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Preface 

Charles Greville, writing in 1839 of a book by Lady Blessington, 
sourly remarked that ‘while it is very difficult to write good books, 
it is not easy to compose even bad ones’. In writing this guide to 
lipoprotein technique, we have come to appreciate the truth of this 
observation, not only because writing is a difficult art, but because 
the plasma lipoproteins are a peculiarly intractable subject. To begin 
with, there is no such thing as ‘a lipoprotein’. Like ‘wine’, lipopro- 
teins abound in an almost infinite variety, many of them differing in 
only the most subtle ways. The realisation of this complexity and the 
need to isolate the ‘purest’ possible lipoproteins for detailed studies 
of their chemistry has, since about 1945, led to the development of 
many methods for their isolation, identification and estimation. The 
newcomer to the field is therefore faced with a choice that he may find 
difficult to resolve unaided. It is primarily to such a novice that this 
guidebook is directed; we shall have comparatively little to say to the 
experienced worker in a large, well-established lipoprotein laborato- 
ry. 

Unfortunately, the most powerful of the available techniques are 
often those which the most sophisticated and expensive equipment. 
They are therefore not always available to small teams or to isolated 
investigators. Moreover, they are often time-consuming and not well 
suited to routine clinical analysis. Consequently, many simple meth- 
ods have been developed which will give the rough-and-ready results 
that often suffice for para-scientific experiments. In this book, we 
have tried to present a range of techniques that can be used for work 
at these different levels of sophistication. At the same time, we have 
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tried to present even the most advanced techniques in their simplest 
and most widely accessible forms. But it must be clearly understood 
that very simple methods cannot be used for work of the highest 
calibre; for example, it has to be accepted that it is very difficult to 
do significant work on lipoproteins without a preparative ultracentri- 
fuge. 

In the end, it is the user who must select the technique most 
appropriate for his needs and, to this end, we have devoted a part of 
our text to a discussion of the relative merits and limitations of the 
methods available. The method having been chosen with the aid of 
this digest, the experimental details can then be obtained from the 
relevant section of the book. In these sections, we have tried to present 
every significant detail. But significance in this sense is subjective and 
some may think that our instructions are sometimes self-evident. Our 
excuse is that, in a world in which a post-doctoral researcher has been 
known to try running a single tube in the preparative ultracentrifuge, 
it is unwise to assume too high a level of expertise. Moreover, 
although techniques are sometimes described in careful detail by their 
originators, later users tend to degrade them by omitting steps, or by 
changing conditions without checking that it is valid to do so. 

In composing this guide, we have inevitably drawn on the work of 
many scientists, as the list of references will show. However, we are 
glad to acknowledge the special influence that has been exerted by Dr. 
F.T. Lindgren and by Dr. P. Alaupovic, and their respective col- 
leagues, both on the development of our subject and on our treatment 
of it. Many other colleagues have contributed by passing on practical 
tricks of expertise that are often vital to the success of an experiment, 
but are not so often made public. In this context, we are particularly 
indebted to Dr. Sonia Goldstein and to Dr. M.J. Chapman for their 
encouragement and for help with those sections that deal with their 
special interests. Finally, it is a pleasure to recognise the willing and 
expert help of the librarians and photographers of the Middlesex 
Hospital. 



Glossary of lipoprotein nomenclature as used 
in this manual 

For details of the different systems refer to Section 1.1. 
(1) The density nomenclature will generally be used, either in 

specific terms, e.g. ‘the fraction of density 1.02-1.04 g/ml’, or in the 
orthodox generalised forms HDL, LDL, VLDL. 

(2) Where it is more appropriate to use the electrophoretic nomen- 
clature, the terms a-, p-, and pre-p-lipoprotein will be used. 

(3) Fractions that are isolated by methods that do not define the 
product will be referred to the most relevant term of the electrophoret- 
ic nomenclature in quotation marks, as follows: ‘a-lipoprotein’, etc. 

(4) Lipoproteins that are defined by their protein moieties will be 
named according to a modification of the Alaupovic system i.e. 
lipoprotein A, lipoprotein B, etc. (LP-A, LP-B, etc.). 

Note that LP-A, LP-B, LP-C etc. each contain only the mixture 
of proteins that is designated A, B or C, etc. respectively. Lipopro- 
teins formed from the individual proteins that compose these mixtures 
will be referred to as: lipoprotein A-I, lipoprotein A-11, lipoprotein 
C-I, etc. (LP-A-I, LP-A-11, etc.). In principle, this system can be 
extended to particles that bear more than one apo-lipoprotein, e.g. 
LP-B, C or LP-A, C, E, etc. 

Likewise, it is possible to construct names for such complex par- 
ticles as may be formed by the association of those that carry only 
one protein apiece, e.g. LP-B:LP-C, or LP-B:LP-C:LP-E, etc. or by 
the association of particles that carry more than one protein, e.g. 
LP-B, C:LP-C, E, etc. 

vii 



Glossary of apo-lipoprotein nomenclature as 
used in this manual 

For details refer to Section 1.2. 

lipoprotein or its abbreviation, e.g. 
The prefii ‘apo-’ will be added to any term that includes the word 

apo-highdensity lipoprotein (apo-HDL), etc. 
apo-lipoprotein A (apo-LP-A), etc. 
apo-lipoprotein A-I apo-LP-A-I), etc. 
apo-a-lipoprotein, etc. 

Some of these protein moieties will be heterogeneous, for example 
apo-HDL, apo-LDL, apo-LP-A. Others will consist of a single pro- 
tein, for example, apo-LP-A-11. Some of the apo-lipoproteins, of 
which A-I and E are the best known examples, are composed of a 
mixture of several closely similar proteins that are usually referred to 
as ‘polymorphs’. It is arguable that this term is not properly used to 
describe a group of proteins whose common feature is certain immu- 
no-reactive properties i.e. they are at least partially iso-immunogenic. 
Some authors have used the term ‘isoform’ instead of polymorph, but 
this is also not without its objections. In the absence of an entirely 
satisfactory, agreed nomenclature for these substances we shall gener- 
ally use the more common term ‘polymorph’. 
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CHAPTER 1 

Brief introduction to the plasma lipoproteins 

One of the characteristics of vertebrate animals is a highly developed 
system for the production of stable dispersions of fat in water. This 
ability plays an important part in the transport of fat from the gut 
to the bloodstream and in the intravascular transport of energy. It is 
also used by mammals in the production of milk. In each case, the 
dispersion of the fat is brought about by surrounding small globules 
with a hydrophilic shell that consists mainly of phospholipid and 
protein. The particles that perform the transport function in blood 
have come to be known as lipoproteins, and are present in essentially 
the same form in all vertebrates. It appears that the main difference 
between these plasma lipoproteins and the particles produced by the 
mammary gland is their smaller average size. In this respect the 
plasma lipoproteins have much in common with the microemulsions 
of Schulman (see Bowcott and Schulman, 1943; Prince, 1977), where- 
as the particles from milk are more akin to the conventional emulsions 
that are optically opaque. 

The way in which plasma lipoproteins are synthesised is unknown. 
At first sight, the production of the interface between the particle and 
the surrounding medium would require considerable energy but, in 
many cases, appropriate mixtures of lipids and emulsifiers can be 
induced to form microemulsions spontaneously in the laboratory, and 
this may be a clue to the mechanism of lipoprotein synthesis by living 
cells. Whatever their genesis may be, the general structure of the 
plasma lipoproteins seems clear. They consist of a core of hydropho- 
bic material that is surrounded by a hydrophilic envelope. The core 
is mainly composed of triglyceride and cholesteryl esters, although in 

1 
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lipoproteins from some of the more primitive vertebrates it may also 
contain hydrocarbons and glyceryl ethers. The envelope is composed 
of phospholipid and a mixture of various specific proteins (apo-lipo- 
proteins), together with some unesterified cholesterol. As with any 
emulsion, these substances are bound by non-covalent forces and their 
proportions are variable, at least within fairly wide limits. Moreover, 
the lipoproteins produced by biosynthesis, like the emulsion particles 
made in the laboratory, are not uniform in size. 

Unfortunately for the biochemist, this heterogeneity at the site of 
synthesis is not the only source of variation in the size and compo- 
sition of the plasma lipoproteins. These substances are unusual, if not 
unique, in that they undergo a considerable degree of metabolic 
alteration while they are circulating in the blood. Although some of 
this modification may take place while the particles are passing 
through the liver, it is now generally thought to be mainly brought 
about within the extra-hepatic vascular bed. This is a process that 
results in a progressive decrease in the size of the lipoprotein particle 
at a rate that is itself related to the size of the particle. Thus, a steady 
state distribution of lipoproteins is established in the plasma, in which 
the particles are of similar chemical structure but differ in size and 
composition. These differences in composition are, in turn, the cause 
of variation in such constitutive properties as density and electric 
charge. The extent of this variation in the major properties of the 
lipoproteins is summarised in Fig. 1.1 over the whole range that is 
normally found in plasma. Note that the abscissae are not necessarily 
on a linear scale and that, because the electrophoretic mobility of the 
lipoproteins is dependent on the experimental system used, it is 
expressed as a fraction of the mobility of albumin. It is these differ- 
ences in the properties of the lipoproteins that are used to separate 
them into different fractions. But it will be evident from the figure 
that, because the distribution of the particles is essentially continuous, 
the differentiation of these fractions will be quite arbitrary. 

It is important to note that there is no fixed relationship between 
the size of a lipoprotein and its composition, and that in consequence 
there is no fixed correlation between size and the density or relative 
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weight of the particles. Thus, i t  is theoretically possible for a lipopro- 
tein preparation that  is homogeneous with respect to particle size to 
be heterogeneous with respect to composition and density. I t  follows 
therefore, that the implication in Fig. 1 . 1  that these properties are 
distributed in essentially the same way is not necessarily strictly true. 
Unfortunately, the physics and chemistry (as opposed to  the biochem- 
istry) of the lipoproteins are neglected subjects and the extent to which 
the distributions actually differ is not often known. However, a 
practical example of heterogeneity in a superficially homogeneous 
preparation is illustrated in Fig. 1.2, which shows the analysis by 
two-dimensional immunoelectrophoresis of a P-lipoprotein fraction. 
Although this gave one band on simple electrophoresis in agarose gel, 
it is clearly immunochemically heterogeneous. 

It is easily seen that the dispersive potential of such a complex 
system is immense, and it is conceivable that no two lipoprotein 
particles are exactly alike. Such heterogeneous mixtures are not only 
difficult to characterise, but pose grievous problems for the terminol- 
ogist, and it was to provide a rational description of just such systems 
that Gibbons (1963, 1972) developed his concept of inhornogeneity. 

Fig. 1.2. An illustration of heterogeneity within a lipoprotein fraction, disclosed b) 
the method of two-dimensional immunoelectrophoresis (Section 5.7). 
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This regards a population of particles as heterogeneous if one of its 
parameters has a polymodal distribution, or has a distribution curve 
with more than two points of inflection. According to this definition, 
the whole plasma lipoprotein profile taken together (Fig. 1.1) is 
heterogeneous with respect to size, density and electrophoretic mobili- 
ty. Likewise, the HDL fraction must also be regarded as heterogen- 
eous because its distribution curve has three inflections. This is often, 
though not invariably true of the LDL as well. 

By contrast, a system in which the distribution of a parameter is 
unimodal is termed ‘polydisperse’ (with respect to that parameter). 
This is usually true of the size distribution of the VLDL and some- 
times of the LDL also. However, it is important to note in this context 
that even a homogenous substance will give a unimodal distribution 
when analysed by methods in which the effects of more than one 
physical phenomenon are superimposed, as for example in ultracen- 
trifugation or gel filtration chromatography, where the sharpness of 
the boundaries is degraded by diffusion. A sophisticated examination 
of the data may then be needed to determine whether the semblance 
of homogeneity is real. 

The lipoprotein distribution that is shown in Fig. 1.1 is a generalised 
example of the steady state that is established in the plasma as a 
resultant of many metabolic reactions. In a real group of human 
beings however, it would be rare for any two subjects to have exactly 
the same distribution. This raises practical difficulties for the student 
of lipoproteins, since preparations that do not originate from the 
same person will be different, even though they may have been 
isolated in the same way. This is exemplified in Fig. 1.3, which 
compares the ultracentrifugally determined distribution of the LDL 
fractions obtained from several apparently normal individuals. It is 
evident that every such preparation should be characterised by the 
measurement of such properties as will allow it to be identified and 
will establish the extent of its divergence from others that are nominal- 
ly identical. This is particularly important if reproducibility between 
laboratories is to  be maintained, but imposes an unwelcome addition 
to the labour of the experimenter. It is therefore important, (a) to  
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Fig. 1.3. The varying distribution of LDL in different subjects, illustrated by analytical 
ultracentrifugation of four different human sera. 

define very precisely the way in which the lipoproteins are isolated, 
and (b) to decide on a strategy of characterisation that will identify 
the preparation with an appropriate degree of certainty without being 
unrealistically burdensome. It is one of the purposes of this manual 
to describe a selection of reliable techniques for the isolation and 
characterisation of lipoproteins, with a sufficient discussion of their 
merits to allow the most appropriate to be chosen. 

However, before proceeding to the main part of the text, it will be 
necessary to consider the nomenclature of the plasma lipoproteins and 
of their various protein components. 

I .  I .  Nomenclature of the lipoproteins 

The polydispersity of the lipoproteins makes their classification very 
difficult and there is at present no workable systematic nomenclature. 
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However, there are several operational systems that are based on 
methods of fractionating lipoprotein mixtures. These all attempt to 
classify the sum total of the plasma lipoproteins into groups by setting 
arbitrary boundaries to distinguish one from another. The commonly 
used systems may be summarised as follows. 

1.1.1. Electrophoretic mobility 

Like other proteins, the lipoproteins are electrically charged, and will 
migrate in an electric field. In this way they can be resolved into four 
main classes by zone electrophoresis in a supporting medium, namely; 

Chylomicrons: these are the particles that are too large to migrate 
into the pores of the stabilising medium. 

a-Lipoproteins: these were so named because they have the mobility 
of a-globulins. More precisely, their mobility is that of the a,-globu- 
lins and they are therefore sometimes referred to as al-lipoproteins. 

Pre-P-lipoproteins: so-called because their mobility is a little greater 
than that of the p-lipoproteins, they are also sometimes called a,-lipo- 
proteins because their mobility is close to that of the a2-globulins. 

P-Lipoproteins: these migrate at the same rate as the B-globulins. 

In addition to these, two minor classes have been described under the 
names pre-albumin and y-lipoprotein. 

It is important to note that all these classes are polydisperse with 
respect to all known properties. 

1.1.2. Hydrated density 

Lipoproteins are substances of relatively low density and will float if 
they are ultracentrifuged in a solvent of greater density. By carrying 
out successive centrifugations in which the density of the solvent is 
increased by a known amount each time, it is possible to isolate 
lipoproteins fractions that are defined as having a density that is less 
than one value but greater than a second. This commonly used 
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method of isolating purified lipoproteins is the basis of what has come 
to be the most widely used system of lipoprotein nomenclature. Five 
standard classes have been defined in this way by arbitrarily chosen 
limits of density, namely: 

Chylornicrons: particles of density less than 0.94 g/ml. 
Very-lo w-densiry lipoproteins (VLDL): lipoproteins of density 

greater than 0.94 g/ml but less than 1.006 g/ml. 
Low-density lipoproteins (LDL): particles of density between 1.006 

and 1.063 g/ml. In some laboratories this class has been subdivided. 
Thus, the fraction of density 1.006 g/ml to about 1.02 g/ml has been 
called Intermediate-density lipoprotein (IDL) by some, and LDL , by 
others. The complementary fraction of density 1.02 to  1.063 g/ml is 
then called LDL or LDLz respectively. On the whole, independent and 
irrational extensions to the basic system of nomenclature, such as 
these, tend to confuse and are to be discouraged on that account. 

High-densiry lipoproteins (HDL): lipoproteins of density between 
1.063 and 1.20 g/ml. This class is heterogeneous, and can be separated 
into two sub-classes of density 1.063-1.125 g/ml (HDL,) and 
1.125-1.20 g/ml (HDL,). The term HDL, has also been applied to 
a small class of lipoproteins that has a mean density close to  1.06 
g/ml. It consequently overlaps both the LDL and HDL classes, and 
it is debateable to which it should be assigned. 

Very-high-density lipoproteins (VHDL): lipoproteins of density 
greater than 1.20 g/ml but less than about 1.25 g/ml. 

This system is a very flexible one since almost any lipoprotein fraction 
that is prepared by sequential ultracentrifugation can be defined by 
the two densities at which this process is carried out. For example, 
if the lower limiting density is 1.024 g/ml and the upper limiting 
density is 1.045 g/ml, the lipoproteins of density between these two 
values can be referred to as the 1.024-1.045 fraction. However, it 
must be remembered that although it is the hydrated density of the 
lipoprotein particle that enables us to give it a name in this system, 
in practice it is the density of the solvent that is measured. During 
ultracentrifugation, there is a re-distribution of salt towards the 
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bottom of the tube that causes the density of the solvent at the top 
to fall slightly. Thus, when a lipoprotein fraction is defined in this 
way, it is the solvent density after ultracentrifugation that should be 
used. 

It must also be noted that the density of a lipoprotein particle is 
a function of temperature, the value of which should be quoted when 
a lipoprotein is referred to this system of nomenclature. For technical 
reasons, the Donner laboratory used a standard temperature of 26 "C 
for the analytical ultracentrifugation of lipoproteins, and the densities 
at which the preparative centrifugations were carried out were also 
defined at this temperature (DeLalla and Gofman, 1954; Ewing et al., 
1965). However, Hatch and Lees (1968) apparently re-defined the 
standard temperature to 20 "C and lipoproteins isolated according to 
their protocols are not identical with those obtained by the 'Donner' 
system. The general practice in this context is obscure, since the 
temperature at which the density of the plasma is adjusted is rarely 
reported, but it seems likely that an ill-defined 'room temperature' is 
often used, i.e. somewhere near 20 "C. If this assumption is correct, 
the adoption of 20 "C as the standard at which lipoprotein densities 
should be reported may be both practical and realistic. Moreover, it 
is the conventional standard temperature at which the densities of 
other substances and the results of analytical ultracentrifugation are 
both reported. Until a standard temperature for the definition of 
lipoprotein densities is officially decided, each experimenter must 
determine for himself what conditions he will use. In this manual 
however, we shall adopt a temperature of 20 "C. Unfortunately, 
samples prepared according to  this definition may give a slightly 
different profile in the analytical ultracentrifuge, at low flotation 
rates, as compared with samples defined at 26 "C. However, with the 
improved temperature control that is available on modern ultracentri- 
fuges, there seems to be no reason why consistency should not be 
achieved by running the lipoprotein analyses at 20 "C. 

wote that all the fractions to which we have been referring are 
polydisperse with respect to all known properties. 
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I. i.3. Flotatiof. -ate 

In this system, the lipoproteins are identified by the rate at which they 
float in the analytical ultracentrifuge (in Svedberg units). Two stan- 
dard conditions of centrifugation are needed, as follows: 

(a) lipoproteins of density less than 1 .063 g/ml (conventionally at 
26 " C ,  see Section 1 .  1.2) are centrifuged at 26 "C in NaCl solution of 
density 1.063 g/ml; 

(b) the high-density lipoproteins are analysed in a mixture of NaCl 
and NaBr of density 1.20 g/ml, also at 26 "C. 

Traditionally, four main classes of lipoproteins have been defined 
in this way by arbitrarily fixing the limits of flotation rate as follows: 

Sf > 400: these large particles, of flotation rate greater than 400 
Svedbergs in NaCl solution of density 1.063 g/ml, are approximately 
equivalent to the 'chylomicrons' of other classifications. 
Sf 20-400: the low-density lipoproteins that have a flotation rate 

of between 20 and 400 Svedbergs are closely equivalent to VLDL. 
Sf 0-20: the second main class of low-density lipoproteins has a 

flotation rate between zero and 20 Svedbergs at solvent density 1.063 
g/ml, and is virtually identical with the LDL. This class is often 
sub-divided into the Sf 0-12 and Sf 12-20 fractions. 

F1.20 0-9: these lipoproteins are nearly equivalent to the HDL, and 
float in a solvent of density 1 .20 g/ml with velocities between zero and 
9 Svedbergs. The class is usually sub-divided into the F1,20 0-3.5 
(approx. HDL,) and F1.20 3.5-9 (approx. HDL,). 

This classification is also very versatile since almost any fraction can 
be defined by its limiting flotation rates. In a similar system that was 
used in some laboratories in the early 1950s, the analytical centrifu- 
gation of the whole lipoprotein profile (low- plus high-density 
fractions) was carried out in KBr solution of density 1.21 g/ml. 
However, this procedure has some technical drawbacks and is now 
of historical interest only (Lewis et al., 1952). 

Note again that all the conventional fractions defined above are 
polydisperse with respect to all known properties. 
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1.1.4. Particle size 

A simple cIassification based on size has been developed by Stone et 
al. (1970, 1971), in which the diameters of the lipoproteins are 
estimated by a combination of their ability to scatter light under 
defined conditions and to pass through membrane filters of specified 
pore size. The term lurgeparticle is used for lipoproteins of diameter 
greater than 100 nm, which effectively correspond to the chylomi- 
crons. Lipoproteins of diameter 20-100 nm are referred to as medium 
particles, and those smaller than 20 nm as small particles. The me- 
dium class is roughly equivalent to the S,  20-400 class, or VLDL, 
while the small particles include both the LDL and HDL. Unfortu- 
nately, this simple scheme is limited by the availability of filters of 
differing pore size and by the unsuitability of filters as a means of 
resolving the small particles. Moreover, the intensity of scattered light 
is dependent on both the size and the concentration of the lipoprotein 
particles. In its present state of development therefore, this system of 
nomenclature is of value only in a clinical context. 

1.1.5. 

It cannot be too strongly emphasised that, although the terms used 
in these different systems of nomenclature are often roughly equiva- 
lent, they are not strictly interchangeable. For example, HDL and 
a-lipoprotein are not the same thing, and the term HDL should only 
be applied to material that has been isolated by ultracentrifugation. 

The operational classification also makes for difficulty when Iipo- 
proteins are isolated by methods other than centrifugation or 
electrophoresis, e.g. precipitation or gel filtration. Since these meth- 
ods do not provide the basis for a nomenclature of their own, it is 
tempting to classify the preparations according to one of the other 
existing systems. But any correspondence between the preparations 
and the chosen system of nomenclature will be at best, imprecise and 
at worst, unknown. It is therefore unacceptable to say, as in the 
following extract, that ‘Serum lipoproteins were isolated and fraction- 
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ated by gel chromatography into three major fractions: VLDL, LDL 
and HDL’, because the density classes are exactly defined and the 
chromatographic fractions are not. The correct procedure in these 
circumstances is to analyse each fraction by a reference method and 
to define it accordingly. However, when describing these non-refer- 
ence methods in this manual, we shall apply the generalised terms 
a-lipoprotein and /%lipoprotein to fractions that are known to ap- 
proximate to the electrophoretic classes. 

