in positions 1, 2 and 3 was similar for
each sample, Results of the stereospecific analyses
of samples of milk fat obtained by Pitas et al. (1967)
and reported in this work also showed that the stereo-
specific arrangement of FA's in these samples was

similar.

These results showed that the FA's were distributed
in a highly selective manner within the component TG's
of milk fat and fractions of milk fat., In the
constituent TG's of milk fat 4:0 and 6:0 were esterified
almost entirely at position 3, 14:0 was concentrated at
position 2, and 16:0 tended to be preferentially
esterified at positions 1 and 2, but the patterns of

distribution of 18:0 and 18:1 varied according to the
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mol. wt. of the TG's. In milk TG's of low mol. wt.
18:0 and 18:1 were preferentially esterified at position
1 while in TG's of high mol. wt. they were concentrated
at positioné 1 and 3. The IFA's clearly do not fit a

1, 3-random-2-random distribution pattern. However, it
has been suggested that the l1-random-2-random-3-random

theory may hold for milk fat (Christie and Moore, 1970).



Section 4.3. Influence of the composition of milk

triacylglycerols on the physical characteristics of

milk fatso.

In the preceding discussion it has been noted that:
(i) In the three samples of milk fat examined in
the present study the stereospecific arrangement of FA's

was similar.

(ii) Corresponding TG classes of these three samples

of milk fat had generally comparable FA compositions.

(iii) Each TG fraction of the September sample
contained a greater proportion of unsaturated TG's and
consequently a lower proportion of saturated TG's than
the corresponding TG fractions of the January and March

samples.

Since the three samples of milk fat examined in the
current work were selected from different stages during
the dairying season it can be concluded that changes in
the state of lactation and in feed conditions which occur
with the progress of the dairying season in New Zealand
affect the relative proportions of the constituent TG
species of milk' fat but do not significantly affect the
nature of these TG species. This variation in the
proportions of the constituent TG species of milk fat
appears to be the overriding factor which influences the
seasonal variation in the physical characteristics of.

New Zealand milk fat.
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Similarly it can be concluded from the preceding
discussion that in the Canadian milk fat examined by
Kuksis and Breckenridge (1968) and in the milk fats
investigéted in the present work the nature of the
constituent TG species is similar but the relative
proportions of these TG species differ. The proportions
of the saturated TG's of high mol. wt. were shown to be

considerably lower in the Canadian milk fat.

Wood and Dolby (1965) noted that the hardness
values of butter made in New Zealand were much higher
than those reported by de Man and Wood (1958) for
Canadian butter, When the hardness of butter made by
conventional methods throughout the season was measured
at 170C the following hardness ranges were obtained:
Canadian 1.5 - 3.2 Kg, New Zealand 5.6 - 7.5 Kg.
Although some of the difference in hardness between
New Zealand and Canadian butters is the result of
different manufacturing techniques most of the difference
may be attributed to the differences in the chemical
composition of milk fato‘ The much higher hardness of
New Zealand butter may therefore be largely attributed
to the greater proportion of saturated TG's of high
mol. wt. and the lesser proportion of unsaturated TG's

of high mol. wt. present in New Zealand milk fat.
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Section 4.4. Melting behaviour of the triacylglycerols

of milk fat.

Studies of the thermal properties of synthetic
TG's have shown that the melting points of TG's increase
as the mol. wt. increases and as the level of unsaturation
decreases (Bailey, 1950). As expected classes of TG's
obtained from the March sample of milk fat (Figure 13)
showed the same trend i.e. the greater the average mol.
wt. and the lesser the degree of unsaturation of the
constituent TG's of the TG class the higher its melting
rangeo The unsaturated TG's of low mol. wt. which
melted over the range -68 to -3°C were mainly responsible
for the considerable proportion of milk fat which melted
below 0°C. In contrast the saturated TG's of high mol.
wt. had a relatively high melting range (14 to 450C) and
resembled that of the high melting glyceride fraction of

milk fat (Norris et al. 1971).

By reference to Figure 12 it can be seen that the
TG fraction of high mol. wt. had a narrower melting range
than the TG fraction of low mol. wt. which implies that
the constituent, TG's of the high mol. wt. fraction fit
together more easily than those which comprise the low
mol. wt. fraction. This trend in melting ranges was
also exhibited by the saturated and unsaturated TG's of
the respective fractions (Figure 13). The heating
thermograms of the saturated and unsaturated TG's of
high mol. wt. showed considerable overlap indicating

that solid solution. effects are important. On the other
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hand the heating thermograms of the saturated and
unsaturated TG's of low mol. wt. did not overlap and
each had a similar shape to the corresponding proportion
of the TG fraction of low moi° wt. iﬁdicating that very
little formation of solid solutions occurs, This means
that the structural difference between the saturated

and unsaturated TG's of low mol. wt. must be sufficiently
large to prevent significant solid solution formation
between these two TG classess The unsaturated TG's

of low mol. wt. are mainly TG's which consist of a long-
chain saturated FA, a long-chain unsaturated FA and a
short-chain saturated FA. In other words these TG's
contain three FA's with widely different packing
requirements which would not readily fit into the

normal double or triple chain length TG lattices
(Gunstone, 1964) and therefore would not be expected to
exhibit significant solid solution formation with normal
TG's. In contrast, the saturated and unsaturated TG's
of the high mol. wt. fraction and the saturated TG's of
the low mol. wt. fraction should all fit into either
double or triple chain length TG structures and each
would be expected to exhibit.solid solution formation

with one another.

As noted above the unsaturated TG's of the low mol.
wt. fraction were mainly responsible for the considerable
proportion of milk fat which melted below 0°C and con-
sequently for the wide melting range which is character-
istic of milk fat. Thus the wide melting range of milk

fat is due to both the large number of different TG



105,

species and to the large structural difference between

the various TG species.
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