In an attempt to overcome the defects associated with an operation- 
al nomenclature based on physical principles, Alaupovic (1968, 1972, 
1974) has proposed that the most rational way of classifying lipopro- 
teins is by reference to their apo-lipoprotein content. In principle, this 
contention has much to commend it. I t  is based on the observation 
(Lee and Alaupovic, 1970, 1974; Kostner and Alaupovic, 1972; 
McConathy and Alaupovic, 1976) that it is possible, by exhaustive 
immunochemical adsorption, to isolate classes of lipoprotein that 
bear only one apo-lipoprotein, i.e. that are homogeneous with respect 
to protein, although polydisperse with respect to their other prop- 
erties. I f  they are intact and native, each of these classes of lipoprotein 
may be legitimately named after their apo-lipoprotein, for example, 
Lipoprotein B or Lipoprotein A-I. (See Section 1.2 for the nomencla- 
ture of apolipoproteins.) These classes have been called families by 
Alaupovic and differ significantly from ordinary lipoprotein prepa- 
rations in being homogeneous with respect to one chemical property. 
However, many of the lipoprotein particles that are normally present 
in the plasma carry more than one apo-lipoprotein. Alaupovic has 
suggested that these particles are association complexes that are 
formed from the particles that compose the families, but this concept 
has many vague and ill-defined features. In a more specific proposal, 
Osborne and Brewer (1977) suggest that lipoproteins which carry a 
single apo-lipoprotein should be termed primary lipoproteins. They 
then postulate that these can reversibly associate, according to the 
Mass Action law, to form secondary lipoproteins. Unfortunately, 
although this provides a plausible explanation for the existence of 
some of the lipoproteins that have more than one apo-lipoprotein, it 
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does not solve the problem of naming them. As it stands, the lipopro- 
tein family concept provides a good way of classifying some lipopro- 
teins that are often quantitatively minor and are rarely isolated. In 
practice, it does nothing to solve the problem of classifying the 
antigenically heterogeneous preparations with which most experimen- 
ters are forced to work. Future developments in lipoprotein technol- 
ogy may change this however. 

1.1.6. Lipoproteins named specifcalb 

LP (a) This lipoprotein, which has a hydrated density of about 
1.085 g/ml and a relative particle weight of about 5 x lo6, was 
originally thought to be a polymorphic form of lipoprotein B. It is 
now thought to contain apolipoprotein B and at least one additional 
specific protein. It migrates as a pre-0-lipoprotein on electrophoresis 
and, because of its high density, has been termed ‘sinking pre-P-lipo- 
protein’. It is a normal component of plasma. 

Lipoprotein X (LP-X) This abnormal lipoprotein is present in 
the plasma of patients with obstructive jaundice. It has the ultracentri- 
fugal properties of an LDL, but migrates towards the cathode on 
electrophoresis at pH 8 in agar. It contains apo-lipoprotein C, apo- 
lipoprotein D and albumin. 

I.2. Nomenclature of apo-lipoproteins 

The protein components of the lipoprotein particles are known as 
apo-lipoproteins. The prefix apo- can be legitimately applied to any 
name that explicitly contains the term lipoprotein or its abbreviation 
e.g. high-density lipoprotein or its contraction HDL. Unfortunately, 
there is no other generic name that is more succinct than apo-lipopro- 
tein. Note that the term apo-protein should be regarded as jargon; 
useful enough in laboratory conversation, but to be avoided in 
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writing. Moreover, it is incorrect to use apo- as a prefix to the name 
of an apo-lipoprotein as, for example, in apo-B. The correct abbre- 
viation should take the form apo-LP-B, which means the apo-lipopro- 
tein designated as ‘B’, and not that the protein is necessarily isolated 
from lipoprotein B. Where there can be no chance of confusion, it 
may be acceptable to refer to the apo-lipoproteins by their names 
only, as in the proteins A, B and C.  

A considerable number of proteins can be isolated from lipoprotein 
particles, some of which are loosely attached by non-specific bonds 
and are of no structural or functional significance. Criteria are 
therefore needed by which these proteins can be distinguished from 
true apo-lipoproteins. This distinction can be difficult, since some 
apo-lipoproteins are also loosely attached and can exchange between 
particles, whereas albumin, which is probably not an apo-lipoprotein, 
can bind very tightly under some circumstances. It seems to be tacitly 
accepted that an apo-lipoprotein should be present on the lipoprotein 
particle for a purpose, such as the stabilising of the particle. However, 
it is not yet clear to what extent the presence of protein is really 
necessary for stability, although there is evidence that it cannot be 
entirely dispensed with. Probably the most valuable criterion at 
present available is one proposed by Alaupovic, namely that an 
apo-lipoprotein must be capable of acting as the only protein compo- 
nent of a lipoprotein particle i.e. that it can form a lipoprotein family 
(Section 1.1.5). If this condition is satisfied, there is strong evidence 
that the protein can stabilise the structure of the particle. However, 
this is technically a very difficult test to apply. Moreover, it is of 
uncertain value if the protein in question can easily exchange between 
different lipoprotein particles and is consequently of doubtful struc- 
tu rd  significance. A way out of this dilemma is suggested by the fact 
that some loosely bound apo-lipoproteins are now known to be 
regulators of enzymes that are concerned with lipoprotein metabo- 
lism. If this metabolic role is accepted as implying a functional 
requirement for the presence of the protein on the particle, it can be 
invoked as an additional test for an apo-lipoprotein. It is not an 
essential criterion however, and it is clearly much easier to detect the 
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presence of a protein on the lipoprotein particle than to discover its 
metabolic role. 

Despite this problem of definition, the existence of at least six 
apo-lipoproteins is now accepted, and a system of nomenclature is 
therefore necessary. The earlier literature on the subject is confused 
by the existence of two such systems. In the first, each protein was 
identified, at the time of its discovery, by a letter of the alphabet. In 
the second, they were identified by their C-terminal aminoacids. The 
fact that some of these C-terminals were at first wrongly identified 
did nothing to promote the use of the latter system and, as it is also 
rather cumbersome, it appears to have become extinct. However, the 
alternative is not without problems of its own that arise from the fact 
that many apo-lipoproteins are now known to be heterogeneous. For 
example, apo-lipoprotein A was eventually found to consist of two 
separate and quite different proteins that were designated A-I and 
A-11. At first sight, this would appear to present no difficulty since 
each can be regarded as an apo-lipoprotein. However, Alaupovic 
disagreed with this view on the grounds that it was an essential part 
of the definition of an apo-lipoprotein that it should be able to form 
a lipoprotein ‘family’, i.e. that it can be the sole protein present in 
a class of lipoproteins. At first, it was thought that proteins such as 
A-I and A-I1 did not fit this definition and that they required an 
alternative name, for which the clumsy term constitutive polypeptides 
was coined. On this view, the term apo-lipoprotein is a noun of 
assembly that represents a mixture of two or more different proteins 
whose only common feature is the fact that they often occur together 
of the same lipoprotein particle. But, since each of these proteins is 
presumably capable of forming a bond of some kind with the surface 
of the particle, the grounds on which they are denied the status of 
apo-lipoproteins appear to be arguable. Moreover, sonle of these 
so-called polypeptides have since been shown to be capable of forming 
families. Many authors have therefore applied the term apo-lipopro- 
tein to proteins such a A-I and A-11, and we shall also adopt this 
usage. 

The apo-lipoproteins A-I and C-I11 have also been shown to exist 
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in polymorphic forms, which are designated by adding an Arabic 
numeral as in C-111-0, C-111-1 etc. Apo-lipoprotein E has likewise 
been separated into several forms by isoelectric focussing but it is not 
yet clear whether these are polymorphs or are different proteins. If 
is therefore uncertain whether they should be distinguished by Arabic 
or Roman numerals. 

At the time of writing, there are nine proteins that have been 
established as apo-lipoproteins according to our definition of the 
term, and these are listed in Table 1.1. Note however, that apo-lipo- 
protein D is also known to some workers as A-111. In addition to 
these, several other proteins have been proposed as candidates. For 
example, there are the proteins tentatively designated as apo-lipopro- 
teins G and A-IV, as well as P,-glycoprotein-1 (which is thought by 
some to be apo-lipoprotein H), glycine-rich peptide, proline-rich 
peptide and threonine-poor peptide. But it has yet to be convincingly 
shown that any of these are genuine components of the lipoprotein 
particle and are not present as the fortuitous result of non-specific 
adsorption. The status of the protein moiety of Lp(a) is also un- 
certain; originally it was thought to be a polymorph of apo-lipopro- 
tein B, but there is now some evidence that it is a mixture of B with 
at least one other specific protein. Whether the latter are strictly to 
be regarded as apo-lipoproteins is undecided. 

In this manual we shall use the terms and conventions of the 
alphabetic system of nomenclature as they are summarised in the 
glossary at the beginning of this chapter. 



CHAPTER 2 

The isolation and purification of plasma 
lipoproteins 

There is probably little practical difference between plasma and serum 
as a source of isolated lipoproteins if small losses of some particles 
by entrainment in the clot can be tolerated. However, the use of 
plasma has the advantage that the blood can be chilled and the cells 
removed immediately after collection, thus minimising the enzymic 
degradation that may occur while the clot is retracting. Even under 
the best circumstances, the isolation of a particular class of lipopro- 
teins may take several days, during which they will be open to 
degradation in three ways: 

(1) by enzymes that may be either native to the plasma, or of 
microbiological origin 

(2) as a result of oxidation 
(3) since the components of the lipoprotein complex are bound 

together only by non-covalent forces, it is possible for some dispro- 
portionation to occur during the preparative manipulations. 

As explained in Appendix 1, the first two degradative effects can be 
minimised by storing the plasma between 0 and 4 "C and by adding 
the following preservatives: 

Ellman's reagent 0.6 mg/ml 
Phenylrnethyl sulphonyl fluoride 0.35 mg/ml 
Thimerosal 0.08 mg/ml 
Sodium azide 0.13 mg/ml 
EDTA 0.37 mg/ml 

(All these reagents can be obtained from laboratory suppliers such as BDH Chemicals, 
Eastman Organic Chemicals, E. Merck and Sigma Chemical Co.) 

18 
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A prompt start to the isolation will remove the lipoproteins from the 
main source of degradative enzymes, but it must be remembered that 
some of these may remain adsorbed to the isolated particles. Oxi- 
dation is probably the most important hazard once isolation has 
begun, and EDTA must be added to all the solutions used. Even this 
precaution will not completely prevent oxidative effects and the most 
scrupulous workers will make up their reagents in de-aerated water 
and store the lipoprotein solutions under nitrogen. Sterility must also 
be maintained and all solutions should therefore contain sodium a i d e  
and thimerosal. 

It is during the isolation of the lipoproteins that their intrinsic 
instability becomes important. The possibility that HDL particles may 
be eroded during ultracentrifugation was discussed by Scanu and 
Hughes in 1960, and was later confirmed by Levy and Fredrickson 
(1965). Later evidence suggests that loss of protein may occur under 
these circumstances through the perturbation of the equilibrium 
between apo-lipoprotein that is bound to the particles and the low 
concentration of free protein in solution (Pownall et al., 1978). This 
equilibrium probably involves only the smaller apo-lipoproteins. At 
present there seems to be little that can be done to prevent this 
disproportionation of the lipoproteins. 

Broadly speaking, there are three general ways of isolating lipopro- 
teins in practicable quantities: 

(1) Ultracentrifugation 
(2) Precipitation 
(3) Chromatography 

When used individually these methods yield ‘lipoproteins’ in which 
the dispersion of one property has been limited. By using several 
methods in sequence, the overall dispersion can be further reduced 
but, because these extra stages are laborious, they are rarely undertak- 
en. 
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2. I .  Isolation by ultracentrifugation 

This technique separates the lipoproteins according to differences in 
their hydrated density. The most widely used procedure is the serial 
centrifugation at different solvent densities that originated in the 
Donner laboratory and has been described in exquisite detail by 
Lindgren (1975), although it is to Have1 et al. (1955) that the populari- 
ty of the method is probably due. Although the technique is not well 
suited to the fractionation of very large quantities of plasma, it offers 
the best combination of capacity and resolution that is available. 
Centrifugation on density gradients may give a greater resolution but 
is probably more suitable for the analysis of small quantities of 
lipoprotein than for large-scale preparative work. 

The centrifugal methods have great flexibility insofar as it is possi- 
ble to isolate any fraction that can be defined by two densities that 
are greater than that of the solvent density of the plasma i.e. 1.006 
g/ml. However, it is evident that definition of the lipoprotein fraction 
will be impaired if adjustment of the solvent density is inaccurate. It 
is therefore significant that there is usually a degree of uncertainty 
about the solvent density of the plasma. In mammals this is assumed 
to be 1.006 g/ml, but there seems to be little information on its 
variation from man to man or, more particularly, from genus to 
genus. The same value has been reported for some species of lower 
vertebrates though there may be some doubt whether it can be 
generally applied to reptiles or amphibians. In fish however, the 
solvent density of plasma is known to be relatively high (1.015-1.025 
g/ml), though the value may vary among species. Fortunately, it can 
quite easily be determined, either by measuring the density of an 
ultrafiltrate of plasma, or by the simple equilibrium dialysis procedure 
described by Jensen and Smith (1976). A precise adjustment of the 
density of plasma to any desired value can, of course, be made by 
dialysis but this has the disadvantage that it effectively increases the 
time for which the plasma is stored, and will probably lead to 
unwanted changes in the volume of the sample. 

A more important error in the final density of the adjusted plasma 
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can arise from the fact that about 6% of its volume is occupied by 
the proteins. Strictly therefore, it is the partial solvent volume (0.94 
times the actual volume) that should be used when calculating the 
amount of salt to be added to raise the density. Even then, there will 
be a residual error due to the variation from subject to subject, but 
this is usually small enough to be ignored. So far as can be judged 
from published papers, this correction for the partial volume of the 
protein is rarely applied and the reported densities underestimate the 
actual values. Since it is easy to correct for at least the major part of 
this error, it seems desirable that this should be more widely done. 
However, it may then be necessary .to have two parallel adjustment 
procedures in use, one for plasma and another for the washing or 
fractionation of isolated lipoproteins. 

In some experiments, it may be possible to reduce these un- 
certainties in density by first isolating lipoproteins of a higher density 
than is required and then sub-fractionating them. 

Even when the initial adjustment of the density can be carried out 
precisely, it must be remembered that the re-distribution of salt during 
the centrifugation brings about a decrease in the density of the solvent 
at the top of the tube. The magnitude of this effect can be gauged 
from the fact that, during an 18 hour centrifugation at 40000 rev/min 
in the Spinco 40.3 rotor, the density of a NaCl solution will fall from 
1.065 to 1.062 g/ml at the top of the tube. Where the conditions of 
centrifugation are different, or the solvent contains a different mix- 
ture of salts, the extent of the re-distribution must be specially 
measured. This can easily be done by determining the refractive index 
of the solution at different points down the tube after the centrifu- 
gation (Section 2.1.2.5). The precision densitometer could also be 
used (Section 2.1.1.3). The refractometric method has been routinely 
used by Lindgren (Lindgren et al., 1964; Lindgren, 1975) to estimate 
the solvent density of the lipoprotein fractions obtained by the centri- 
fugation of plasma. This enables a correction to be made for manipu- 
lative errors or variations in the solvent density of plasma (Section 
2.1.1.3). 

It is not always realised that a lipoprotein particle and its solvent 
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expand at different rates when their temperature is raised. As a result, 
the solvent density will only be equal to the limiting density of the 
lipoprotein fraction if the ultracentrifugation is done at the same 
temperature as that at which the density adjustment was made (say 
20 "C). If this is not the case, the differential expansion of the two 
components of the system can introduce an important error in the 
definition of the lipoprotein fraction that is isolated. For example, in 
the experiments of Chapman et al. (1978), serum was adjusted first 
to a density of 1.024 g/ml at 20 "C and then centrifuged at 5 "C. After 
removal of the lipoproteins, the serum was re-adjusted to 1.045 g/ml 
at 20 "C and centrifuged at 5 "C. Subsequent measurements (at 26 "C) 
of the hydrated density of the resulting lipoprotein fraction gave a 
mean value of 1.028 g/ml rather than one close to 1.035 g/ml as might 
have been expected. A similar effect can be seen in the experiments 
reported by Lee and Alaupovic (1974). 

The decrease in density of LDL on heating through the range 
5-25 "C is approximately - 7 x g/ml/"C (Toro-Goyco, 1958; 
Mills, 1977). Over the same range of temperature, the corresponding 
value for a sodium chloride solution of density (at 20 "C) between 1 .OO 
and 1.08 g/ml lies between the values - 1.65 x g/ml/"C and 
-3.93 x g/ml/"C, and can be obtained to a good approxi- 
mation from the equation dp/dt = (26.85 - 28 .5~)10 -~  where p is 
the density of the sodium chloride solution at 20 "C and t is tempera- 
ture. 

The practical consequences of these differences in expansivity are 
summarised in Table 2.1 from which it can be seen that an LDL which 
has a density of 1.03 g/ml at 20 "C has a density of 1.0257 g/ml at 
26 "C. Because the lipoprotein expands more rapidly than the solvent, 
it is necessary, when the ultracentrifugation is to be performed at a 
temperature below 20 "C, to adjust the solvent to a density (at 20 "C) 
that is greater than 1.03 g/ml. Thus, if the centrifugation is to be 
carried out at 5 "C, this adjusted value should be 1.0364 g/ml. 

Unfortunately, we do not at present have the information with 
which to compensate accurately for this differential expansivity in all 
centrifugations. In the first place, the LDL are the only lipoproteins 
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for which any attempt to determine the thermal expansivity has been 
made. At present therefore, a correction can only be applied to VLDL 
and HDL if it is assumed that their coefficients of expansivity are the 
same as that for LDL. From the evidence available, it appears that 
the latter may be effectively the mean of the values for the components 
of the lipoprotein. Moreover, since these values are not very different, 
the variation in expansivity across the range of lipoproteins from 
VLDL to HDL may prove to be quite small, and that the value for 
LDL may be acceptable as a first approximation for them all. Howev- 
er, this has yet to be demonstrated. 

Secondly, the correlation between temperature and density is 
known only for a restricted range of sodium chloride solutions. For 
solutions of other substances that are used for the preparative centri- 
fugation of lipoproteins, such as sodium bromide, mixtures of brom- 
ide with chloride, or sucrose, the required information is generally 
lacking. It is worth noting however, that the expansivity of these 
solutions is greatest when the salt concentration is high. The differen- 
tial effect of temperature therefore tends to be least when HDL are 
centrifuged, and may be less than that which results from the re-distri- 
bution of the salt. Nonetheless, in work of the highest calibre, the 
expansivity of the solvent to be used should either be measured, or 
the differential effect eliminated by centrifuging at a temperature 
close to 20 "C. 

Temperature is also one of the factors that determine the minimum 
duration of the centrifugation, through its effect on the viscosity of 
the solvent. For example, a centrifugation of 24 hours at 18 "C will 
need to be extended to at least 36 hours at 4°C. It is, of course, 
important to ensure that the duration of the experiment is adequate. 
If it is too short, an unduly large number of particles will remain in 
the infranatant solution, from which they will ultimately be recovered 
as contaminants of a fraction of higher density. 

To summarise these .observations, it may be said that experiments 
are often reported to have been on lipoprotein preparations that are 
not quite what they purport to be. Ignoring the partial volume of the 
plasma proteins will result in the adjusted solvent density being 
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slightly too high, whereas the redistribution of salt and the expansivity 
effect both reduce it. The magnitude of the resultant error will depend 
on the circumstances of the experiment, but may be exemplified as 
follows: assume that a sample of plasma is to be adjusted to a solvent 
density of 1.063 g/ml at 26 " C .  Errors arising from pipetting and 
similar manipulations should fall within the range 2 0.0005 g/ml. If 
the partial volume of the plasma proteins is ignored, the actual density 
would be approximately 1.064 g/ml. Redistribution of salt would then 
reduce this to about 1 .062 g/ml and, if the centrifugation was done 
at 5 "C,  the final limiting particle density would be about 1.055 g/ml 
at 26 "C.  It is tempting to dismiss this error as being of little conse- 
quence when the product is a heterogeneous mixture which varies 
from one blood sample to another. But, as Fig. 2.1 shows, it can make 
a considerable difference to the nature of the fraction that is isolated 
and make it difficult, or perhaps impossible, for others to reproduce 
the experiment exactly. An accurate knowledge of the limiting den- 
sities of the lipoprotein fraction will be particularly important if these 
are the only characteristics used to define it. 

a b 

Fig. 2.1. This figure illustrates the error that can be made in defining a lipoprotein 
fraction if  the difference between the thermal expansion of lipoprotein and its solvent 
is ignored during serial ultracentrifugation. The hatched area M represents the fraction 
of LDL that it is proposed to isolate. defined by the limiting densities (a) and (b), as 
measured at 20°C. If the centrifugations are then actually carried out at 5 "C, thc 
lipoprotein fraction that is recovered will have the distribution represented by the 

hatched area N. 
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21.1. Serial ultracentrifugation 

The principle of this method is as follows. The solvent density of 
plasma (or other solution of lipoproteins) is adjusted to the lower limit 
of the fraction that it is proposed to isolate and it is then centrifuged 
at about 100 000 g for several hours. The lipoproteins of density less 
than that to which the solution was adjusted float to the top of the 
tube, while other substances sediment towards the bottom. The 
floating lipoproteins are removed. The residue in the tube is stirred 
and its solvent density adjusted to the upper limit of the required 
lipoprotein fraction. The centrifugation is repeated and the wanted 
lipoproteins are recovered from the top of the tube. By readjusting 
the solvent density of the infranatant solution to successively higher 
values, a sequence of lipoprotein fractions can be isolated. However, 
no matter how carefully the experiment is performed, these fractions 
always overlap because particles with a density close to that of the 
solvent migrate only very slowly into (or out of) the upper part of the 
tube. The usual solution to this problem is to wash the lipoproteins 
by repeated centrifugation at the upper density limit. This also tends 
to remove adsorbed plasma proteins, but has the disadvantage that 
the prolonged manipulation may lead to degradation of the lipopro- 
teins. 

This technique has the draw-back that, like equilibrium centrifu- 
gation on gradients, it cannot be used to sub-fractionate chylomicrons 
or VLDL, which are less dense than physiological salt solution. For 
this purpose it is necessary to use a procedure in which the solution 
is centrifuged for successively longer periods of time at defined rotor 
speeds. This technique fractionates the lipoproteins, not by density, 
but by the rate at which they float up the centrifuge tube, which is 
a function of both density and size. This procedure is described in 
detail in Section 2.1.1.9. 

Before embarking on the preparation, it may be necessary to adjust 
the solvent density of the plasma, or of a solution of isolated lipopro- 
teins, to some specified value. The best way of doing this is by 
equilibrium dialysis. Unfortunately, this not only requires large vol- 
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umes of salt solution of accurately known density, but also takes at 
least 24 hours, during which the lipoproteins may be subject to 
degradation (Appendix 1 and Section 2.5). It is therefore important 
to use de-aerated water to prepare the salt solutions and to conduct 
the dialysis in a stoppered flask that is completely filled. Antioxidants 
can also be added to the solution (Appendix 1 and Section 2.5). 
Despite the objections, this is the procedure to use for work of the 
highest precision. For the routine analysis or preparation of lipopro- 
teins however, dialysis is un-attractively time-consuming and the 
solvent density is usually manipulated by mixing the lipoprotein 
solution either with an appropriate amount of a concentrated salt 
solution of known density, or with a weighed quantity of solid salt. 

2.1. I .  I .  Preparation of specific diluents All the diluents that 
are used to adjust the density of plasma, or of other lipoprotein 
solutions, must contain both EDTA and a bacteriostatic agent. It may 
also be advisable to add antioxidants (Section 2.5). The most com- 
monly used bacteriostat is sodium azide, although sodium ethyl 
mercurithiosalicylate (Thimerosal) may be used instead. Many work- 
ers prefer to use both of these and may also add an antibiotic like 
chloramphenicol (50 pg/ml). 

The composition of these diluents is therefore of the form: 
NaCl or NaBr (analytical grade) to give the require density, plus 
Disodium ethylenediamine tetra-acetic acid (EDTA): 0.372 g (1 .O millimolal) 
Sodium azide: 0.13 g (2.0 millimolal) 
Thimerosal: 0.081 g (0.2 millimolal) 
Water: 1.0 kg 
Sodium hydrogen carbonate: sufficient to adjust pH to 7.0-7.5. 

It is customary to use solutions of NaCl for densities below about 1.19 
g/ml and to add NaBr to raise the density above this value. However, 
the use of mixed solvents of this kind makes the estimation of density 
by refractometry (Section 2.1.2.5) more difficult because the refrac- 
tive index cannot be directly related to the total salt concentration as 
it can if  only one solute is present. Moreover, if the isolated lipopro- 
teins are to be quantitatively estimated by refractometry (Section 7. l ) ,  
it must be remembered that their refractive increment is known only 
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for a limited number of simple salt solutions. In addition, it is more 
tedious to calculate the amount of a mixture of salts that is needed 
to obtain a solution of specified density than when a single salt is used. 
It may therefore often be more convenient to use NaBr for the whole 
range of solvent densities that is needed. Even so, since plasma is the 
source of the lipoproteins, it is inevitable that NaCl will be present 
and, to minimise these difficulties, Lindgren (1975) recommends that 
a large volume of NaCl solution of density 1.0063 g/ml should be 
prepared and that all other solutions should be made from this by the 
addition of NaBr. Whatever procedure is adopted, the effect on the 
density of adding EDTA and NaN3 may be ignored, since it is within 
the limits of experimental error. 

To calculate the salt concentration of the diluent required to adjust 
a lipoprotein solution to a specified density 

This can be most easily explained by an example. 
Suppose that we require to isolate lipoproteins of density less than 

1.063 g/ml from plasma after its solvent density has been adjusted 
by the addition of a sodium chloride solution. What should the 
density of the diluent be? 

First, decide the relative proportions of the plasma and the diluent. 
It is customary to use either 1 or 2 volumes of salt solution to 1 of 
plasma, but other ratios may be used if these are more convenient. 
In this example the ratio will be 2:l. 

Now decide at what temperature the ultracentrifugation is to be 
carried out. If this is 10 "C, Table 2.1 shows that it is necessary to 
make the final solvent density of the diluted plasma 1.0665 g/ml at 
20 "C in order to isolate lipoproteins of limiting density 1.063 g/ml 
at 20 "C. 

If we ignore, for the moment, the redistribution of salt during 
centrifugation, the question is now: what is the density of the NaCl 
solution that will raise the solvent density of plasma to 1.0665 g/ml 
at 20 "C when added in the proportion 2: 1 by volume? 
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TABLE 2.1 
The first column shows the limiting density of the lipoprotein that it is desired to float 
in the ultracentrifuge, defined at  a standard temperature of 20 "C. The second column 
gives the density of the same lipoprotein at  26°C. The subsequent columns give the 
density of the solvent (measured at 20 "C) needed to float this lipoprotein when the 
centrifuge is run at the temperatures quoted at the head of the columns. Note that no 

allowance is made here for the redistribution of salt during the centrifugation. 

Density (g/ml) of solvent at 20°C when centrifu- 
gation is to be at the following temperature 

d20 d26 15 "C 10 "C 5 "C 

1.0050 1.0007 1.0076 1.0101 1.0125 
1.0063 1 .0020 1.0089 1.01 14 1.0137 
1.0100 1 .0057 1.0125 1.0150 1.0173 
1.0150 1.0107 1.0175 1.0198 1.0221 

1.0200 1 .OH7 1 .0224 1.0247 1.0269 
1.0250 1.0207 1.0273 1.0295 1.0316 
1.0300 1.0257 1.0322 1.0344 1.0364 
1.0350 1.0307 1.0372 1.0392 1.0412 

1 .o400 1.0357 1.0421 1.0441 1 .M60 
1.0450 1.0407 1.0470 1.0490 1.0508 
1.0500 1.0457 1.0520 1.0538 1.0556 
1.0550 1.0507 1.0569 1.0587 1.0604 

1 .o600 I .0557 1.0618 1.0635 1.0651 
1.0630 1.0587 1.0648 1.0664 1.0680 
1 .0650 1.0607 1.0667 1.0684 1.0699 

1.0675 1.0632 1.0692 1.0708 1.0723 
1.0700 1.0657 1.0717 1.0732 1.0747 
1.0800 1.0757 1.0815 1.0830 1.0843 
1 .o900 1.0857 1.0914 1.0927 1.0939 

1.1Ooo 1.0957 1.1012 1.1024 1.1034 
1.1100 1.1057 1.1111 1.1121 1.1130 
1.1200 1.1157 1.1210 1.1218 1.1226 

Note: In this example we shall follow Lindgren in assuming that 6% of the volume 
of plasma is occupied by the proteins i.e. the solvent volume is 0.94 of the measured 
volume. 
The most commonly used solution to this problem is an approxi- 
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mation that is obtained by means of the equation 
(1) 

where 0, dl and d2 are the densities of the final mixture, the plasma 
and the diluent respectively. V, v 1  and v2 are the corresponding 
volumes. If the data relevant to the present case are put into this 
equation, we get 

whence d2 = 1.0948 g/ml at 20 "C. The concentration of this solution 
can then be obtained by interpolation from Table 2.2, where the 
values are quoted in molal units (gram-moles/kg water) to avoid the 
need to account for the change in volume that is involved if the 
solution is made up at a different temperature. 

The foregoing procedure may suffice for much preparative work 
but it assumes that the relation between the concentration and density 
of a salt solution is linear i.e. that the final volume of the mixture is 
equal to the sum of the volumes of the constituent solutions. Howev- 
er, this is not the case (Baxter and Wallace, 1916) and, for the best 
comparative work or the most exacting physico-chemical studies, a 
correction should be made for this non-linearity. The following 
method is a modification of the iterative procedure described by 
Lindgren (1975), in which convergence is slightly more rapid. It makes 
use of the equations that express the conservation of the masses of 
salt and water when the two solutions are mixed, namely: 

s = s1 + s, (2) 
and w = w1 + w2 (3) 
where S, s1 and s, are the weights of salt in the final mixture, the 
plasma and the diluent respectively, while W, w 1  and w2 are the 
corresponding weights of water. It is also necessary to know the 
weight concentration of salt (C,) and of water (C,) in mg/ml of 
solution, and the ratio CJC,. These parameters are listed for NaCl 
and NaBr in Tables 2.2 and 2.3, from which intermediate values can 
be obtained with sufficient accuracy by linear interpolation. 

As an example of this calculation we shall take the problem 'what 
is the density of the NaCI solution that will raise the solvent density 
of plasma to 1.125 g/ml when added in the proportion 2: l?' 

DV = dlv, + d2~2 

1.0665 (2 + 0.94) = 1.0063 (0.94) + 2 4  
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TABLE 2.2 
The properties of sodium chloride solutions, the concentration of which is expressed 
in mold units i.e. gmoledkg of water. Intermediate values can be obtained with 
sufficient accuracy by linear interpolation. Abbreviations are as follows: 
d, the density of the NaCl solution (g/ml). 
C,, the concentration of salt in mg/ml of solution. 
C,, the concentration of water in mg/ml of solution. 
nm, the refractive index of the salt solution for Na, line, at 20 "C. 
nX. the refractive index for Na, line at 26 "C. 
qm, viscosity at 20 "C in centipoises. 
qX, viscosity at 26 "C in centipoises. 
Mol. wt., 58.44 
Note that the values quoted in this table may differ slightly from those given by 
Lindgren (1975). This is due to the different method of interpolation that has been used 

in the preparation of the table. 

dm Molality C, C, C,/C, n, n26 rlzo nu 

1.0050 0.1643 
1.0063 0.1962 
1.0100 0.2877 
1.0150 0.4126 

1.0200 0.5389 
1.0250 0.6666 
1.0300 0.7957 
1.0350 0.9263 

.O400 1.0583 

.0450 1.1918 

.0500 1.3268 

.0550 1.4632 

.o600 1.6012 

.0630 1.6847 
,0650 1.7406 
,0673 1.8053 

.0700 1.8816 

.0750 2.0241 

.0800 2.1682 
1.0850 2.3138 

1.09oO 2.4610 
1.0950 2.6097 
1.1OOO 2.7600 
1. I050 2.91 19 

9.56 995.44 0.00% 1.33461 1.33403 1.0181 0.8837 
11.42 994.89 0.0115 1.33493 1.33435 1.0206 0.8863 
16.71 993.30 0.0168 1.33584 1.33525 1.0280 0.8936 
23.91 991.10 0.0241 1.33707 1.33645 1.0387 0.9038 

31.15 988.85 0.0315 1.33829 
38.44 986.56 0.0390 1.33951 
45.77 984.22 0.0465 1.34073 
53.16 981.84 0.0541 1.34194 

60.58 979.41 0.0619 1.34315 

.33766 1.0500 0.9141 

.33885 1.0620 0.9247 

.34005 1.0745 0.9356 

.34124 1.0876 0.9468 

.34242 1.1013 0.9583 
68.05 976.95 0.0697 1.34436 1.34361 1.1155 0.9703 
75.56 974.43 0.0775 1.34556 1.34478 1.1302 0.9827 
83.11 971.88 0.0855 1.34675 1.34596 1.1454 0.9956 

90.71 969.29 0.0936 1.34794 1.34713 1.1612 1.0090 
95.28 967.71 0.0985 1.34866 1.34784 1.1709 1.0173 
98.34 966.65 0.1017 1.34913 

101.86 965.43 0.1055 1.34%8 

106.01 %3.98 0.1100 1.35032 
113.72 961.28 0.1183 1.35150 
121.46 958.53 0.1267 1.35268 

.34830 1.1775 1.0229 

.34884 1.1852 1.0295 

,34947 1.1944 1.0374 
.35064 1.2118 1.0525 
.35181 1.2298 1.0683 

129.24 955.75 0.1352 1.35385 1.35297 1.2485 1.0847 

137.06 952.93 0.1438 1.35502 1.35413 1.2679 1.1018 
144.91 950.08 0.1525 1.35619 1.35529 1.2880 1.1196 
152.79 947.20 0.1613 1.35736 1.35645 1.3088 1.1382 
160.71 944.29 0.1702 1.35852 1.35761 1.3305 1.1576 
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TABLE 2.2 (continued) 

dm Molality C, C, CJC, nm n26 q20 rlzs 

1.1100 3.0654 168.65 941.34 0.1792 1.35968 1.35877 1.3531 1.1778 
1.1150 3.2206 176.63 938.37 0.1882 1.36083 1.35993 1.3766 1.1988 
1.1200 3.3773 184.64 935.36 0.1974 1.36198 1.36109 1.4013 1.2207 
1.1250 3.5357 192.67 932.33 0.2067 1.36313 1.36224 1.4270 1.2435 

1.1300 3.6958 200.73 929.27 0.2160 1.36428 1.36340 1.4539 1.2672 
1.1350 3.8575 208.82 926.18 0.2255 1.36542 1.36455 1.4822 1.2918 
1.1400 4.0208 216.94 923.07 0.2350 1.36656 1.36570 1.5119 1.3174 
1.1450 4.1859 225.07 919.94 0.2447 1.36770 1.36685 1.5431 1.3440 

1.1500 4.3526 233.24 916.78 0.2544 1.36883 1.36799 1.5759 1.3715 
1.1550 4.5211 241.42 913.59 0.2643 1.36997 1.36913 1.6105 1.4001 
1.1600 4.6912 249.63 910.39 0.2742 1.37109 1.37027 1.6469 1.4297 
1.1650 4.8631 257.86 907.16 0.2842 1.37222 1.37140 1.6854 1.4604 

1.1700 5.0367 266.10 903.92 0.2944 1.37335 1.37253 1.7260 1.4922 
1.1750 5.2121 274.37 900.65 0.3046 1.37447 1.37364 1.7688 1.5250 
1.1800 5.3892. 282.66 897.37 0.3150 1.37559 1.37475 1.8141 1.5590 

1.1850 5.5681 290.96 894.07 0.3254 1.37671 1.37585 1.8620 1.5941 
1.1900 5.7487 299.28 890.76 0.3360 1.37782 1.37693 1.9127 1.6303 
1.1950 5.9312 307.61 887.42 0.3466 1.37893 1.37800 1.9663 1.6677 

(A) To obtain a first approximation to the result, it is first necessa- 
ry to determine from Table 2.2 the value of C, and C, for plasma 
and for the final, adjusted mixture. Thus, plasma of solvent density 
1.0063 g/ml contains 11.42 mg/ml of NaCl and 994.89 mg/ml of 
water, and a NaCl solution of density 1.125 g/ml contains 192.67 
mg/ml of NaCl and 932.33 mg/ml of water. The total weight of NaCl 
in the final mixture is therefore given by eqn. (2): 

192.67 (2 + 0.94) = 11.42 (0.94) + 2Cs 
i.e. the amount of salt in the required diluent is approximately 277.86 
mg/mI. Likewise, from eqn. (3) the amount of water in the diluent 
is found to be about 902.93 mg/ml. An inspection of Table 2.2 will 
show that these two values do not correspond to a single salt solution. 
However, when the ratio of the two is taken, the error in the numera- 
tor almost compensates for that in the denominator and the resulting 
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TABLE 2.3 
The properties of sodium bromide solutions. Abbreviations and units as in Table 2.2. 

Mol. wt. 102.91 

d2" Molality C, C, CJC, n2,, "26 rlzo rlzn 

1.0050 0.0847 
1.0063 0.1012 
1.0100 0.1486 
1.0150 0.2128 

1.0200 0.2772 
1.0250 0.3420 
1.0300 0.4071 
1.0350 0.4725 

1.04GQ 0.5382 
1.0450 0.6042 
1.0500 0.6706 
1.0550 0.7372 

1.06oO 0.8041 
1.0630 0.8444 
1.0650 0.8714 
1.0673 0.9024 

1.0700 0.9390 
1.0750 1.0069 
1.0800 1.0751 
1.0850 1.1436 

1.09oO 1.2125 
1.0950 1.2817 
1.1ooO 1.3513 
1.1050 1.4212 

1.1100 1.4914 
1.1150 1.5619 
1.1200 1.6328 
1.1250 1.7040 

1.1300 1.7756 
1.1350 1.8476 
1.1400 1.9198 
1.1450 1.9925 

8.67 996.31 0.0087 1.33428 1.33361 1.0058 0.8742 
10.37 995.91 0.0104 1.33451 1.33383 1.0066 0.8749 
15.21 994.78 0.0153 1.33517 1.33448 1.0091 0.8771 
21.75 993.24 0.0219 1.33605 1.33534 1.0125 0.8801 

28.30 991.69 0.0285 1.33694 1.33621 1.0160 0.8832 
34.86 990.14 0.0352 1.33782 1.33708 1.0194 0.8865 
41.43 988.57 0.0419 1.33871 1.33795 1.0230 0.8899 
48.01 986.99 0.0486 1.33959 1.33881 1.0265 0.8934 

54.60 985.41 0.0554 1.34047 1.33968 1.0301 0.8971 
61.19 983.81 0.0622 1.34135 1.34054 1.0338 0.9009 
67.80 982.21 0.0690 1.34223 1.34141 1.0375 0.9048 
74.41 980.59 0.0759 1.34311 1.34227 1.0413 0.9089 

81.03 978.97 0.0828 1.34399 1.34314 1.0452 0.9130 
85.01 978.00 0.0869 1.34451 1.34366 1.0476 0.9156 
87.67 977.34 0.0897 1.34487 1.34400 1.0492 0.9174 
90.72 976.59 0.0929 1.34527 1.34440 1.0511 0.9194 

94.31 975.70 0.0967 1.34574 1.34487 1.0533 0.9218 
100.95 974.06 0.1036 1.34662 1.34573 1.0575 0.9264 
107.61 972.40 0.1107 1.34749 1.34659 1.0618 0.9312 
114.27 970.74 0.1177 1.34836 1.34745 1.0662 0.9360 

120.94 969.06 0.1248 1.34924 1.34831 1.0707 0.9410 
127.62 967.38 0.1319 1.35011 1.34918 1.0753 0.9462 
134.31 965.69 0.1391 1.35098 1.35004 1.0801 0.9514 
141.01 964.00 0.1463 1.35185 1.35090 1.0850 0.9569 

147.71 962.29 0.1535 1.35271 1.35175 1.0901 0.9624 
154.42 960.58 0.1608 1.35358 1.35261 1.0953 0.9681 
161.14 958.86 0.1681 1.35445 1.35347 1.1007 0.9739 
167.86 957.14 0.1754 1.35531 1.35433 1.1063 0.9799 

174.59 955.40 0.1827 1.35618 1.35518 1.1120 0.9860 
181.33 953.66 0.1901 1.35704 1.35604 1.1179 0.9923 
188.08 951.91 0.1976 1.35790 1.35690 1.1240 0.9987 
194.83 950.16 0.2051 1.35876 1.35775 1.1302 1.0053 
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TABLE 2.3 (continued) 

d,  Molality C, C, CJC, n ,  n26 %I 1)26 

1.1500 2.0655 201.59 948.39 0.2126 1.35962 1.35860 1.1367 
1.1550 2.1388 208.36 946.62 0.2201 1.36048 1.35946 1.1433 
1.1600 2.2125 215.13 944.85 0.2277 1.36134 1.36031 1.1502 
1.1650 2.2866 221.91 943.07 0.2353 1.36220 1.36116 1.1572 

1.1700 2.3610 228.70 941.28 0.2430 1.36305 1.36201 1.1645 
1.1750 2.4358 235.49 939.48 0.2507 1.36391 1.36286 1.1720 
1.1800 2.5110 242.29 937.68 0.2584 1.36476 1.36371 1.1797 
1.1850 2.5865 249.10 935.87 0.2662 1.36561 1.36456 1.1877 

1.1900 2.6624 255.91 934.06 0.2740 1.36646 1.36541 1.1958 
1.1950 2.7387 262.73 932.24 0.2818 1.36731 1.36626 1.2042 
1.2000 2.8153 269.55 930.41 0.2897 1.36816 1.36710 1.2129 
1.2500 3.6031 338.10 911.86 0.3708 1.37660 1.37552 1.3137 

1.3000 4.4311 407.13 892.83 0.4560 1.38491 1.38385 1.4433 
1.3500 5.3014 476.56 873.44 0.5456 1.39311 1.39209 1.6050 
1.4000 6.2164 546.29 853.80 0.6398 1.40118 1.40023 1.8014 
1.4500 7.1782 616.23 834.01 0.7389 1.40912 1.40828 2.0344 
1.5000 8.1891 686.28 814.18 0.8429 1.41693 1.41627 2.3049 

1.0120 
1.0188 
1.0258 
1.0330 

1.0403 
1.0477 
1.0553 
1.063 1 

1.0710 
1.0791 
1.0874 
1.1793 

1.2899 
1.4216 
1.5777 
1.7618 
1.9780 

value of C,/C, (= 0.3077) is a close approximation to that required. 
Interpolation of Table 2.2 shows that the NaCl solution with this 
C,/C, ratio has a density of 1.1765 g/ml. 

To refine this first estimate, it is necessary to repeat the sequence 
of calculations as follows: 

(B) Determine from Table 2.2 the real values of C, and C, in a 
solution of density 1.1765 g/ml: 

(0.3077 - 0.3046) (282.66 - 274.37) 
c, = + 274.37 = 276.84 

(0.3150- 0.3046) mg/ml 
and 

(0.3077 -0.3046) (897.37 - 900.65) 
c, = 

(0.3 150 - 0.3046) mg/ml 
(C) From eqns. (2) and (3) the total weights of salt and water in 

+ 900.65 = 899.67 

the final mixture can now be calculated i.e. 
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2(276.84 + 0.94(11.42) = 564.41 mg NaCl 
and 2(899.67) + 0.94(994.89) = 2734.54 mg water 
whence CJC, in the final solution is 0.2064. Interpolation of Table 
2.2 shows that this mixture will have a density of 1.1248 g/ml, which 
is almost within the acceptable tolerance limits. The approximate 
value of 1.1765 g/ml is therefore fairly close to the actual density of 
the required diluent. Note that, if the amount by which the density 
of the original solution is to be raised is smaller than in this example, 
the first approximation will often be within limits. For example, the 
first estimate of the density of the diluent needed to raise the density 
of plasma to 1.0665 g/ml is 1.0934 g/ml and this requires no further 
refinement. In the present case, the calculated value of the final 
density is not within the tolerance of kO.OO02 g/ml and a refined 
estimate for the density of the diluent must be calculated as follows: 

(D) First, estimate the real volume of the mixture that results when 
the diluent is added to the plasma, by putting into eqn. (1) the density 
of the mixture that was calculated in (C): 

2(1.1765)+0.94(1.0063) 

1.1248 
V =  = 2.9329 ml 

Using this value of V, refine the estimates of C, and C, for the diluent 
by repeating the procedures of paragraph (A) i.e. 

2.9329(192.67) = 0.94(11.42) + 2Cs 
and 2.9329(932.33) = 0.94(994.89) + 2Cw 
whence C, = 277.17 mg/ml, Cw = 899.62 mg/ml, C,/C, = 0.3081 
and, by interpolation of Table 2.2, the revised estimate of the density 
of the diluent is 1.1767 g/ml. Now repeat calculations (B) and (C), 
which yield a density for the final mixture of 1.125 g/ml. The required 
diluent therefore has a density of 1.1767 g/ml and its concentration 
is 5.2723 molal NaCl. 

If the density calculated for the adjusted plasma is still not within 
acceptable limits at this stage, the procedure in paragraph (D) must 
be repeated. Although the whole procedure is tedious to execute by 
hand, it is not one that must be frequently performed. Moreover, it 
can easily be carried out on a programmable calculator. 
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Solutions of sodium bromide are the most commonly used alterna- 
tive to chloride for the centrifugation of lipoproteins in high density 
solvents, and relevant data for this salt are summarised in Table 2.3. 
Other substances such as potassium bromide and sucrose are also 
sometimes used and analogous tables of data for these materials can 
be found in references of which the Handbook of Chemistry and 
Physics (CRC Press) is an example. However, it must be remembered 
that eqns. (2) and (3) cannot be directly applied to mixtures of 
different salts. For example, if NaBr is used to raise the density of 
plasma to 1.0665 g/ml, the calculation must be made entirely in terms 
of NaCl or NaBr. Since all lipoprotein preparations effectively origi- 
nate from plasma, Lindgren (1975) recommends that sodium bromide 
solutions should be made up by the addition of the solid salt to 0.196 
molal NaCl solution. There is much to be said for this practice, since 
it simplifies not only the preparation of the solutions but also the 
refractometric estimation of solvent density or lipoprotein concen- 
tration. In calculating the amount of NaBr that is needed to prepare 
a mixture of specified density, the least objectionable course is to 
replace (in concept) the 0.196 molal NaCl by the bromide solution of 
the same density i.e. 0.101 molal NaBr (Table 2.3). This NaBr solution 
would contain 10.37 mg/ml of salt and 995.91 mg/ml of water. If the 
final density of the plasma is to be 1.0665 g/ml, the eqns. (2) and (3) 
then become: 

2.94(89.66) = 0.94(10.37) + 2Cs 
and 2.94(976.85) = 0.94(995.91) + 2Cw 
whence, by following the procedure in paragraphs (A), (B), (C) etc., 
the density of the required diluent can be calculated to be 1.094 g/ml. 

The next step is to determine what weight of NaBr must be added 
to 0.196 molal NaCl in order to make a solution of density 1.094 g/ml. 
A sodium bromide solution of this density is 1.2679 molal, i.e. it 
contains 130.48 g of salt/kg of water. Deduct from this the contri- 
bution of 0.101 molal NaBr namely 10.41 g/kg of water (which is the 
density-equivalent of 0.196 molal NaCl), to obtain the weight of NaBr 
required i.e. 120.07 g/kg of water. This weight should therefore be 
dissolved in the weight of 0.196 mold NaCl that contains 1 kg of 



36 A GUIDEBOOK TO LIPOPROTEIN TECHNIQUE 

water, namely 101 1.45 g. Alternatively, since 1 litre of 0.196 molal 
NaCl contains 993.08 g of water at 20"C, this volume of the NaCl 
solution can be added to 119.24 g of NaBr (i.e. 120.07 x 0.99308). 
It is worth noting however, that the foregoing calculation can also be 
done as described in Section 2.1.1.2. 

No matter how carefully a specific diluent is prepared, it cannot be 
assumed that its density is within the acceptable limits of +0.0002 
g/ml. It should therefore be checked and, if necessary, adjusted by 
one of the methods described in Section 2.1.1.3. 

2.1.1.2. Adjustment of density with solid salts If it is impor- 
tant to avoid undue dilution of the samples, their solvent density can 
be increased by the addition of a weighed amount of salt. This method 
is relatively tedious, and it has the disadvantage that it may be difficult 
to check that the desired density has actually been achieved. Note that, 
if the density of plasma is to be adjusted in this way, the following 
solution should first be added to the extent of 1 %  of the plasma by 
volume: 0.15 M NaCl containing 0.1 M EDTA and 0.2 M NaN,. 

It is possible to use the data given in Tables 2.2 or 2.3 to calculate 
the amount of salt needed to bring about a specified adjustment of 
density (Lindgren, 1975). However, the method of Radding and 
Steinberg (1960) is slightly simpler and is the one we shall describe 
here. It makes use of the fact that the weight of salt (M) to be added 
to a volume V of solution, to change its density from d, to d2 (at a 
stated temperature) is given by the expression: 

where V is the partial specific volume of the salt at the relevant 
temperature and concentration. The values of V for NaCl, NaBr and 
KBr at temperatures between 5 and 25 "C can be obtained by interpo- 
lation of the Tables 2.4, 2.5 and 2.6, which are derived from the data 
of Baxter and Wallace (1916). As an example, we shall calculate the 
weight of NaBr required to raise the density of 10 ml of plasma (dl 
= 1.0063 g/ml) to 1.0655 g/ml al 20 "C. 
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TABLE 2.4 
The partial specific volume 0 of sodium chloride in aqueous solutions of different 
density (d) and temperature. Note that the value of d is the density of the solution at 
the temperature of the experiment, which is quoted as a subscript to 7 in the appropriate 
column. The values given are obtained by interpolation of data from Baxter and 

Wallace (1916). 

d 

1.0100 
1.0250 
1.0500 
1.0630 
1.0650 

0.2552 
0.2669 
0.2835 
0.2909 
0.2920 

0.2697 
0.2804 
0.2956 
0.3022 
0.3032 

0.2826 
0.2925 
0.3063 
0.3123 
0.3132 

1.0750 
1.1000 
1.1250 
1.1500 
1.1900 

0.2971 
0.3084 
0.3181 
0.3269 
0.3409 

0.3077 
0.3178 
0.3264 
0.3344 
0.3477 

0.3173 
0.3262 
0.3339 
0.3412 
0.3539 

- 
Vm 

0.2939 
0.3032 
0.3159 
0.3213 
0.3220 

0.3257 
0.3337 
0.3406 
0.3473 
0.3596 

- 
V25 

0.3038 
0.3124 
0.3241 
0.3290 
0.3297 

0.3330 
0.3402 
0.3464 
0.3527 
0.3648 

TABLE 2.5 
The partial specific volume 0 of sodium bromide in aqueous solutions of different 
density (d) and temperature. Note that the value of d is the density of the solution at 
the temperature of the experiment, which is quoted as a subscript to V in the appropriate 
column. The values given are obtained by interpolation of data from Baxter and 

Wallace (1916). 

d 

1.0100 
1.0250 
1.0500 
1.0630 

1.0650 
1.0750 
1.1000 
1.1250 

1.1500 
1.2000 
1.2100 
1.2500 

0.2074 
0.2110 
0.2165 
0.2192 

0.2195 
0.2214 
0.2257 
0.2297 

0.2332 
0.2392 
0.2403 
0.2443 

0.2157 
0.2189 
0.2238 
0.2262 

0.2264 
0.2281 
0.2320 
0.2355 

0.2385 
0.2438 
0.2447 
0.2482 

0.2235 
0.2263 
0.2306 
0.2327 

0.2329 
0.2344 
0.2377 
0.2407 

0.2434 
0.2478 
0.2487 
0.2516 

0.2308 
0.2332 
0.2369 
0.2386 

0.2388 
0.2401 
0.2430 
0.2455 

0.2477 
0.2514 
0.2521 
0.2545 

0.2376 
0.2396 
0.2427 
0.2442 

0.2443 
0.2454 
0.2477 
0.2497 

0.2516 
0.2544 
0.2551 
0.2569 
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TABLE 2.6 
The partial specific volume (T) of potassium bromide in aqueous solutions of different 
density (d) and temperature. Note that the value of d is the density of the solution at 
the temperature of the experiment, which is quoted as a subscript to 5 in the appropriate 
column. The values given are obtained by interpolation of data from Baxter and 

Wallace (1916). 

1.0100 
1.0250 
1.0500 
1 .M30 

1.0650 
1 .W50 
1.1Ooo 
1.1250 

1.1500 
I .m 
1.2100 
1.2500 

0.2688 
0.2712 
0.2751 
0.2769 

0.2173 
0.2787 
0.2820 
0.2851 

0.2880 
0.2933 
0.2944 
0.2980 

0.2753 
0.2776 
0.2813 
0.283 1 

0.2834 
0.2847 
0.2878 
0.2906 

0.2932 
0.2979 
0.2988 
0.3020 

0.281 1 
0.2834 
0.2869 
0.2886 

0.2889 
0.2901 
0.2930 
0.2956 

0.2979 
0.3020 
0.3028 
0.3056 

0.2863 
0.2885 
0.2919 
0.2934 

0.2938 
0.2949 
0.2976 
0.2999 

0.3020 
0.3058 
0.3064 
0.3089 

0.2909 
0.2930 
0.2962 
0.2977 

0.2980 
0.2991 
0.3016 
0.3038 

0.3057 
0.3091 
0.3097 
0.31 19 

The partial volume of the solvent in the plasma after the addition 
of 1% of EDTA solution will be 9.5 ml. The required weight will 
therefore be: 

9.5 (1.0665- 1.0063) 

1 - 0.239O( 1.0665) 
M =  = 0.7675 g 

In practice, the required solvent density will depend on the tempera- 
ture of the centrifugation and should be calculated as described in 
Section 2.1.1.1. 

2.1.1.3. Measurement and final adjustment of densi- 
tY (a) Pycnometry. Either the ‘density bottle’ or the capillary 
pycnometer may be used. The former is somewhat more convenient 
to use but usually requires a larger volume of solution than the 
capillary type. It is therefore well suited for determining the density 
of bulk salt solutions, as described in detail by Schachman (1957). The 
capillary pycnometer has a volume of 2-5 ml, and will probably be 
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the better choice if the density of a lipoprotein solution is to be 
measured e.g. for the determination of partial specific volume. Lind- 
gren (1975) has given a concise description of the use of this pycnome- 
ter, on which the method given below is based. 

Both types of pycnometer need to be kept thoroughly clean by 
frequent treatment with chromic acid mixture. Each time this is done, 
the apparatus must be exhaustively washed with distilled water and 
well dried before use. Drying can be done by washing several times 
with acetone and then blowing a stream of nitrogen through the vessel 
for several minutes. It must be re-weighed after each cleaning. Before 
use, the volume of the vessel must be determined at the temperature 
of use (e.g. 20 "C) by weighing it when full of distilled water in the 
usual way. When filling the vessel, it is important to ensure that no 
air bubbles are entrapped and that it is not heated by incautious 
handling. A density bottle should be filled at a temperature below that 
at which the measurement is to be made. Then, as thermal equilibrium 
is established, the excess liquid will expand out of the hole in the 
stopper and can be carefully wiped away. If the bottle is equilibrated 
in a water bath, it will be necessary to dry the outside without 
expressing curther liquid either by squeezing the bottle or by heating 
it with the hand. 

The same precautions must be observed when handling the capillary 
pycnometer, which is filled by gentle, controlled suction to a point 
just above the datum line. After thermal equilibrium has been reach- 
ed, the meniscus can be set at the line by withdrawing liquid from the 
vessel by touching the tip with a filter paper. It is an advantage to 
observe this coincidence with a lens. In practice, it may be difficult 
to establish this coincidence exactly and Lindgren (1975) prefers to 
measure the distance of the meniscus from the datum line and to 
correct for the included volume of the capillary. Although this neces- 
sitates the prior calibration of the capillary, the technique may, in the 
long run, be less tedious than the exact adjustment of the meniscus 
to the datum line. The procedure is as follows: Fill the pycnometer 
with distilled water to a point above the datum, equilibrate at the 
operating temperature and measure the distance of the meniscus from 
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the datum with a magnifying scale or cathetometer. Weigh the appa- 
ratus and then withdraw a little fluid from the tip. Re-equilibrate, 
measure the new position of the meniscus and weigh the pycnometer 
again. Repeat this process at least once more. Since the weight and 
density of the water that filled a known length of the capillary are now 
known, the volume of the pycnometer at the datum line and the 
volume per centimetre of the capillary can both be determined. The 
calibrated instrument can then be used to determine the density of a 
salt solution as in the following example: 
Volume of the pycnometer to the datum line at 20°C = 10.8105 ml. 
Volume per cm of capillary = 0.005 ml. 
Weight of empty pycnometer = 19.9713 g. 
Weight when filled with salt solution to a point 3.1 mm above datum = 31.4861 g.  
Volume of salt solution in pycnometer = 10.8105 + (0.31 x 0.005) = 10.8121 ml. 
Whence the density of the salt solution = I .065 g/ml. 

All the weighings needed for these determinations should be done on 
a clean and properly maintained analytical balance, and should be 
made to an accuracy of 50.1 mg. Densities measured with a I0 ml 
pycnometer should then be accurate to within 2 0.00003 g/ml. How- 
ever, this neglects the buoyant effect of the air which will diminish 
the true weight of the contents of a 10 mi pycnometer by about 10 
mg, assuming that brass weights are used. Although this is partially 
offset by the corresponding error in the calibration of the pycnometer, 
the apparent density of a salt solution can be high by up to 0.0005 
g/ml (Lindgren, 1975). This is smaller than some of the errors 
mentioned in Section 2.1 and can be neglected for most preparative 
purposes. For the best analytical work however, it may be desirable 
to correct all weighings for atmospheric buoyancy by means of the 
relation 

1 1 
w = w + wp(-- - --) 

d ,  d2 

where W is the corrected weight, w the measured weight, p is the 
density of air at the temperature, pressure and humidity of the 
measurement, and d,  and d2 are the density of the object being 
weighed and of the weights respectively. In many cases, it may suffice 
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to use the approximate correction to the measured density of the salt 
solution that is given by the relation 

ds 

dW 
Ad = p (1 - -) 

where d, and dw are the densites of the salt solution and water 
respectively (Bauer and Lewin, 1960). The density of dry air at 20 "C 
and 760 mm pressure is 0.001 g/ml. Values under other conditions 
can be found in many compilations of physical data e.g. the CRC 
Handbook of Chemistry and Physics. 

(b) The density meter (Anton Paar K.G.). This instrument was 
developed by Kratky et al. (1969, 1973) and is based on the principle 
that the frequency of oscillation of a hollow glass tuning fork depends 
on the mass of any solution with which it is filled. It depends therefore 
on the precise electronic measurement of the change in frequency of 
the tube when it is filled with different solutions. Although expensive, 
the instrument has the merit that it can determine the density of less 
than 1 ml of a solution to four places of decimals very rapidly. The 
equipment must be calibrated by means of two liquids of accurately 
known density, but the calibration appears to remain very stable 
provided that the cell is kept scrupulously clean. Contamination of 
the tube can be detected by noting the instrument reading before and 
after use, when the tube is dry. If the two values are not identical, 
the tube must be cleaned, thoroughly washed and dried with acetone. 
Because the tube is narrow and U-shaped, it may be difficult to 
remove any persistent deposit and contamination should therefore be 
avoided. But if it should occur, the cell may be cleaned with any 
solvent or acid, even with 'chromic acid' mixture. With concentrated 
acids, a small amount of the cell wall may be etched away, but the 
resulting change in natural frequency necessitates only a re-calibration 
with fluids of known density. 

It is worth noting that one version of this instrument can measure 
the density of solutions to six places of decimals and can therefore 
be used to determine the partial specific volumes of lipoproteins. For 
this purpose however, it is necessary to control the temperature of the 
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measuring cell to within fO.O1 "C. 
(c) Refractometry. This is a simple and speedy way of estimating 

the density of a solution of a single salt from its known correlation 
with the refractive index of the solution. This relationship is tabulated 
for NaCl and NaBr in Tables 2.2 and 2.3, and can be found for other 
substances in such compilations as the CRC Handbook of Chemistry 
and Physics. The method has the disadvantage that it requires special 
equipment and is not easily used when the solution contains a mixture 
of salts. Moreover, it is useless if the composition of the mixture is 
unknown. For the particular case of solutions of NaBr that contain 
a constant concentration of 0.196 molal NaCI, the refractive index has 
been tabulated by Lindgren (1975). In this case, the refractive index 
(n') of the mixed salt solution of density d differs from that of the 
isopycnic NaBr solution (n) by an increment (An) that is given by: 

An = 0.00114 - 0.00102d + 0.00035d2 
The refractive index of a solution of NaBr in 0.196 molal NaCl can 
thus be found by looking up the value for a NaBr solution of the same 
density in Table 2.3 and adding the calculated value of An. For other 
NaWNaBr mixtures, the relationship between d and n' must be 
determined experimentally. 

Details of the refractometric technique are given in Section 2.1.2.5. 
(d) Other methods. Although methods based on the displacement 

principle e.g. the hydrometer and the Westphal balance, have oc- 
casionally been used, they are generally unsatisfactory and cannot be 
recommended for anything but the crudest preparative work. 

The density of a salt solution that is to be used as a medium for 
the centrifugation of lipoproteins should be within f 0.0002 g/ml of 
the specified value. However, the density of a freshly weighed-up 
solution will often lie outside these limits and will need adjustment. 
If dilution is necessary, the volume of water to be used can be 
calculated by means of eqn. (1) of Section 2.1.1.1, while the amount 
of salt needed to raise the density can be determined by the method 
of Section 2.1.1.2. However, the amount of water or salt to be added 
can usually be estimated with sufficient accuracy by simple interpo- 
lation of the data from Tables 2.2 or 2.3 as appropriate. For example, 
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if 1000 ml of a solution of NaCl of nominal density 1.093 g/ml is 
found to be 1.095 g/ml, the volume (V) of water to be added is given 
by: 

- lo00 = 21.1 ml 
1.095 - 0.9982 
1.093 - 0.9982 

Y =  1000 

where 0.9982 is the density of water at 20 "C. 

1.091 g/ml, the weight ( M )  of NaCl to be added is approximately 

M =  = 3.14 g 

The density of the solution must, of course, be checked after it has 
been re-adjusted in this way. 

If, on the other hand, the density of the solution is found to be only 

(144.91 - 137.06) (1.093 - 1.091) 
(1.095 - 1.090) 

2.1.1.4. Choice of rotor and tubes The rotors most commonly 
used for the isolation of plasma lipoproteins are probably those of 
the Beckman-Spinco range that are detailed in Table 2.7. However, 
although these are the rotors to which we shall refer in this manual, 
the equivalent products of other manufacturers can also be used 
satisfactorily. 

The actual choice of rotor is determined by several factors. It must 
be remembered that the purpose of the centrifugation is not only to 
float the required lipoproteins to the top of the tube but also to 
sediment the plasma proteins an adequate distance towards the bot- 
tom. In the case of VLDL, the density of both the lipoproteins and 
the plasma proteins differ from that of the solvent by enough to allow 
them to be almost completely separated by a few hours centrifugation 
at a relatively low speed. To float HDL however, the solvent not only 
has a density much closer to that of albumin, but is also more viscous 
than that used for the isolation of VLDL. A longer centrifugation, 
or a higher field force will therefore be needed and a 'low-speed' rotor 
that is adequate for the isolation of low-density lipoproteins may be 
unsatisfactory for the preparation of HDL. When lipoproteins are to 
be isolated from large volumes of plasma, it is desirable that the rotor 
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TABLE 2.7 
This table summarises some operational details of some useful Beckman-Spinco 
fixed-angle centrifuge rotors. T is the time needed to achieve a practicable approxi- 
mation to complete flotation of the relevant lipoprotein fraction, at  the speed indicated 
by the subscript (in thousands of rev/min), at 20°C. h r  = maximum radius - 

minimum radius. 

(RCF at rav). lo-'  Min. time of Min. time of 
at rotor speed flotation for flotation for 

LDL in hours HDL in hours 

Rotor 6OTi 
Volume 8x38.5 ml 254.0 176.2 112.8 12 17 27 28 40 63 
Ar 5.3 cm 
Angle 23.5" 

Rotor 50.2Ti 
Volume 12 x 38.5 rnl 228.3 145.0 13 20 32 50 
Ar 5.5 cm 
Angle 24" 

Rotor 50.3Ti 
Volume 18 x6.5 ml 
Ar 3.2 cm 
Angle 20" 

Rotor 5OTi 
Volume 12x 13 ml 
Ar 4.3 cm 
Angle 26" 

Rotor 40.3 
Volume 18 x 6.5 ml 
Ar 3.2 cm 
Angle 20" 

179.2 114.7 10 16 23 36 

165.3 105.8 14 22 34 53 

114.5 15 36 

Rotor 45Ti 161 at T,, = 24 T,, = 51 
Volume 6 x 94 rnl 
h r  6.7 cm 
Angle 24' 

45 OOO rev/min 
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will accept the sample in the smallest number of tubes. This will not 
only minimise the cost of the tubes but also that of the labour involved 
in filling them. Although it is tempting to use the highest possible 
centrifugal force in order to effect a speedy separation of the lipopro- 
teins, it can also cause the low-density lipoproteins to pack into a gel 
at the top of the tube. Because this gel can be awkward to recover, 
it may in practice be more satisfactory to use a high speed rotor at 
less than its maximum rate when isolating this fraction. This not only 
prolongs the life of the rotor, but can sometimes lead to the centrifu- 
gation being of a more practicable duration: it is usually more 
convenient to run for 18 hours overnight than to lengthen the working 
day to accommodate a 12 hour run. Note that, the longer the duration 
of the run at any selected speed, the better will be the recovery of the 
lipoproteins of low flotation rate but that this improvement must be 
paid for in terms of the life of the centrifuge drive and rotor. 
Fortunately, the HDL do not form gels so readily as the larger 
lipoprotein particles and full advantage can be taken of the available 
high-speed rotors to minimise the length of the run that is needed. 

One of the most useful of the rotors listed is the 50.2Ti, which has 
a maximum capacity of 462 ml in 12 tubes of 39.5 ml each. Its 
maximum speed is 50 000 rev/min but, for the isolation of low-density 
lipoproteins, it need be run only at 40000 rev/min when the centrifu- 
gal force at the top of the tube is 94 900 g. This will concentrate LDL 
at the top of the tube within 18 hours. For the essentially quantitative 
recovery of HDL however, it would be necessary to centrifuge for up 
to 48 hours at this speed, according to the temperature of the experi- 
ment. This time can be considerably reduced by running at 50000 
rev/min, when the field at the top of the tube amounts to 149 000 g. 
However, it is important to bear in mind that large volume, high speed 
rotors such as the 50.2Ti or 60Ti can only be used in centrifuges of 
the appropriate rating. If the machines available are not rated to 
handle these high energy rotors, it may be necessary to use others such 
as the Beckman 30 or 40 series. The Beckman 35 rotor (total volume 
564 ml) can be used to prepare VLDL or LDL, but is inadequate for 
the isolation of HDL. For this purpose, the 40 rotor (total volume 162 
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ml) can be used. At the time of writing, little experience has been 
gained with the Beckman 45Ti rotor (nominal capacity 564 ml). It 
remains to seen whether the large capacity will offset the need to 
centrifuge for a long time in order to separate HDL. 

When small amounts of lipoprotein are to be prepared, or if a 
quantitative recovery is important, the Beckman 30.2 or 40.3 rotors 
are the most suitable. These use narrow tubes which, with their 
skirt-less caps, simplify the recovery of the lipoproteins. (Tubes of 
more than 0.5 inches diameter are usually fitted with caps that have 
a skirt to support the wall of the tube during the centrifugation. This 
dips into the layer of lipoprotein that is formed at the top of the tube 
and will stir it up when the cap is removed. Alternatively, if the cap 
is left in place and the lipoproteins are recovered by tube slicing 
(Section 2.1.1.7), the skirt hinders the washing process.) 

Clearly, the laboratory that aspires to carry on a range of studies 
on lipoproteins will need more than one type of fixed angle ultracen- 
trifuge rotor, and the most useful compromise selection would seem 
to be a 50.2Ti, a 50.3Ti and a 30.2. If a large number of small samples 
must be centrifuged, as in some assays which involve radioactively 
labelled lipoproteins, or the estimation of HDL cholesterol, it is worth 
noting that Beckman market a rotor which will centrifuge 72 tubes 
of 175 pl capacity at 210000 g. 

Whatever type or make of rotor is used, it is necessary to use tubes 
with parallel sides. Bottles are unsatisfactory because the floating 
lipoproteins cannot be properly recovered from below the shoulders. 
For the quantitative recovery of small samples in a fixed, small 
volume, it is also necessary to use transparent tubes. Cellulose nitrate, 
or the recently introduced Beckman Ultra-Clear tubes should be used. 
The latter have the advantage that they can be used in high speed 
rotors like the 50.2Ti. For large scale preparations when the final 
volume of the product is of lesser importance, the cheaper polyallom- 
er tubes may be used. The fact that these are translucent is of no 
consequence when the lipoproteins are recovered by tube slicing, but 
makes it difficult to achieve a quantitative recovery by the pipetting 
technique (Section 2.1.1.7). Clear polycarbonate tubes are also avail- 
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able for many rotors. These are expensive but, like cellulose nitrate 
tubes, can be used several times. Moreover, they can be run without 
a cap and only partially filled, if the rotor speed is reduced. Under 
these circumstances, great care must be taken to ensure that the rotor 
lid seals properly or the samples will be lost when the chamber is 
evacuated. 

All tubes should be be examined carefully for blemishes such as air 
bubbles or thin areas that may lead to leakage during the run. At the 
same time, check that the components of the tube cap are in good 
condition, paying particular attention to the gasket which should be 
flexible and free from nicks or cracks. The Donner group recom- 
mends the use of caps with incorrodible stainless steel stems, but 
others seem to be less scrupulous in this respect. In any event, the 
advice is technicaly difficult to follow if tubes of large diameter are 
used, since it would then be necessary to reduce the maximum speed 
at which the rotor is run. If steel components are used, take great care 
that they do not become mixed with duralumin ones, since this could 
lead to imbalance of the rotor. 

Many of the problems that are inherent in the use of tube caps can 
be eliminated by the use of ‘Quick-Seal’ tubes (Beckman-Spinco). 
These are essentially polyallomer ampoules that can be filled throogh 
a narrow neck that is then hermetically sealed by heat. They are well 
suited to the bulk preparation of lipoproteins and the centrifugation 
of radioactive specimens, but may make the quantitative recovery of 
the lipoproteins more difficult. 

2.1.1.5. Loading the tubes The routine for the adjustment of 
the density of the plasma or other lipoprotein solution will already 
have been decided, as in Section 2.1.1.1. First, label the tubes with 
a note of their contents, including the amount of pIasma taken and 
the density of the run. Use a waterproof ink. Pipette the appropriate 
amount of plasma into each tube with a grade A pipette and follow 
this with the requisite volume of the specific diluent. This should fill 
the tube to a point slightly below the cap, e.g. a total of 9 ml in a 10.5 
ml tube. Because the tube is not completely filled and there is 
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accordingly a risk of it splitting during the run, it is advisable to use 
thick-walled tubes. This procedure is suitable for the treatment of 
small samples of plasma. For a large sample however, it may be 
simpler to adjust the density in bulk and then to add the appropriate 
volumes of the mixture to the centrifuge tubes. 

Assemble a cap for each tube, with a slight smear of grease on the 
screw threads and the underside of the nuts. It is essential that the 
gasket and the top of the tube should be dry, or the cap will not seal 
when it is tightened. Fit a cap onto a tube and lightly tighten the nut 
with a box spanner, making sure that the cap is pressed fully home 
on the tube and is squarely seated. Clamp the tube in the tube vice 
and screw down the nut firmly. Be careful not to damage the cap by 
over-tightening the vice. Invert the capped tube 6 or 8 times to mix 
the contents. 

If the density of the plasma is to be adjusted by  the addition of solid 
salt, calculate the required amount as described in Section 2.1.1.3. 
Weigh this quantity into a centrifuge tube and add the relevant volume 
of plasma or lipoprotein solution from a pipette. Again, large vol- 
umes may be adjusted in bulk. Cap the tube as described above, and 
mix the contents thoroughly. 

Note. The N.I.H. Manual of Lipid and Lipoprotein Analysis 
(1975) recommends that the tubes should be completely filled with 
liquid before centrifuging. This has the merit that the tubes are less 
likely to fracture, but the lipoproteins accumulate close under the tube 
cap and must be recovered by the tube slicing technique described in 
Section 2.1.1.7. It is also necessary to use tube caps with a central 
filling hole that can be closed with a screw plug. The centrifuge tube 
is filled to about 75% capacity with the density-adjusted plasma and 
a layer of salt solution of the same density floated on the surface to 
about 5 mm below the rim. The cap is then fitted and the tube 
completely filled with the salt solution through the filling hole, which 
is then plugged. 

Quick-Seal tubes are filled as follows. Wet a syringe with salt 
solution of the same density as that at which the centrifugation is to 
be made, and fit a 1.5 inch, 18 gauge needle with a 9 inch length of 
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fine polythene tubing (bore 1.2 mm) attached. After adjusting its 
density, take up a suitable volume of the sample into the syringe e.g. 
30 to 35 ml for a 1” x 3.5“ tube. Carefully expel the air from the 
syringe and tubing and then slowly deliver the sample into the bottom 
of the centrifuge tube. Avoid trapping any bubbles on the side of the 
tube. Finally, the sample is over-layered with salt solution of the same 
density until the required total volume is reached, which in this 
example is 39.5 ml. To do this, expel the salt solution very slowly from 
the syringe, with the tip of the polythene tube held in the meniscus 
at the wall of the centrifuge tube. Hold the syringe below the level 
of the meniscus and express the solution manually; gravity feed will 
be too rapid with this size of needle. There will be a small air-space 
below the opening to the Quick-Seal tube which allows it to be pierced 
after the centrifugation without the lipoproteins spurting out. After 
filling, the neck of the tube should be dried with a corner of paper 
tissue and sealed in accordance with the maker’s instructions. 

An alternative filling procedure uses a 4 inch, 16 gauge cannula 
fitted to a large syringe barrel, as a funnel with which to deliver the 
sample to the bottom of the Quick-Seal tube. The over-layer can then 
be added from a similar funnel made by attaching a 1 inch, 23 gauge 
needle to the barrel of a 10 ml syringe. The needle is bent to touch 
the wall of the centrifuge tube when the syringe is supported above 
the tube in a stand. The over-layering solution can be poured into the 
funnel and allowed to trickle slowly into the tube by gravity. Using 
this procedure, several tubes can be filled simultaneously. 

Of course, the technique of over-layering with a solution of the 
same density as the sample can also be used to make up the required 
volume if the sample is too small to fill the centrifuge tube. 

2. I .  I .  6. Loading the rotor It is of the utmost importance that 
the following precautions should be taken to ensure that the rotor is 
balanced at the start of the run. Care in this respect can materially 
increase the life of the centrifuge drive. 

(a) If the rotor is not completely full, make certain that the tubes 
oppose one another in pairs. If there is an odd number of tubes, 
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include a ballast tube that is filled with the salt solution of matching 
density. 

(b) If tubes containing solutions of different density are centrifug- 
ed at the same time, make certain that they oppose each other in pairs 
of the same density. Include ballast tubes of the correct density where 
necessary. Make sure that the rotor gasket is clean and lightly lubricat- 
ed; put a trace of grease on the screw thread and screw down the lid 
of the rotor in accordance with the maker’s instructions. When 
transferring the rotor to the centrifuge, lower it gently onto the 
spindle. Clumsiness in this respect can materially shorten the life of 
the drive, particularly if large, heavy rotors are being used. 

2. I .  I .  7. Unloading the rotor Because the density gradient at 
the top of the tubes after centrifugation is very shallow, it is necessary 
to handle the rotor and the tubes very smoothly. Take care not to jerk 
or shake the rotor when removing it from the centrifuge. If the rotor 
must be carried across the laboratory to the place where it will be 
unloaded, do so slowly and smoothly; do not bang it on the bench, 
or shake it when removing the lid. Use the tube extracting tool to 
remove the first tube from the rotor. Do this very smoothly and 
without haste. Gently return the tube to the vertical position. 

There are two general ways of recovering the lipoproteins from the 
tube: 

(a) By means of a fine-bore pasteur pipette. 
This technique requires some skill and practice, but results in little 
dilution of the supernatant lipoproteins. It is probably the best way 
of collecting small amounts of lipoprotein especially when it is intend- 
ed to estimate them quantitatively. 

Many who attempt this method try to use commercial mass-produc- 
ed pasteur pipettes. These are totally useless because their bore is too 
large. The internal diameter of the tip must not exceed 0.6 mm and, 
after a few trials, it is simple to draw satisfactory pipettes in the 
laboratory blow-lamp. First cut several 12 cm lengths of glass tubing 
of 0.7 cm external diameter. Draw the centre portion down to a 
capillary about 16 cm long by 1.0 mm external diameter at the 
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mid-point. When cool, scratch transversely at the mid-point with a 
diamond pencil; the capillary will then break neatly, at right angles 
to the bore. Never try to use a pipette with a tip that is ragged, or 
is not normal to the axis of the capillary. 
Note. These pipettes must be used with a bulb of heavy rubber, like those used with 
a medicine dropper. The ordinary laboratory teat is so thin that it responds to every 
involuntary twitch of the fingers, making it impossible to withdraw the lipoproteins 
smoothly. 
Also needed for this method is a small lamp with which to project a 

v o l u m e t r i c -  
tube 

wMe light 

rubber bulb 

f ine pipette 

opalescent 
layer  

cellulose 
n i t ra te  tube 

Fig. 2.2. A schematic representation of the equipment used to recover lipoproteins 
from the top of a centrifuge tube by aspiration (by permission of Catherine .I. Briggs). 
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narrow beam of light vertically into the top of the centrifuge tube (Fig. 
2.2). The light scattered by the (large) lipoproteins makes them easily 
visible against a dark background. The tube itself should be mounted 
at such a height that the seated worker can rest an elbow on the bench 
and comfortably introduce the tip of the pipette into the surface of 
the lipoprotein layer. This illuminated stand should be in a shaded 
place, as near to the ultracentrifuge as possible. 

If the recovery of the lipoproteins is to be quantitative, as we shall 
assume, they are collected in small volumetric flasks. For volumes of 
plasma of about 2-3 ml, flasks of 1 ml capacity with a calibration at 
0.5 ml are needed. For purely preparative purposes, volumetric ware 
is not necessary. 

Before starting the operation, ensure that there is enough glassware 
to deal with all the lipoprotein samples and that the vials to which they 
are to be transferred are properly labelled. These vials should have 
a close-fitting cap with a plastic (e.g. teflon) liner and should accom- 
modate the lipoprotein concentrate with a minimal air space above 
it. Vessels of water in which to soak the equipment after it has been 
used should also be at hand. 

Fit a bulb to a clean, dry pipette. It is important that the assembly 
does not leak, so reject any  bulbs that have frayed inner edges. Clamp 
the centrifuge tube into the tube vice. Hold the tube with one hand 
and loosen the nut with the box spanner until the cap is only lightly 
held (do not unscrew the nut completely). Carefully transfer the tube 
to the pipetting stand and remove the cap. Any material that adheres 
to the stem can be sucked up with the pipette (if it is very viscous, 
scrape it up with the tip) and transferred to the volumetric flask. 
Disassemble the tube cap and inspect the inside of the crown. I f  it 
contains lipoprotein, the gasket probably needs renewing: transfer the 
lipoprotein to the volumetric flask. 

Slightly squeeze the bulb of the pipette (N.B. this should always be 
done with the tip in the volumetric flask and never with the tip in the 
centrifuge tube) and introduce the tip into the meniscus where it meets 
the wall of the tube. Support your elbow on the bench and keep the 
pipette at an angle of 50-60 above the horizontal. Now slowly release 
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the bulb, at the same time withdrawing the pipette almost impercepti- 
bly until a stream of bubbles begins to enter the tip. This will cause 
the lipoprotein layer to be skimmed off very effectively. However, if 
the suction is too rapid, some of the lipoprotein that is drawn across 
the surface fails to enter the pipette, strikes the side of the tube and 
is carried by its momentum 2 or 3 mm below the surface. It is therefore 
important not to aspirate too rapidly, and to rotate the tube so that 
suction is applied at several points on the circumference. Transfer the 
lipoproteins to the volumetric flask as they are removed. 

When most of the supernatant lipoprotein layer has been recovered, 
hold the pipette vertically, with the tip in the meniscus and the 
capillary touching the wall of the centrifuge tube. Liquid will be 
drawn up between the wall and the pipette and, by moving the latter 
around the walls of the tube, any adherent lipoprotein can be washed 
down and recovered. At this stage, the presence of bubbles will 
probably make it impossible to read the position of the meniscus in 
the flask. Tubular flasks of 1 or 2 ml capacity may then be lightly 
centrifuged; alternatively the bubbles can be removed by sucking them 
into the pipette and gently expelling the liquid with the tip of the 
pipette touching the side of the flask some distance above the menis- 
cus. Finally, fill the flask up to the mark with the infranatant solution 
from the centrifuge tube and transfer the contents to a labelled vial. 

This technique works well when the lipoprotein layer is essentially 
fluid, recoveries of at least 95% being possible. But, if the concen- 
tration of VLDL in the sample is high, a layer with the consistency 
of vaseline may be formed which is difficult to pipette. Under these 
circumstances, use a pipette with a slightly larger bore than normal 
and scoop off as much as possible of the greasy layer with the side 
of the tip before starting suction. It is sometimes helpful to allow the 
tube to stand a while before beginning the recovery, to allow the layer 
to become less viscous. It is often necessary to centrifuge samples of 
this kind a second time and the volume in which the lipoprotein can 
be recovered is inevitably increased to 1.5 or 2 ml. If a thick, greasy 
layer is formed during the bulk preparation of lipoproteins, it can be 
removed with a spatula and the more fluid material beneath it taken 
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off with the pipette. 
If the centrifugation was performed in Quick-Seal tubes, these 

should be opened in the following way. Support each tube in a heavy 
rack such as that supplied by Beckman for sealing the tubes and cut 
away the spigot, together with some of the top of the tube, with a 
dissecting knife fitted with a short concave blade. The hole should be 
made large enough to allow the sample to be aspirated as described 
above. Note that the hole may need enlargement to allow the walls 
of the tube to be washed adequately. 

Some workers have used a syringe and needle instead of a pasteur 
pipette to aspirate the supernatant lipoproteins after centrifugation. 
In practice, this technique is more clumsy and difficult to control than 
the one we have described. It should only be used for the non-quanti- 
tative collection of bulk preparations. 

This procedure requires less skill than the aspiration method and can 
be essentially quantitative, but it leads to considerable dilution of the 
supernatant lipoprotein layer. It is best suited to the preparation of 
large amounts of lipoprotein; do not use it to recover lipoproteins that 
are to be determined by refractometric methods, or for experiments 
with radioactive lipoproteins. 

Note. It is desirable, though perhaps not essential, to use tube caps of the kind that 
have a central filling hole that is closed with a screw plug. 

(b) By tube slicing 

Remove the tube from the rotor as described above but do not loosen 
the cap. Insert the tube into the slicer to an extent that will be 
determined by the depth to which the lipoprotein layer occupies the 
tube. Under normal circumstances it should suffice to have the 
bottom of the cap about 1 .O cm above the blade of the slicer. The dent 
that is often found in the side of the tube should face away from the 
point of the blade. Remove the plug from the filling hole. Cover the 
hole with a finger and slice the tube with a single smooth stroke. Use 
a syringe to withdraw the lipoprotein fraction as completely as possi- 
ble through the hole. If it is to be used for quantitative estimations, 
transfer it to a small volumetric flask. Replace the screw plug and 
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remove the cap, together with the top portion of the tube, from the 
slicer. With the syringe, recover the residual lipoprotein from the cap 
and the slicer by several washings with small amounts of 0.15 M NaC1. 
Add the washings to the volumetric flask and make the contents up 
to volume. 

If the material in the bottom of the tube is to be retained, withdraw 
the slicer blade slightly, remove about 1 ml of solution with a Pasteur 
pipette and transfer it to a flask. Complete the withdrawal of the blade 
and remove the bottom portion of the centrifuge tube from the slicer. 
Mix up the contents of the tube, making sure that no sedimented 
material remains stuck to the wall. Transfer the mixture quantitatively 
to the flask with 0.15 M NaCl. 

If Quick-Seal tubes were used, the slicing procedure must be slightly 
modified, as follows. Position the tube in the slicer so that the blade 
will strike through the clear region just below the lipoproteins. Thrust 
the blade firmly home and then, with a stout syringe needle, make two 
holes in the top of the tube, into the air bubble. With a syringe fitted 
with a second needle, withdraw the lipoproteins through one of these 
holes. If the lipoprotein layer extends beyond the reach of the needle, 
make a second hole further down the side of the tube. 

It is important to understand that the success of the tube slicing 
technique depends in large measure on the condition of the slicing 
equipment. Keep the blade sharp and its tip in good condition, and 
do not use sealing rings that are damaged. The alloy of which the slicer 
is made is easily corroded by strong salt solutions and it is important 
to wash all parts of the apparatus thoroughly after use. Failure to do 
this may make it difficult, or even impossible to operate the blade. 
Judicious lubrication will also ease the working of the equipment and 
help to protect it against corrosion. 

2.1.1.8. Specimen procedure for serial centrijugution As an 
example, we shall describe a representative procedure for the prepa- 
ration of VLDL, LDL and HDL from human plasma. In the interest 
of generality, we have made the following assumptions when calculat- 
ing the densities of the specific diluents required: 
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(1) That the centrifugation is to be performed at the same tempera- 
ture as that at which the density is measured, i.e. at 20°C. 

(2) That the partial solvent volume of the plasma is 0.94. Note that 
this factor is irrelevant at the first stage of the preparation (separation 
of VLDL) and that the value will be changed by dilution of the plasma 
when the density is adjusted. Moreover, the value that applies to the 
infranatant after centrifugation will depend on the volume of solution 
in which the lipoproteins are removed. In the following example, the 
'layered-load' technique is adopted and it will be assumed that the 
lipoproteins are recovered in a volume equal to that of the over-layer. 
Under these circumstances, the partial volume factor is dependent 
only on the amount of the specific diluent added. If this volume is 
large, e.g. twice that of the plasma, the partial volume becomes 
negligibly different from unity for subsequent adjustments. 

(3) Re-distribution of salt will be ignored since this will depend on 
the rotor used and the speed and duration of the centrifugation. 

Appropriate corrections for all these factors should be made in an 
actual experiment. 

We shall also assume, in the interest of productivity, that the 
volumes of the diluents used to adjust the solvent density are to be 
kept small. Sodium bromide solutions of high density will therefore 
be used. 

Materials. Note that all the following specific diluents should 
contain EDTA, NaN, and Thimerosal as detailed in Section 2.1.1.1. 

0.196 molal NaCl solution, d = 1.0063 g/ml at 20 "C 
0.844 mold NaBr solution, d = 1.063 g/ml at 20°C 
2.973 molal NaBr solution, d = 1.21 g/ml at 20°C 
4.778 mold NaBr solution, d = 1.3199 g/ml at 20°C 
7.593 molal NaBr solution, d = 1.4795 g/ml at 20 "C 

Procedure. We shall assume that the plasma to be used is a fasting 
sample from a normal individual and that it contains effectively no 
chylomicrons. If this is not the case, the chylomicrons should be 
removed by a preliminary centrifugation of the native plasma under 
conditions that amount to a total of about 2.25 x lo6 gamin. When 
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the quantity of chylomicrons is very large, it may be necessary to 
re-suspend the infranatant and to centrifuge it a second time to ensure 
that the recovery is essentially complete. If the particles are to be 
retained as a separate fraction, they should be treated as described in 
Section 2.1.1.9. 

Stage 1. Isolation of VLDL 

Centrifuge native plasma or serum Because the very large 
lipoprotein particles of low density will float very rapidly, even in 
comparatively weak centrifugal fields, there is a temptation to use a 
low speed rotor of large capacity for the isolation of VLDL (e.g. the 
Beckman Type 35). But it must be remembered that the smaller VLDL 
particles have a density little more that that of the solvent and 
therefore float very slowly. To minimise the cross-contamination of 
the VLDL and LDL fractions it is therefore desirable to centrifuge 
at the highest practicable speed for the longest practicable time, for 
example, for 18-24 hours in the Beckman 50.2Ti rotor at 50000 
rev/min. However, because there is some evidence that very high 
centrifugal fields may lead to increased degradation of the lipopro- 
teins, it may be prudent to refrain from using the fastest rotors at their 
maximum speeds, e.g. to restrict the use of the Beckman 60Ti to 
55000 rev/min. Unfortunately, there are few data from which to 
estimate the maximum acceptable rotor speed. 

Having selected a rotor that is appropriate to the size of the 
preparation to be undertaken fill the tubes to about two-thirds capaci- 
ty with plasma i.e. 20-25 ml in a 35 ml tube. Float on this a layer of 
0.196 molal NaCl to fill each tube to just below the cap. Seal the tubes, 
centrifuge them overnight and then recover the lipoproteins as de- 
scribed in Section 2.1.1.7. If a large amount of VLDL is present, it 
can form a thick greasy layer at the top of the tube, that is difficult 
to remove with a pipette. It may then be necessary to recover as much 
as is possible, make up the contents of the tube to the original volume 
with 0.196 mold NaCl, and to repeat the centrifugation. (When 
tube-slicing is used, this second centrifugation will be less often 
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needed.) When the VLDL have been recovered as completely as 
possible, retain the residue at the bottom of the centrifuge tubes for 
the preparation of LDL and HDL. 

The crude VLDL must be washed to free them from residual plasma 
proteins. Re-suspend the pooled preparation, thoroughly but gently, 
in 0.196 molal NaCI. The final volume of this solution will depend 
on the amount of VLDL that has been isolated. I f  the concentration 
in the source plasma was normal, the volume of the wash solution 
need amount to only about 25% of that of the plasma. By contrast, 
if the source was rich in VLDL, it may be necessary to wash in a 
volume as great as, or even greater than the original. Distribute this 
solution between an appropriate number of centrifuge tubes and run 
overnight, as before. Recover the VLDL from the top of each tube, 
pool them and continue this washing process until the preparation 
satisfies the criteria of purity that have been chosen, e.g. until they 
no longer react with antiserum to serum albumin. 

Stage 2.  Isolation of LDL 

Centrifuge this residue from Stage 1 at a solvent density of 1,063 
g/ml {at 20 "C) As with all lipoprotein preparations that are 
made by serial centrifugation, the recovery of the LDL particles that 
have a density close to  that of the solvent is never complete. The 
centrifuging times that are quoted in Table 2.7 are a compromise that 
will generally result in an acceptable recovery of the major part of 
these slow-moving particles, which will be only marginally improved 
by a longer and more expensive centrifugation. Nonetheless, it must 
be noted that these data refer to an experiment at 20 "C; for every 5 "C 
below this temperature, the duration of the run should be increased 
by about 12%. 

Pool the infranatant solutions that result from Stage 1 ,  making sure 
that the sticky residue at the bottom of the tubes is fully dissolved and 
is washed into the pool with 0.196 molal NaCI. Then make the volume 
up to a convenient total with 0.196 molal NaCl. To every 5 ml of this 
mixture, add 1 ml of 4.778 molal NaBr solution and mix thoroughly. 
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Fill the centrifuge tubes to two-thirds capacity with this solution, 
which now has a solvent density of 1.063 g/ml, and float 0.844 molal 
NaBr on the surface until the tubes are full. Cap the tubes carefully, 
to avoid disturbing the floating layer, and centrifuge them for 18 to 
24 hours at the maximum speed of the rotor. Finally, recover the 
floating LDL according to Section 2.1.1.7, pool them, and retain the 
infranatant residues for the isolation of HDL. 

The crude LDL preparation must be washed several times by 
centrifugation to remove the contaminating plasma proteins. Dilute 
the pool with 0.844 molal NaBr to a volume of 50 to 100% of that 
of the original plasma, according to the concentration of the lipopro- 
tein, and centrifuge under the original conditions. This procedure 
must be repeated until the required degree of purity is achieved (Ch. 
3 et seq.). The final product may then be dialysed against several 
changes of 0.196 molal NaCl solution in a stoppered flask that is filled 
to the brim, and then concentrated as necessary (Appendix 2). 

Stage 3. Isolation of HDL 

Centrifuse the residue from Sfage 2 at a solvent density of 1.21 g/ml 
(at 20 "C) Because a large proportion of the HDL have an 
apparent flotation rate of less than 3.5 Svedbergs, a long centrifu- 
gation is necessary if a good recovery of this important fraction is to 
be obtained. Moreover, the sedimentation rate of plasma albumin is 
significantly reduced by the high density and high viscosity of the 
solvent. A prolonged centrifugation is therefore important if the top 
half of the centrifuge tube is to be adequately cleared of protein. As 
Table 2.7 shows, a minimum of 24 hours centrifugation will be 
needed, even at 20°C in the most efficient rotor. The times shown 
must be increased by about 9% for each 5 "C by which the tempera- 
ture of the run is reduced. 

Thoroughly mix the infranatant residues from Stage 2, to ensure 
that the syrupy deposit at the bottom of the tubes is dissolved. Pool 
the contents and make up to a convenient volume with 0.844 molal 
NaBr solution. To every 2 ml of this mixture, add 1 ml of 7.593 molal 
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NaBr and mix well. Fill the centrifuge tubes with this solution to 
two-thirds capacity and then complete the process by carefully 
floating 2.973 molal NaBr solution on the surface. Cap the tubes and 
then centrifuge at the highest attainable speed (Table 2.7). After the 
appropriate time, recover the lipoproteins, pool them and wash by 
centrifugation in 2.973 molal NaBr until purity is established. Do not 
continue this process unnecessarily however, because there is evidence 
that the HDL are prone to undergo disproportionation on repeated 
centrifugation in high field strenghts. 

In describing this procedure, we have assumed that the volume of 
the preparation will occupy several large centrifuge tubes. However, 
a small scale preparation may use only one or two small tubes and 
it is then possible to design the experiment in such a way that the 
plasma is never removed from its centrifuge tube. As each lipoprotein 
fraction is removed, the infranatant is stirred thoroughly in the tube, 
and the required volume of the next diluent added directly. This 
technique requires the use of capped tubes which must be very 
carefully selected for the absence of air bubbles, crazing etc., if they 
are to withstand the repeated centrifugations. With this precaution 
however, failures are unusual. 

2.1.1.9. Subfractionation of chylomicrons and VLDL Chy- 
lomicrons, defined as particles of Sf greater than 400 svedbergs in 
NaCl solution of density 1.063 g/ml, can be recovered from plasma 
as described in Section 2.1.1.8. They should then be washed by 
re-suspending them in 0.196 molal NaCl solution and repeating the 
centrifugation. This washing process is often continued until the 
chylomicrons no longer give a precipitin reaction with antiserum to 
serum albumin. However, because repeated washings appear to ‘de- 
stabilise’ the particles and to cause some of them to disproportionate, 
the process must be performed with due care and attention. 

As we briefly mentioned in Section 2.1.1, neither serial centrifu- 
gation in solvents that are increased step-wise in density, nor density 
gradient centrifugation can be used to sub- fractionate chylomicrons 
or VLDL. For this purpose, it is necessary to use a method that 
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resolves them according to their different flotation rates i.e. by using 
a combination of mass and hydrated density as the discriminant. For 
preparative purposes a procedure such as that of Gustafson et al. 
(1965) is probably the most suitable but, because of the large amounts 
of sample that are used, its resolution is comparatively low. The 
technique developed by Lindgren (1975) is superior in this respect but 
is less practicable for preparative purposes because it has a smaller 
capacity and is far more cumbersome to set up. However, it probably 
has potential as an analytical method and it is described in this context 
in Section 4.3. 

In the following section we shall describe a procedure based on that 
of Gustafson et al. (1965) which, in its original form, made use of the 
Beckman 40 rotor. If it is necessary to substitute a different fixed 
angle rotor, the speed and/or the duration of the centrifugation must 
be adjusted accordingly. The appropriate values can be determined 
by making use of the ‘k’ value of the rotor, which is defined by: 

3600 o2 
In rmax - In rmin 

1013 k =  

The time taken to centrifuge all the particles of a given Fvalue to the 
top of the tube (in hours) is then given by k/F. Note that the ‘top’ 
of the tube in this context is not equal to the minimum radius quoted 
for the rotor but will be at a point further down the tube which will 
be defined by the volume of lipoprotein solution that will be collected 
and also by the fact that the tube is never filled to the brim. Despite 
the greatest care in filling the tubes, there is always an uncertainty as 
to the exact position of the ‘top’ of the tube, which in turn degrades 
the precision with which the fractions can be defined. In the case of 
the 40 rotor, the effective k is probably about 80 at full speed. At a 
lower speed this will be increased in proportion to the square of the 
ratio of the maximum speed to the actual speed. 

When making these calculations it is critically important to remem- 
ber that the value of F must relate to the conditions in the preparative 
tube. It is not acceptable to use a value which is derived from the 
conventional scale because this is defined by analytical centrifugation 
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at 26 "C in NaCl solution of density 1.063 g/ml. Thus, values that are 
referred to this scale (S,) must first be corrected to the conditions of 
the preparative experiment by means of the equation: 

(1.0063 - d) 1.0173 

(1.063 - d) q 
F = Sf 

where d is the density of the lipoprotein particle (cf. Table 4.2) and 
q is the viscosity of a NaCl solution of density 1.006 g/ml at the 
temperature of the preparative ultracentrifuge. The importance of 
making this correction can be seen from the fact that a particle of St- 
400 has a flotation rate of about 220 svedbergs in NaCl of density 
1.006 g/ml at 26 "C, and only about 140 svedbergs at 4 "C. 

Reugenrs. 0.196 molal NaCl solution, d = 1.0063 g/ml at 20 "C containing EDTA, 
NaN, and Thimerosal as detailed in Section 2. I .  I .  1. 

Procedure. For the purposes of this example, we shall assume that 
the preparative centrifuge will be operated at a temperature of 20 "C, 
and that sub-fractions of chylomicrons and VLDL are to be prepared 
from plasma. 

(1) Isolation of particles of Sf greater than 5000 Put 5 ml of 
fresh plasma into a 76 mm x 16 mm centrifuge tube and layer 5 ml 
of 0.196 molal NaCl on the surface. Cap the tube and centrifuge it 
in the Beckman Type 40 rotor at 12 000 rev/min for 17 min (including 
the equivalent acceleration and deceleration times) at 20 " C .  This is 
equivalent to 1.62 g-min at the mean radius of the rotor and will 
concentrate particles of Sf greater than about 5000 into the top 1 ml 
of the supernatant NaCl solution. Remove this layer (Section 2.1.1.7), 
resuspend the particles in 9 ml of 0.196 molal NaCl solution and 
repeat the centrifugation under the same conditions. Recover the 
chylomicrons and repeat the washing procedure twice more. 

(2) Isolation of the Sf 400-5000 particles Thoroughly re-mix 
the infranatant from (l), make the total volume up to 10 ml with 0.196 
molal NaCl and devide it equally between two centrifuge tubes. Float 
5 ml of 0.196 molal NaCl onto each of these samples and centrifuge 
them at 20000 rev/min for 87 equivalent minutes (about 2.3 x lo6 
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g-min) at 20°C. Recover the supernatant 1 ml fractions from each 
tube, combine them and wash three times by centrifugation in 0.196 
molal NaC1. 

(3) Isolation of the S,  100400particles Combine the re-mixed 
infranatants from (2) and adjust the total volume to 20 ml. Distribute 
this equally between 4 centrifuge tubes and layer each one with 5 ml 
of 0.196 mold NaCl. Centrifuge at 35 000rev/min for 120 equivalent 
minutes (about 9.7 x lo6 g-min) at 20°C. Recover the top 1 ml 
fractions, combine them and wash three times by re-centrifugation. 

(4) Isolation of the Sf 50-100 particles By analogy with the 
foregoing, distribute the infranatants from (3) between eight tubes. 
Centrifuge at 40 000 rev/min for 4.5 equivalent hours (about 
28.5 x lo6 gamin) at 20 "C. Wash the combined lipoprotein fractions 
by re-centrifugation as before. 

(5) Isolation of the S,  20-50 particles Replace the fractions 
removed from each of the tubes in (4) by the same volume of 0.196 
molal NaCl solution and centrifuge for 24 hours at 40000 rev/min 
at 20 "C. Recover the supernatant lipoprotein fractions, combine 
them and wash three times by centrifugation for 24 hours at d 1.0063 
g/ml. 

Note that the resolution of this process is low because slow-moving 
particles that start from the top of the sample layer will reach the top 
of the tube at the same time as faster particles that travel from the 
bottom of the tube. There is consequently a considerable contami- 
nation of each fraction with smaller particles and the apparent distri- 
bution of material between the fractions is distorted. Moreover, if the 
whole of the infranatant from one stage is not carried over to the next, 
the yields are substantially reduced and the distortion of the apparent 
distribution is even greater. The contamination of the fractions is 
reduced by the washing process, which is the more effective if it is 
done by the layering technique. However, it is almost impossible to 
layer 0.196 molal NaCl onto the recovered lipoprotein fractions unless 
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their density is first increased. But, if this is done, a macromolecular 
solute such as albumin or high molecular weight polyethylene glycol 
must be used. 

2.1.1.1 0. Serial centrifugation at different temperatures In 
principle, the difference in the rates of thermal expansion of the 
lipoproteins and the solvent solution can be used to sub-fractionate 
the lipoproteins. The technique would be subject to certain limi- 
tations, for example, because the maximum usable range of tempera- 
ture is about 15-20 "C, the density limits of the fraction that is isolated 
cannot exceed a differential of about 0.01 g/ml. Moreover, both the 
resolution and recovery of the lipoproteins would suffer from the low 
mobility of particles that have a density close to that of the solvent. 
Nonetheless, the method could be of some value for the production 
of relatively large amounts of LDL of narrow density range. 

The principle of the method can be illustrated by an example: 
Prepare a solution of LDL in NaCl of density 1.03 g/ml at 20°C. 
Centrifuge this (Section 2.1.1.8) at 5 "C, at which temperature the 
density of the solvent is 1.0334 g/ml. Remove the supernatant lipo- 
proteins which consist of the particles that have a hydrated density 
less than 1.0334 g/ml at 5 "C i.e. of density less than 1.0233 g/ml at 
20 "C. Mix the infranatant solution, make up to the original volume 
with NaCl dz0 1.03 g/ml and centrifuge again, this time at 20 "C. The 
floating layer will then consist of the lipoproteins of hydrated density 
less than 1.03 g/ml at 20 "C i.e. the fraction of d10 1.0233-1.030 g/ml. 

2.1.2. Density gradient centrifugation 

If the plasma lipoproteins were distributed between a few discrete 
classes, in each of which the particles were nearly of the same density, 
it would be possible to separate them completely by centrifugation to 
isopycnic equilibrium on a density gradient. However, since the 
distribution is actually continuous over a wide range of densities, this 
is not strictly possible. No matter how well the major lipoprotein 
classes are separated into bands, there will be some low concentration 
of material between them that can only be sub-divided on a purely 
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arbitrary basis. Nonetheless, in practice, the conventionally defined 
VLDL, LDL and HDL can be adequately separated in a long tube. 
To resolve HDL, and HDL,, on the other hand, requires a gradient 
that would cramp the VLDL and LDL into an inconveniently short 
space at the top of the tube. Moreover, if plasma is the starting 
material, it may be difficult to resolve the lipoprotein classes ade- 
quately and at the same time to separate the HDL completely from 
the plasma proteins. It is also a disadvantage of the method that it 
cannot be used to fractionate VLDL or chylomicrons, which have a 
density less than that of water. However, isopycnic centrifugation has 
the merit that it should, in theory at least, lead to less cross-contami- 
nation of the fractions than serial centrifugation. Unfortunately, few 
studies have been made of the ‘purity’ of the fractions obtained, or 
of the precision with which they can be defined. 

Two practical considerations arise in connection with the loading 
of the gradient. If the load is small, it may be difficult to detect the 
positions of the lipoproteins in the tube, and the amounts,of the 
separate fractions may be too small to study by the available physical 
or chemical techniques. The usual response to this challenge is to 
increase the load until the separated lipoproteins from visible bands. 
But, if this is carried too far, the density gradient itself may be 
significantly distorted which will lead to errors in the exact identifi- 
cation of the density of the fractions. In practice, a careful compro- 
mise on the size of the load is necessary. Unfortunately, there seem 
to be no theoretical analyses of this problem that would help to make 
this decision. 

Many different gradient systems have been described. Those that 
are formed by the continuous mixture of two different solutions in 
a ‘gradient maker’ are well suited to the analysis of isolated lipopro- 
tein fractions, e.g. the sub-fractionation of radioactively labelled 
LDL. Such gradients are usually linear over the greater part of their 
length, although there will be some curvature at the top and bottom 
due to the re-distribution of salt during the centrifugation. For the 
separation of more complex mixtures, for example the isolation of all 
three major lipoprotein classes from plasma, it is desirable for the 
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gradient to change along its length in such a way as to cause the 
different lipoproteins to equilibrate at the most advantageous po- 
sitions in the tube. Gradients of this kind are usually built up by the 
superimposition of several solutions of decreasing density. At the start 
therefore, the gradient has several plateaux on which lipoproteins of 
the appropriate density could sit. It seems likely that these plateaux 
may persist in the form of inflections in the gradient for long enough 
for bands of lipoprotein to accumulate thereon. The final resolution 
of these bands would then take place during the subsequent diffusion 
of the inflections. It is most important therefore that the centrifu- 
gation should be continued until a continuous, smooth gradient has 
been established. If this is not done, resolution will be seriously 
diminished, or could even lead to the spurious isolation of 'new' 
lipoproteins. One of the most widely used of the non-linear gradients 
was designed by Redgrave et al. (1975). This is of fairly general 
application and can easily be modified to suit special requirements. 
One modification has been proposed by Chapman et al. (1981) with 
the object of improving the resolution of the HDL when all the 
lipoprotein classes are to be isolated from plasma in a single run. This 
gain is partially offset by the fact that the VLDL layer at the top of 
the tube includes substances of density as high as 1.016 g/ml, i.e. it 
overlaps the conventional LDL density class. Nonetheless, this is 
probably the best characterised gradient system at present available 
for the simultaneous isolation of LDL and HDL. 

No matter what method is used to form the gradient, two factors 
must be decided when the experiment is designed: 

(I) The temperature. It should be remembered that the gradient 
must be unloaded and its profile determined at the temperature at 
which it was centrifuged. Suppose the run is carried out at 5 "C, and 
that the density profile is then determined by measurements at 20 "C.  
Since the different parts of the gradient will not have the same 
temperature coefficient of expansion, the measured profile will not 
be the same as that prevailing during the centrifugation. Moreover, 
it cannot be argued that the density measured at 20 "C would also be 
that of the equilibrated lipoproteins at 20 "C,  because the solvent and 



Ch. 2 ISOLATION AND PURIFICATION OF PLASMA LIPOPROTEINS 61 

the lipoproteins do not generally expand at the same rate. Conse- 
quently, it is only at 5 “C that the density of the particle and its solvent 
would be the same. The differential expansion of the lipoproteins and 
the solvent that will occur as the system warms up, will also tend to 
cause it to become unstable. In practice however, this does not seem 
to lead to a significant loss of resolution provided the gradients are 
unloaded without delay. In general, the technically easiest course is 
to perform the centrifugation at a temperature close to room tempera- 
ture. 

(2) Duration of the run. It is important that the lipoproteins should 
reach isopycnic equilibrium at the relevant point on the density 
gradient and that the centrifugation should continue for long enough 
to achieve this. Because the viscosity of the solvent is greater at low 
temperatures, the duration of the run will be dependent on the 
temperature at which it is carried out. 

However, a distinction must be made between the equilibrium 
between the lipoprotein particle and the solvent, and the establish- 
ment of an equilibrium gradient. To achieve the latter condition may 
take a much longer time than is needed to cause the lipoproteins to 
reach their equilibrium positions, and small changes in the positions 
of the lipoproteins during the latter stages of centrifugation probably 
reflect alterations in the shape of the gradient as it tends to approach 
the equilibrium distribution of salt. Whether the original gradient was 
‘continuous’ or ‘discontinuous’, it is unlikely to approximate to the 
equilibrium gradient and the re-adjustment towards this condition 
will continue for a considerable time. Since the system may therefore 
be operating under dynamic conditions, it is essential that the acceler- 
ation time, the period of centrifugation at full speed and the deceler- 
ation time are always exactly the same for both the experimental and 
the calibration tubes. As mentioned above, it is also important that 
gradients made by the ‘layering’ method are centrifuged for long 
enough to establish a smooth concentration gradient that is free from 
inflections. The time required to do this must be established before 
the experiment proper is begun, by centrifuging gradients to which a 
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dummy load has been applied. 
Lipoproteins that are centrifuged on a density gradient are subject- 

ed to a substantial hydrostatic pressure that varies with their position 
in the gradient. If the compressibilities of the lipoproteins and the 
solvent are different, an equilibrium can be established between them 
which is isopycnic only during the centrifugation. Unfortunately, 
little is known about the compressibility either of the lipoproteins or 
of the relevant solutions. The significance of the error introduced by 
equating the density of the lipoprotein with that of the solvent under 
bench conditions after the centrifugation is therefore difficult to 
assess. 

The gradients used for the fractionation of lipoproteins are often 
made from solutions of NaCl or  NaBr that are prepared as described 
in Section 2.1.1.1. Sodium chloride can be used for gradients in which 
the maximum density does not exceed 1.18 g/ml, i.e. for work on 
low-density lipoproteins. Sodium bromide must be used if the maxi- 
mum density is to be sufficient for work with HDL, i.e. up to about 
1.23 g/ml. Buffered sucrose solutions have also been used but have 
the disadvantages that they are more viscous than salt solutions, and 
undergo a greater re-distribution of solute during the centrifugation. 
Because of the higher viscosity, the centrifugation will be rather 
longer than is necessary in salt solutions but, on the other hand, the 
gradient may be somewhat more stable. 

Before passing to a more detailed consideration of the density 
gradient technique, it is worth to remarking that lipoproteins which 
are isolated in this way are, per se, no less likely to be contaminated 
with plasma proteins than those prepared by serial centrifugation. In 
principle, there seems to be no reason to suppose that the gradient 
technique will be a more effective way of removing adsorbed plasma 
proteins than a conventional centrifugation. If it is considered neces- 
sary to centrifuge the products of the latter process several times to 
purify them, it is likely that lipoproteins from a gradient will require 
similar treatment. Moreover, if VLDL, LDL and HDL are all isolated 
from plasma on a single gradient, the relatively close proximity of the 
HDL to  the plasma protein residue may lead to their gross contami- 
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nation. Fractions that are prepared from plasma by gradient centrifu- 
gation should therefore be submitted to. the same purification proce- 
dures that are used on fractions made by serial centrifugation. 

2.1.2.1. Choice of rotor and tubes Most work with density 
gradients has been done with swing-out rotors, on the grounds that 
wall effects could lead to significant errors in the conventional fixed 
angle variety, and that the re-orientation that take place in the latter 
must lead to some loss of resolution. Recent experience with vertical- 
tube rotors suggests that this last difficulty may have been exaggerated 
but, at the time of writing, the advantages claimed for this type of 
rotor have yet to be fully confirmed with lipoproteins (but see Chung 
et al., 1980). Moreover, the full benefits of the vertical-tube rotor can 
only be obtained by the use of a specially designed or modified 
centrifuge. 

Not only does the swinging-bucket rotor avoid the problem of 
re-orientation, but some examples can offer a longer tube length than 
is available in fixed-angle rotors of similar speed rating. As with the 
fixed-angle type, the most widely used are those made by Beckman- 
Spinco and we shall assume the use of these. However, the equivalent 
products of other manufacturers can also be used with only minor 
modifications to the technique. The Spinco SW-41Ti rotor has been 
used in many laboratories for the fractionation of lipoproteins 
because it has the capacity to centrifuge a long tube (89 mm; 3.5 in.) 
in a powerful field (286 000 gmax). The SW-40Ti rotor uses a slightly 
longer tube (95 mm), albeit at a slightly lower speed (285 000 g,,), 
a combination which may offer advantages in experiments for which 
the length of the gradient is critical. An even longer tube can be used 
in the SW-27.1 rotor, but the maximum g force generated by this is 
only 135 000 and the centrifugation must therefore be very protracted 
by comparison with those in the titanium rotors. Rotors capable of 
higher speeds can establish isopycnic equilibrium more quickly than 
those listed above, but use shorter tubes (50-60 mm). It is therefore 
necessary to use either a shorter gradient, or a steeper one, with 
consequent limitations on its capacity to separate lipoproteins. 
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The choice of tubes is normally between polyallomer and cellulose 
nitrate, both of which can be used satisfactorily. However, the 
transparent cellulose tubes allow the lipoprotein bands to be seen 
more easily, and may also somewhat easier to puncture than the 
polyallomer variety. The latter, on the other hand, are not wetted by 
the solvent and may therefore drain with less disturbance of the 
bands. 

2.1.2.2. Making the gradient The density of each lipoprotein 
fraction that is isolated on the gradient is estimated by measuring the 
density of the solvent at the same point in a dummy gradient that has 
been centrifuged at the same time as the one carrying the load. The 
gradients must therefore be reproduced with high precision and the 
greatest care taken to avoid mechanical or thermal disturbance. It will 
be evident that a mechanical gradient former is essential for the 
production of a smooth, continuous gradient and many commercial 
instruments are available. Most of these can be used satisfactorily, 
provided that they can handle the relatively small quantities of so- 
lution required. However, the simple and inexpensive device illustrat- 
ed in Fig. 2.3 will produce perfectly adequate linear gradients, provid- 
ed that the following precautions, which may also apply to other 
instruments, are observed: 

Fig. 2.3. This simple gradient former can be made by drilling two holes (ca. 12 mm 
diam.) into a block of plastic of the appropriate size. The right-hand chamber is the 
mixing compartment and must be fitted with a small stirrer. The method of use is 

detailed in Section 2.1.2.2. 
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(1) The tube that conveys the gradient solution into the centrifuge 
tube should be of very fine bore and, like the bore of the stop-cock 
that separates the two reservoirs, should be filled with the dense 
solution before the operation begins. 

(2) The volumes of the solutions in the chambers of the mixer 
should be inversely proportional to their densities, otherwise there is 
a flow between the chambers when the connecting cock is opened. 

(3) The exit tube should touch the side of the centrifuge tube and 
be kept a short distance above the meniscus. This distance must be 
carefuIly adjusted to reduce to a minimum any disturbance of the 
meniscus. If it is either too great or too small, the incoming solution 
‘jets’ into the surface. If the centrifuge tube is mounted on a jack, 
the position of the meniscus relative to the end of the inlet tube can 
be easily and smoothly maintained. It is also advantageous to keep 
the pressure head that drives the flow from the gradient maker as low 
as possible. Note that this assumes the use of cellulose nitrate tubes, 
which are wettable. If non-wettable polyallomer tubes are used, the 
tip of the filling tube must be kept just in the meniscus. Since this is 
a difficult operation it may better, in this case, to load through a fine 
metal or glass tube that dips to the bottom of the centrifuge tube. The 
solution of lowest density is then loaded first. This procedure may 
reduce mixing while the centrifuge tube is filled, but it is difficult to 
avoid some stirring as the ‘dip-leg’ is removed. 

The preparation of a gradient in this way can be exemplified by the 
formation of a linear gradient of buffered sucrose from about 
d 1.01 g/ml to about 1.08 g/ml in an 89 mm x 14 mm centrifuge 
tube (3.5 in. x 0.563 in.). 

The following solutions are required. Phosphate buffer containing: 
0.1 M NaC1, 0.025 M Na2HP0,, 1 mM EDTA, 1.5 mM NaN,, the 
mixture adjusted to pH 7.5. ‘Heavy solution’: phosphate buffer + 
approximately 20.5% (w/v) of sucrose to give a final density of 
1.080 5 0.0005 g/ml. ‘Ligth solution’ : phosphate buffer + approxi- 
mately 1% (w/v) sucrose to give a density of 1.0093 2 0.0005 g/ml. 

Procedure: Put 0.132 g of sucrose into the bottom of a centrifuge 
tube. Add 0.5 mi of the solution to be analysed (or 0.5 ml of NaCl 
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solution d 1.006 g/ml for a control gradient) and carefully dissolve 
the sucrose. Fill the bore of the stop-cock that connects the two 
reservoirs of the gradient maker (Fig. 2.3), and the exit tube, with 
‘heavy’ solution. Ensure that no bubbles remain, clamp the exit tube 
and close the stop-cock. Then put 6 ml of ‘heavy’ solution into the 
mixing chamber and 6.42 ml of ‘light’ solution into the other re- 
servoir. Mount a small stirrer in the mixing chamber, open the 
stop-cock and the exit tube and allow the solution to run slowly 
through a fine plastic tube (diam. 0.5 mm) down the side of the 
centrifuge tube, as described above. 

When the gradient is made by the ‘layering’ technique, it is vital 
that the successive solutions are superimposed without mixing. If this 
can be achieved, the subsequent diffusion of the boundaries takes 
place in a system that starts with the same configuration in each tube. 
If mixing occurs before the centrifugation is begun, it will be random 
in character and will result in a gradient of slightly different shape in 
each tube is prepared. The best way of loading the tube is to add each 
successive solution slowly through a fine tube by means of a smooth- 
acting pump that does not give a pulsatile flow. If the loading has to  
be done manually, a pipette with a fine, drawn-out tip that is bent 
through 90” should be used. Additional control of the flow may be 
had by connecting a short length of fine capillary tube to the upper 
end of the pipette to restrict the flow of air. It is advisable to hold 
the centrifuge tube in a clamp, and some authorities believe that it 
should be inclined to the vertical to simplify the manipulation of the 
pipette, the tip of which should be allowed to touch the side of the 
tube just above the meniscus. This modification probably makes it 
easier to control the filling process but introduces the hazard of 
mechanical disturbances as the tube is re-orientated. 

As an example of the construction of a gradient by the discontin- 
uous method, we shall describe the technique of Chapman et al. 
(1981). This will resolve the plasma lipoproteins into four fractions 
in a single run, viz. ‘VLDL’ (d< 1.016 g/ml), LDL 
(d 1.028-1.050 g/ml), HDL, (d  1.066-1.10 g/ml) and HDL, 
(d 1.10-1.153 g/ml) on a gradient of NaCUNaBr that ranges from 
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1.016 to about 1.23 g/ml. 
The following solutions are required (Sections 2. I .  1 . 1  and 2.1.1.2) 
(A) 11.46gNaC1 + 0.372gEDTA + 0.13gNaN3 + l.OkgH,O ( d =  1.006g/ml). 
(B) 34.11 g NaBr + 100 ml of solution A .  Final density, 1.24 g/ml. 
(C) 29.63 g NaBr + 100 ml of solution A. Final density, 1.21 g/ml. 
(D) 
(E) 

7.60 g NaBr + 100 ml of solution A.  Final density, 1.063 g/rnl. 
1.66 g NaBr + 100 ml of solution A. Final density, 1.019 g/ml. 

Check the density of each solution according to Section 2.1.1.3, and 
adjust as necessary. 

Procedure: Adjust the solvent density of the plasma to 1.21 g/ml 
by the addition of 0.276 g NaBr to each ml. Put 2 ml of solution B 
into the bottom of an 89 mm x 14 mm centrifuge tube and carefully 
layer onto it 3 ml of the plasma/NaBr mixture. This is a particularly 
delicate operation because the total density of the adjusted plasma is 
very close to that of the salt solution beneath it. Next, layer 2 ml of 
solution C onto the plasma, followed successively by 2.5 ml of so- 
lution D and 3 ml of solution A, in that order. Transfer the tubes to 
their buckets and instal them in the rotor with the greatest care to 
avoid mechanical disturbance. Finally, begin the centrifugation as 
soon as is practicable. The originators of this system continued the 
centrifugation for 48 hours at 40000 rev/min, at 15 "C. If a lower 
temperature is used, a longer run may be needed and this should be 
checked by trial. In the dummy tubes that are used to establish the 
shape of the gradient, 3 ml of solution E are substituted for the 
plasma/NaBr mixture. 

2.1.2.3. Loading and unloading the rotor The precautions to 
be taken when using fixed-angle rotors (Section 2.1.1.6) also apply to 
swinging-bucket rotors. In addition however, greater care must be 
taken not to squeeze the loaded tubes when handling them since, as 
they have no caps, they can easily be distorted. The lack of cap also 
means that the tubes must be withdrawn from the buckets with the 
help of forceps. Scrupulous care must be taken to ensure that this does 
not disturb the surface of the gradient (where lipoproteins may be 
floating), or cause scratching and bruising of the metal at the top of 
the bucket. Moreover, the tube must be slid smoothly from the 
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bucket and must not pop out with a jerk as it finally comes free. 

2.1.2.4. Unloading the gradient There are innumerable ways of 
performing this operation, none of which is entirely beyond criticism. 
In general, there seems to be no advantage in using highly elaborate 
methods. At the same time, there is little point in performing a long 
and expensive fractionation and then losing the potential resolution 
of the method by crudely collecting the fractions with a pipette or 
syringe. In this context, it is also advisable to keep the gradients at 
the temperature at which they are centrifuged, until the unloading can 
be commenced. 

The fractionation of the gradient can begin either at the top or at 
the bottom of the tube. Of the two, it is technically easier to puncture 
the bottom of the tube with a hypodermic needle and to allow the 
contents to run out by gravity. However, if the needle is left in situ, 
the volume below its tip is stagnant and is not collected. It is therefore 
important to have a dense solution at the bottom of the centrifuge 
tube, on which even the densest lipoproteins will float. It is also vital 
to ensure that there is no leak where the needle penetrates the tube, 
since this will either lead to a loss of liquid or to the entry of air 
bubbles that will destroy the gradient. The equipment needed for this 
method is shown in Fig. 2.4 and can be prepared as follows: 

Snap the socket off a 1.5 inch, 19 gauge hypodermic needle (score 
the needle with a file first) and attach a length of fine-bore plastic 
tubing. Then fit the needle with a collar of thick-walled plastic 
capillary tube so that it can be gripped in a small clamp. Cut off the 
end of a rubber teat to form an approximately hemispherical cap of 
such a size that it will fit closely to the base of the centrifuge tube being 
used. Lightly smear the inside of this cap with grease and press it 
carefully into place. Assemble the apparatus as shown, with the 
centrifuge tube lightly grasped in the clamp and centred above the 
needle. To puncture the tube, press it onto the needle with a cork until 
it meets the collar surrounding the needle. Tubes that are punctured 
in this way rarely leak and the rubber cap may be used several times. 

When the gradient is fractionated from the top, it is not only 
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Fig. 2.4. The assembly of the equipment needed for recovering density gradients by 
the method described in Section 2.1.2.4. 

necessary to puncture the bottom of the tube, with the attendant 
hazards, but also to construct a special cap through which the 
fractions are syphoned off. This introduces an element of engineering 
complexity which, although it tends to discourage the average bench- 
worker from making his own apparatus, is attractive to the manufac- 
turers of equipment and many commercially available fractionators 
work on this principle. A sophisticated example is the ISCO Mod- 
el 185 (Instrumental Specialties Co.), in which a very dense, inert 
liquid (Fluorinert FC-40, a' 1.85 g/ml; manufactured by the 3M Co.) 
is slowly and continuously pumped into the bottom of the centrifuge 
tube. The displaced gradient passes through a fine tube in the special 
cap and is conducted to a small fraction collector. 

2.1.2.5. The profire of the gradient If the control gradient is 
collected in fractions that exceed about 0.8 ml in volume, their 
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densities can be measured directly and with great accuracy by means 
of the density meter (Section 2.1.1.3). Alternatively, the density of 
smaller fractions can be determined indirectly from measurements of 
their refractive index (n). With an Abbe type refractometer, this can 
be done on one drop of solution. However, it is then advisable that 
the gradient be formed from a single solute, or from mixtures of 
solutes that will re-distribute in the centrifugal field in a similar way, 
to avoid the uncertainties that may otherwise arise from differential 
re-distribution. This consideration usually becomes important only 
when plasma is being centrifuged on a gradient of NaBr. It is then 
desirable to construct the gradient from salt solutions that contain the 
same molal concentration of NaCl as plasma, i.e. 0.196 molal 
(Section 2.1.1.1). 

The refractometer must be capable of measuring n to 2 0.00002 
and requires a monochromatic source of light, preferably a sodium 
lamp. The instrument must also be connected to a constant tempera- 
ture bath that can be controlled to at least ? 0.05 “C. 

A calibration is needed to relate the density and refractive index for 
each type of gradient. To obtain this, first make several different 
mixtures of the ‘heavy’ and ‘light’ solutions from which the gradient 
is to be prepared. Use one of the methods described in Section 2.1.1.3 
to determine the density of each mixture at the temperature at which 
the gradient is to be centrifuged. Then measure the refractive index 
of each solution as follows: 

Switch on the apparatus and allow it to reach thermal equilibrium. 
Open the prism. 
Take up 0.2-0.3 ml of solution in a pasteur pipette and deposit a 
bubble-free drop in the centre of the lower prism. 
DO NOT TOUCH THE SURFACE OF THE PRISM WITH THE 
PIPETTE. 
Immediately close the prism and observe the position of the 

boundary between the light and dark fields through the eyepiece. 
Turn the scale adjustment to  bring the boundary close to the 

cross-wires (N.B. the boundary should always approach the wires 
from the same direction). Then turn the adjusting head slowly and 
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smoothly until the boundary just bisects the cross-wires and take the 
scale reading. To minimise the possibility of losses by evaporation, 
the interval between the closing of the prism and the setting of the 
cross-wires should be brief and should always be the same. About 
1 min is usually sufficient. 

Having taken the reading, clean both prisms thoroughly with 
distilled water from a wash-bottle wit apolythene jet. Dry the surfaces 
with a soft tissue. Take care over this; an abrasive tissue or over- 
vigorous rubbing may scratch the prisms. 

By plotting the refractometer scale values against the corresponding 
density measurements, a calibration curve can be obtained that is 
usually linear. The two variables need not be determined at the same 
temperature, provided that both temperatures are constant. If either 
of them are changed, the calibration must be repeated. 

The refractive index of each fraction that is taken from the control 
gradient can be measured in the same way, and its density estimated 
by interpolation of the calibration curve. 

2.1.2.6. Rate-zonal ultracentrifugation The value of con- 
ventional gradient centrifugation for the preparation of lipoproteins 
is limited by the relatively small capacity of the centrifuge tubes. This 
can be overcome, in part at least, by the use of zonal rotors (e.g. the 
Beckman Ti-14 or 2-60) which have a total capacity of 600 ml or 
more, with the added advantage that the isolation can be completed 
much more rapidly than is possible in a conventional rotor. Moreover, 
the lipoprotein distribution can be oberved and measured concurrent- 
ly with the fractionation, thus providing a much more detailed under- 
standing than can be obtained by sequential centrifugation at fixed 
densities. 

Despite these cogent advantages, the zonal rotor has not been 
widely used for isolating lipoproteins, perhaps because it requires a 
fairly heavy capital investment in the rotor, in equipment to fill it with 
a density gradient and in apparatus to measure and record the 
lipoprotein distribution as the rotor is unloaded. In addition, the 
zonal rotor can only deal with one sample at a time and it is not an 
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appropriate instrument for small-scale preparations, although the 
short duration of the centrifugation (e.g. 30-45 min for VLDL, 
according to Danielsson et al. (1978)) allows more frequent use for 
the machine. There is also a considerable dilution of the lipoprotein 
fractions that may necessitate re-concentration (Appendix 2). 

The greatest potential use for the zonal rotor would seem to be for 
the large scale preparation of VLDL, or for the separation of HDLz 
and HDL,. Both Patsch et al. (1974) and Danielsson et al. (1978) have 
claimed that the two HD-lipoproteins can be satisfactorily isolated in 
this way from relatively large volumes of plasma. However, whereas 
Patsch et al. found it necessary to use a three-step, non-linear gradient 
to achieve this separation, Danielsson et al. (1978) claim that it can 
be done on a simple linear gradient. In neither of the original papers 
are the criteria used to judge the effectiveness of the separation fully 
described but later work by Patsch et al. (1980) not only separated 
HDL, and HDL,, but also subfractions of these lipoproteins which 
were comprehensively characterised. 

A useful bibliography on the separation of lipoproteins by zonal 
ultracentrifugation can be found in the paper by Danielsson et al. 
(1978). 

2.2 Isolation by precipitation 

These methods allow the plasma lipoproteins to be divided into two 
fractions that approximate to the a- and @lipoproteins, or to the 
high-density (d 1.063-1.20 g/ml) and the low-density 
(d< 1.063 g/ml) classes. However, as we shall show later, the 
fractions obtained by precipitation differ somewhat from those isolat- 
ed by ultracentrifugation and seem to be more closely akin to the 
fractions that are separated by electrophoresis. We shall therefore 
refer to them as a- and P-lipoproteins respectively. 

It has been said by some that the low-density lipoproteins that are 
isolated by precipitation can be substantially pure, but this claim will 
not survive the most critical tests. It is certainly difficult to remove 
the last traces of plasma proteins by these methods, particularly from 
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the a-lipoproteins. For critical work, it is necessary to use an addition- 
al stage of purification, and ultracentrifugation is the method usually 
chosen. Nonetheless, precipitation is useful as a means of concentrat- 
ing the lipoproteins from a large amount of plasma while, at the same 
time, effecting a considerable degree of purification. Moreover, when 
properly done, it can be an effective way of separating the a- and 
@-lipoproteins. The value of this for the measurement of the lipopro- 
tein classes in plasma will be discussed in Section 7.3. 

Three well-established precipitation methods are available: 
(a) The low-temperature ethanol fractionation methods developed 

by Cohn and his collaborators. These can, in principle, be used to 
purify the lipoproteins to a considerable degree. However, several 
stages are needed, in each of which it is necessary to control the pH, 
ionic strength, dielectric constant, protein concentration and temper- 
ature. Acetate and carbonate buffers of different metals are used to 
control the pH and ionic strength. Ethanol is used to adjust the 
dielectric constant, and all the operations are carried out at tempera- 
tures of about - 5 "C. In practice, the method is more suited to the 
preliminary separation of the a- and P-lipoproteins into separate 
fractions than to their purification. However, it can be useful for the 
isolation of the so-called LP-X from the plasma of patients with 
cholestatic jaundice (Section 2.4). 

When properly performed on the bench scale, the cold ethanol 
procedure brings about no detectable degradation of the lipoproteins. 
It is therefore interesting to find that it often results in extensive 
break-down of the a-lipoprotein when used on the industrial scale. 
It is presumably to this that the contamination of some commercial 
preparations of albumin with apo-lipoproteins is due (Fainaru and 
Deckelbaum, 1979; Ostlund-Lindquist and Boberg, 1979). 

(b) Methods that are based on the interaction of lipoproteins with 
macromolecular polyanions like the sulphated polysaccharides hepa- 
rin and dextran sulphate. This subject was comprehensively reviewed 
by Cornwell and Kruger (1961) and by Burstein and Scholnick (1973). 

The fact that sulphated polysaccharides will react with plasma 
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proteins at physiological pH to form soluble complexes has been 
known at least since the work of Chargaff et al. (1941). However, their 
affinity for the low-density lipoproteins is considerably greater than 
for other proteins. If the concentration of the polysaccharide is low, 
and the pH between 7.5 and 8.6., complexes with lipoproteins are the 
sole product of reaction (Bernfeld et al., 1957, 1960). Under the 
appropriate conditions, all three of the main classes of lipoprotein can 
be precipitated by a mixture of sulphated polysaccharide and one of 
the divalent cations Ca2 + , Mg2 +, Mn2 + or Co2 +. Each lipoprotein 
class is precipitated by a different concentration of the reagents 
which, in turn, depends on the nature of the polyanion and the cation 
used. Moreover, the solubility of the compplexes is influenced by the 
ionic strength of the solution and by the presence of plasma proteins. 

All these lipoprotein complexes will dissolve if the ionic strength is 
high enough, the critical value depending on the nature of the lipopro- 
tein, the polyanion and the cation. For example, heparin-Mg2+ will 
not precipitate LDL at the ionic strength of normal plasma, but will 
do so if the plasma is dialysed against 0.02 M Tris-HC1 buffer at pH 
7.7. By contrast, heparin-Mn2+ will form a complex with LDL in 
native plasma, and dextran sulphate will do so even in the presence 
of Mg2 * . Comparative studies of this kind have shown that dextran 
sulphate is a more reactive precipitant than heparin, and that Mn2+ 
(or Co2*) is a more effective co-reagent than Mg2+ (or Ca2+). But 
it is important to note that this property of dextran sulphate is a 
function of its molecular weight: a preparation of molecular weight 
2 x lo6 will precipitate LDL in the absence of divalent cations (albeit 
not quantitatively), whereas a fraction of molecular weight 15 000 will 
not do so unless Mg2+ or Ca2' are present. These properties are 
summarised in Table 2.8. 

The presence of plasma proteins tends to inhibit the formation of 
insoluble polyanion-lipoprotein complexes (Burstein et al. , 1970). The 
reasons for this are not clear and the effect seems to be of little 
practical importance. By contrast, the presence of sucrose facilitates 
complex formation (Burstein, 1962). For example, heparin-Mg2+ will 
precipitate LDL from plasma in the presence of 1 g/ml of sucrose, 
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but will not do so if the sugar is absent. 
The foregoing discussion refers only to reactions at physiological 

pH. At values near the isoelectric point of the lipoproteins, the 
polyanions will precipitate LDL almost completely, without the ad- 
dition of metal ions. The products of precipitation above and below 
pH 7.0 are therefore quite different. At pH 7.5, heparin-Mg2+ will 
precipitate chylomicrons and VLDL but not LDL, whereas at pH 5.0 
heparin alone will precipitate only the LDL. Burstein and Scholnick 
(1973) showed that, under standard conditions of reaction in an acidic 
buffer, the pHs at which the different lipoprotein classes were precipi- 
tated formed the series LDL > VLDL > chylomicrons > HDL. Hither- 
to, these observations have not found any practical application. 

In 1955, methods for the precipitation of low-density lipoproteins 
from plasma were reported by three laboratories. Bernfeld (1955) used 
sulphated amylopectin as the reagent, and Oncley et al. (1955) used 
dextran sulphate. Burstein and Samaille (1955) however, chose to use 
heparin, which has a relatively low molecular weight and needs the 
addition of a divalent cation to form an insoluble complex. All of 
these methods were subsequently developed into methods of prepara- 
tive fractionation, but those based on the Burstein procedure have 
become the most widely used (Burstein and Scholnick, 1973). 

(c) Precipitation with sodium phosphotungstate. This method, 
which was also developed by Burstein (1970), uses an inorganic 
precipitant of relatively high molecular weight that, like heparin, has 
anticoagulant properties and will release clearing factor (Bragdon and 
Havel, 1954). It has the merit that it is much cheaper than the organic 
polyanions and, unlike them, has constant properties. The method 
almost duplicates the results obtained with heparin or dextran sul- 
phate but, as explained below, it requires even more careful control 
than the heparin procedure. In the presence of Mg ions, sodium 
phosphotungstate, like high molecular weight dextran sulphate, will 
precipitate all the lipoproteins including the HDL. However, the 
reaction differs in two respects from that with organic polyanions: 
(i) high ionic strengths favour the formation of the lipoprotein com- 
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plexes, (ii) the reaction is more markedly inhibited by plasma pro- 
teins. 

It is important to be aware that all these precipitation methods are 
extremely exacting and must be performed precisely, and with the 
greatest care if good results are to be obtained. It should also be 
observed that the fractions isolated by precipitation are not exactly 
the same as those obtained by ultracentrifugation at the traditional 
densities. On average, the HDL fraction (1.063 < d< 1.21 g/ml) 

kig. 2.5.  Analysis of a-lipoprotein preparations by electrophoresis in polyacrylamide 
gradient gel (Section 5.5.3.3).  (a) HDL ( d =  1.063-1.21 g/ml) isolated by ultracentrifu- 
gation. (b) a-Lipoproteins isolated by precipitation with ethanol at low temperature. 
(c)  a-hpoproteins isolated by the phosphotungstate precipitation method. (d) a-Lipo- 

proteins isolated by the heparin precipitation method. 
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contains about 17 mg more cholesterol per 100 ml of plasma than the 
corresponding (a-) fraction that is isolated by precipitation. When the 
fractions are analysed by electrophoresis on poly-acrylamide gel 
gradients (Fig. 2.5), it can be seen that the HDL includes a small 
proportion of high molecular weight particles that are absent from the 
precipitated fractions. These large particles have a density between 
1.063 and 1.090 g/ml and can be shown by immunodiffusion analysis 
to contain apo-lipoprotein B. They are therefore chemically related 
to the lipoproteins of density less than 1.063 g/ml, which also contain 
apo-lipoprotein B, and differ from the principal components of HDL 
in which this apo-lipoprotein is absent. It is presumably the presence 
of apo-lipoprotein B that causes these particles of density 
1.063-1.090 g/ml to be precipitated in the P-fraction, together with 
the lipoproteins of lower density. 

It is more difficult to be certain that the precipitation methods 
themselves all yield the same products. Electrophoretic analyses like 
those of Fig. 2.5 suggest that all three methods can produce a-lipo- 
proteins that are completely free of P-lipoproteins. However, the 
reverse is not always true. The precipitation of Cohn fraction 
I + I1 + I11 (Section 2.2.1) does not completely remove the a- from the 
P-lipoproteins (Fig. 2.6a) even though the precipitate is washed and 
re-precipitated. The selectivity of this procedure is evidently not good 
enough to achieve a complete separation of the two lipoprotein 
classes. By continuing the sub-fractionation of I + I1 + I11 by the Cohn 
procedure, a purer preparation of P-lipoprotein can be obtained, 
albeit at the cost of much labour and a diminished yield. 

By contrast, a single, properly performed precipitation with hepa- 
rin can be relied upon to produce P-lipoproteins that are free from 
a-lipoproteins (Fig. 2.6~). This may be less consistently true of the 
phosphotungstate method, which occasionally yields a P-fraction that 
contains traces of a-lipoproteins. This is probably due to the greater 
affinity of phosphotungstate for a-lipoproteins, which causes these 
to be precipitated by high concentrations of the reagent. Thus, 
whereas ten times the amount of heparin required for complete 
precipitation of the P-lipoprotein can be added without bringing 
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kip. 2.6. Analysis of 0-lipoproteins by electrophoresis in polyacrylamide gradient gel 
(Section 5.5.3.3). (a) Cohn fraction I + I1 + 111. (b) 0-Lipoprotein isolated by precipi- 
tation with phosphotungstate. (c) 0-Lipoprotein isolated by precipitation with heparin. 

about the precipitation of a-lipoprotein, excess sodium phospho- 
tungstate causes the precipitation of progressively larger quantities of 
a-lipoprotein as well (McTaggart et al., 1978). 

It is important to appreciate that the effectiveness of these precipi- 
tation methods may depend on the criteria by which they are judged. 
As the gradient gel analyses show, the heparin method can separate 
plasma lipoproteins cleanly into two fractions. But these are hetero- 
geneous in almost every respect. The B-fraction contains most (per- 
haps all) of the apo-lipoprotein B, while the a-fraction contains most 
(though not all) of the apo-lipoprotein A. Both however will contain 
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varying proportions of all the other apo-lipoproteins. An adjustment 
of the conditions of the precipitation may change these proportions. 
For example, it may be possible to increase the amount of apo-lipo- 
protein A that is recovered in the a-fraction but there is a high 
probability that apo-lipoprotein B will then be precipitated as well. 

(d) Precipitation with non-ionic macromolecules. Non-ionic poly- 
mers like polyvinylpyrrolidone (PVP) or polyethyleneglycol (PEG) 
have been proposed as reagents for the precipitation of certain classes 
of lipoproteins. For example, PVP has been said to bring about the 
flocculation of chylomicrons of intestinal origin, while PEG was used 
by Kostner and Alaupovic (1972) to separate LP-A from other lipo- 
proteins. At present however, it is not possible to separate the con- 
ventional lipoprotein classes quantitatively by means of these rea- 
gents, and they have not come into general use. 

(e) Salting out. Ammonium sulphate was used as a precipitant in 
the early work of Machebmuf (1929) and has recently been re-investi- 
gated in this context by Parra et al. (1976, 1977) who have devised 
a method that is said to allow the lipoproteins to be fractionated 
without the need for an ultracentrifuge. It is reported to yield ‘pure’ 
lipoproteins by precipitation first with ammonium sulphate and then 
with sodium phosphotungstate. However, the details of the method 
are not easily accessible and it is impossible to assess its value in the 
absence, for example, of critical information on the effect of pH on 
the course of the precipitation. While it is certainly possible to bring 
about a partial separation of the lipoprotein classes by salting out, the 
method’s only real value at present appears to be for the easy 
concentration of lipoproteins from large volumes of dilute solutions. 
Virtually all the plasma lipoproteins are found in the fraction precipi- 
tating between 35 and 70 070 saturation with ammonium sulphate at 
room remperature and at pH 7. 

2.2.1. Choice of method 

All the precipitation methods suffer from the disadvantage that it is 
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difficult to maintain exactly reproducible fractionations of the highly 
polydisperse starting material. Moreover, the problem is probably the 
greater when the heparin or dextran sulphate reagents are used, since 
these can vary in properties according to their source. It is therefore 
desirable, when setting up any of these procedures or when changing 
the source of a macromolecular reagent, to check their working by 
another method, preferably by ultracentrifugation. When an effective 
fractionation has been confirmed, great care must be taken to ensure 
that the technical details of the method are continually reproduced. 

Of all the methods available, the cold-ethanol procedure not only 
requires an accurately controlled low-temperature bath but is by far 
the most tedious to perform if isolated lipoproteins are the sole 
objective. For this reason it has been supplanted by methods that use 
polyanion precipitants. Of these, heparin has come to be favoured for 
the separation of the B- from the a-lipoproteins, despite its cost and 
some variability in properties, because it gives a clean and reliable 
fractionation. When it is necessary to precipitate the a-lipoproteins, 
either dextran sulphate or the phosphotungstate reagents must be 
used. Of these, dextran sulphate is considerably the more expensive 
and it is important to use a product of known and reproducible 
molecular weight (e.g. the Pharmacia product). On balance therefore, 
phosphotungstate (Section 2.2.3.2) appears to offer slight practical 
advantages over dextran sulphate, but some workers have found 
lipoproteins prepared by this method to be unsatisfactory for their 
purpose. We have not had this experience and it is not clear whether 
the effect is merely due to inadequate removal of the reagent, or to 
some degradative process such as a catalysed oxidation. If the latter 
is found to be the case, it may be necessary to use the dextran sulphate 
method (Section 2.2.3.3). 

Note that the following technical sections deal only with the precipi- 
tation of P-lipoproteins (i.e. the total ‘low-density’ lipoproteins) and 
the a-lipoproteins. Although methods have been described whereby 
chylomicrons and ‘VLDL’ can be separated from ‘LDL’ (Burstein 
and Scholnick, 1973) they are, in our experience, far inferior to the 
centrifugal methods. 
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2.2.2. Re-solution of precipitated lipoproteins 

It is most important to use the correct technique when re-suspending 
or re-dissolving lipoprotein precipitates. The following procedure is 
of general application, but when the precipitate is the result of the 
cold-ethanol process, all the operations should be carried out as near 
to - 5  "C as is practicable until the residual ethanol has been ade- 
quately diluted. In all cases, it is important that the solvent is added 
very slowly, with continuous stirring with as glass rod. The first 
objective should be to reduce the precipitate to a smooth cream, 
without lumps. Either 0.5 M sodium citrate, 0.5 M Na2C03 or 1.0 M 
NaCl can be used as the solvent, but sodium citrate is recommended 
when the cold-ethanol fractionation is 5eing used. 

To dissolve a precipitate that has been obtained by the treatment 
of 10 ml of plasma, proceed as follows: 

Add 0.5 ml of 0.5 M sodium citrate dropwise to the precipitate, 
stirring carefully between each drop to disperse lumps. When a 
uniformly smooth cream has been produced, add 2.0 ml of 0.15 M 
NaCl, stir and dialyse in the cold against several changes of 
NaCVazide (Section 2.2.3.1). 

Note. Lipoproteins that have been re-dissolved in this way may be immediately dialysed 
against a salt solution of low ionic strength. This observation also applies to lipopro- 
teins that have been precipitated with heparin or dextran sulphate, once these reagents 
have been removed by reaction with barium. However, in our experience, low-density 
lipoproteins show less signs of aggregation and may be somewhat more stable if they 
are first dialysed against 9 Yo NaCl before they are transferred to 0.15 M NaCl. 

2.2.3. Precipitation with polyanions 

Since fibrinogen is also precipitated in these methods, the starting 
material should be serum or defibrinated plasma unless the product 
is to be further purified by other pethods. If serum is used, the main 
source of contamination of the precipitated b-lipoproteins appears to 
be the mechanical transfer of proteins on the precipitate. By contrast, 
the conditions needed to form insoluble complexes with a-lipopro- 
teins also seem to precipitate small amounts of other serum proteins. 
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TABLE 2.8 
The concentration of reagents needed to  precipitate lipoproteins from human serum. 
The values given are those required to complete the precipitation of the classes that 
approximate to VLDL, LDL and HDL (taken from Burstein and Scholnick, 1973). 

Reagents Chylomicrons 
plus 
‘VLDL’ ‘LDL’ ‘HDL’ 

Heparin 
Mg2+ (Ca’+) 

Heparin 
Mn” (Co”) 

Dextran sulphate 
Mn” (Co2+) 

Dextran sulphate” 
M g 2 +  (Ca”) 

Dextran sulphate 
Ca2 + 

Sodium phosphotungstate 
Mg2 

Sodium phosphotungstate 
bin’ + 

0.25% 
0.1 M 

0.01 To 
0.05 M 

0.007% 
0.025 M 

0.01 070 
0.1 M 

- 

0.05% 
0.1 M 

- 

No 
PPtn. 

0.1 To 
0.05 M 

0.05% 
0.025 M 

0.1% 
0.1 M 

0.05% 
0.025 M 

0.2% 
0.1 M 

0.08% 
0.05 M 

No 
PPtn. 

No 
PPtn. 

0.65% 
0.2 M 

No 
PPtn. 

0.55% 
0.2 M 

2.0% 
0.2 M 

0.6% 
0.2 M 

a Dextran sulphate mol. wt. 15000. 
Dextran sulphate mol. wt. 2 x lo6. 

2.2.3.1. Precipitation of p- and pre-&lipoproteins with heparin. 
This procedure precipitates a fraction that approximates to VLDL 
plus LDL. The a-lipoproteins remain in solution. This is probably the 
best method for separating these fractions on an analytical scale, but 
it must be performed with great attention to detail. The slightest 
carelessness can lead to unreliable results. 

Reagents: 4 (70 heparin in 0.15 M NaCl. This should be made up 
from sodium heparin of activity about 160 units/mg. Since different 
batches may vary in their properties, it is advisable to test each one 
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to ensure continuity of performance (cf. Burstein and Scholnick, 
1973). 
1.0 M MnCl,; 2.0 M MgCI,; 5 %  BaCl,; 0.5 M Na,CO,; 1.0 M NaCI; 
Tris-HC1 buffer, 0.02 M, pH 7.7; 
Neutral NaCl/azide: 8.77 g of NaCl 

0.13 g of NaN, 
0.372 g of disodium ethylene-diamine tetra-acetic acid 
Water to 1.0 litre. Adjust to pH 7.0-7.5 with NaHCO, 

Procedure: To I0 ml of serum in a 25 ml centrifuge tube, add 0.5 
ml of 4 070 heparin solution and 0.5 ml of 1.0 M MnC12, with stirring. 
Continue to stir for at least 15 min, then centrifuge at about 15 "C 
for 10 min at 6000 g. 
Note. Some workers perform this precipitation at 0 "C, but Burstein and Scholnick 
(1973) remark that is can be less selective in the cold. We find however that the method 
may perform badly if the ambient temperature is unduly high and some cooling may 
be desirable if the room temperature exceeds 20°C. 

Remove the supernatant, which contains the a-lipoproteins, and 
retain it for further treatment if required. Re-dissolve the precipitate 
by the addition of 0.5 ml of 0.5 M Na2C03 as described in Section 
2.2.2, and restore to a volume of 10 ml with 0.02 M Tris buffer, 
pH 7.7. Centrifuge off the precipitated manganese carbonate, add 
0.25 ml of 2.0 M MgC1, and stir for 15 min. Centrifuge for 10min 
at 6000 g. Discard the supernatant and re-dissolve the precipitate as 
before, but use 0.5 ml of 1.0 M NaCl instead of Na,C03. Make up 
to 10 ml with Tris buffer, pH 7.7, and re-precipitate with MgCl, a 
second time. 

Finally, dissolve in 0.5 ml of Na2C03, add 2 ml of neutral 
NaCl/azide and dialyse against 5 070 BaCl, for 48 hours at 4 "C. It is 
most important that this reaction be allowed to go to completion, or 
lipoproteins will re-precipitate when the ionic strength of the solvent 
is lowered. Centrifuge off the precipitate of barium heparin salt and 
dialyse the solution against several changes of neutral NaC1/ azide for 
48 hours. 

This procedure is designed to yield a product of high purity. When 
it is used as a preliminary to the quantitative estimation of a- and 
P-lipoproteins, the repeated re-precipitations may not be necessary. 
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2.2.3.2. Precipitation of a- and &lipoproteins with sodium 
phosphotungstate. This procedure allows the a-lipoproteins to be 
precipitated after the p- and pre-g-lipoproteins have been isolated. As 
with the heparin method, the most careful technique is needed if good 
results are to be obtained. Moreover, since the efficiency with which 
the two lipoprotein classes are separated depends on the concentration 
of the reagent, it may be advisable to dilute hyperlipoproteinaemic 
sera to a lipoprotein level that approaches the normal values for which 
the procedure was designed. 
Reagents: 1.0 M NaCI; 2.0 M MgCI,; 0.5 M Na,CO,; 

Tris-HC1 buffer, 0.02 M, pH 7.7 
Neutral NaCl/azide solution (Section 2.2.3.1) 
Sodium phosphotungstate solution: 40 g of dodeca-tungstophosphoric acid 

160 ml of 1.0 N NaOH 
Water to 1.0 litre. Adjust to pH 7.6 

Procedure: Burstein recommends that this method is carried out at 
room temperature. In our experience it works satisfactorily at 0 "C, 
but there may be less adsorption of foreign proteins at the higher 
temperature. It may therefore be better to work at room temperature 
if the products are not to be further purified, e.g. by ultracentrifu- 
gation. 

Put 10 mi of serum into a 25 ml centrifuge tube and cool it in ice. 
Add 1 .O mi of sodium phosphotungstate and 0.25 mi of MgCl, with 
stirring. Continue to stir for 15 min at 0 "C and then centrifuge for 
30 min at 3000 g. Remove the supernatant (Sl), which contains the 
a-lipoproteins, and set it in ice to be worked on later. Dissolve the 
precipitate in 0.5 ml of 0.5 M Na,CO, (see Section 2.2.2) and dilute 
to 10 ml with 0.02 M Tris buffer. Then repeat the precipitation by 
adding 1.0 mi of sodium phosphotungstate solution and 0.25 ml of 
MgCI,. After stirring for 15 min, centrifuge as before and discard the 
supernatant. Dissolve the precipitate in 0.5 ml of 0.5 M Na2C03, add 
2 mi of neutral NaCl/azide and dialyse against several changes of 
neutral NaCl/azide for at least 36 hours at 4 "C. The resulting solution 
contains a mixture of lipoproteins that approximates to the VLDL 
plus LDL. Although much purified, they are nonetheless still contam- 
inated with small amounts of serum proteins. 
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To complete the isolation of the a-lipoproteins, take the superna- 
tant S1 and add to it 9 ml of cold sodium tungstate solution. Stir for 
1 hour at 0 "C and then centrifuge for 30 min at 3000 g. The precipi- 
tate should contain only traces of lipoproteins and may be discarded. 
To the supernatant, add 0.75 ml of 2 M MgC1,. Stir for 1 hour and 
allow to stand at 4 "C for 18 hours (this long resting period leads to 
higher recoveries of lipoprotein). Centrifuge for 30 min at 3000 g and 
discard the supernatant. Re-dissolve the precipitate in 0.5 M Na2C03 
(Section 2.2.2), dilute to 10 ml with 0.02 M Tris buffer and re-precipi- 
tate by the addition of 10 ml of sodium phosphotungstate solution 
and 2 ml of 2 M MgCl,. Stand the mixture at 4 "C for 18 hours before 
recovering the precipitate by centrifugation at 3000 g. Dissolve this 
precipitate and dialyse it against neutral NaCl/azide as described for 
the P-fraction. 

Good yields of a-lipoprotein can be obtained by this procedure but 
the product is contaminated with small amounts of plasma proteins 
which are difficult to remove by repeated precipitations. If this 
contamination cannot be tolerated, the preparation must be purified 
by ultracentrifugation (Section 2.1.1.8) or by gel filtration chromato- 
graphy (Section 2.3.1), although the latter is probably the less ef- 
ficient. The fact that the ultracentrifuge is needed to complete this 
preparation underlines the precipitation method is more useful as a 
concentration process than as a preparative method in its own right. 

2.2.3.3. Precipitation of a- andp-lipoproteins with dextran sulphate. 
The following directions apply only to the use of a dextran sulphate 
of high molecular weight e.g. about 5 x lo5. Preparations of much 
lower molecular weight can also be obtained, e.g. 15000, but the 
conditions under which these will precipitate lipoproteins are quite 
different. Even when the molecular weight and reproducibility of the 
dextran sulphate can be relied on, it is advisable to give the system 
an adequate test before putting it to serious use. If the provenance 
of the reagent is uncertain, this precaution is indispensable. 
Reagents: A 10% solution of dextran sulphate (Pharmacia Fine Chemicals; Sigma 

Chemical Co.) in water; 
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1 .O M MnCl,; 2.0 M MgCl,; 1 .O M NaCl; 1 .O Vo BaCl, in 0.15 M NaCl; 10 Vo 
NaHCO,; 0.5 M Na,CO,; 
Tris-HC1 buffer, 0.02 M, pH 7.7 in 0.15 M NaCl 
Tris-HC1 buffer, 0.02 M, pH 7.7 (Section 2.2.3.1) 
Neutral NaCl/azide (Section 2.2.3.1). 

Procedure: Pipette 10 ml of plasma into a 25 ml centrifuge tube that 
is equipped with a stirrer. With continuous stirring, add 0.05 ml of 
10 Vo dextran sulphate, followed by 0.5 ml of 1.0 M MnCI,. Allow 
to stand for 10 rnin and centrifuge at 6000 g for 10-15 rnin at I5 "C. 
Transfer the supernatant, which contains the a-lipoproteins, into a 
second 25 ml centrifuge tube. Dissolve the precipitate in the first tube 
in 0.5 ml of 10 Vo Na2HC0, followed by 5 ml of Tris buffer and stand 
for 10 min. Remove the precipitate of manganese carbonate by 
centrifugation and discard it. To the supernatant, add 45 ml of Tris 
buffer and 0.25 ml of 2 M MgCI, and mix well. Stand for 10 min and 
then centrifuge as before. Re-dissolve the precipitate in 0.5 ml of 
1.0 M NaCl followed by 10 ml of Tris-NaC1, and re-precipitate the 
lipoproteins by adding 0.5 ml of 2 M MgCl,. Centrifuge off the 
lipoproteins and repeat this washing procedure in the same way. 
Finally, dissolve in 0.5 ml of 1.0 M NaCl, add 2 ml of NaCVazide 
and dialyse against 1 .O 070 BaCl, for 48 hours at 4 "C. Centrifuge off 
the precipitate of barium salt and dialyse the solution of P-lipopro- 
teins against several changes of NaCl/azide for 48 hours at 4 "C. 

To complete the isolation of the a-lipoproteins, add to the solution 
that was reserved from the first stage, 0.6 ml of 10 Vo dextran sulphate 
and 1.5 ml of 1.0 M MnC1,. Stir thoroughly and stand for at least 
2 hours, though better results are obtained if the rest period is 18 
hours. If the rest period is short, the precipitate should be centrifuged 
down at 20 O00 g for 30 rnin but, if the precipitate is allowed to mature 
overnight, 30 rnin at 6000 g should be sufficient. Pour off the super- 
natant and suspend the precipitate in 5-10 ml of Tris-NaC1 buffer 
which contains 0.1 Vo dextran sulphate and 0.1 M MnCl,. Recover the 
washed precipitate by centrifugation at 6000 g for 10 min, re-dissolve 
it in 0.5 ml of 0.5 M Na2CO3 and dilute with 2 ml of NaCl/azide 
(Section 2.2.2). Note that the precipitate will not dissolve unless the 
pH is at least 8.0. After 30 min, centrifuge off the precipitated 
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manganese carbonate at 6000 g for 10 min. The resulting solution of 
a-lipoproteins can be dialysed against BaC1, as for the P-lipoproteins 
but the preparation will be contaminated with plasma proteins that 
must be removed by ultracentrifugation (Section 2.1.1.8) or by gel 
filtration chromatography (Section 2.3.1). However, if an ultracentri- 
fuge is available, the simplest course is to proceed immediately to raise 
the density of the crude lipoprotein preparation to 1.21 g/ml by the 
addition of NaBr (Section 2.1.1.2; note however that allowance must 
be made for the partial volume of the dextran sulphate) and then to 
ultracentrifuge for 24-48 hours (Table 2.6). The HDL can then be 
recovered from above the sedimented impurities in the usual way 
(Section 2.1.1.7). 

2.2.4. Procedure for low-temperature ethanol precipitation 

This is essentially the method 10 of Cohn et al. (1950), which is very 
suitable for bench scale preparations. 
Reagents: Use analytical grade materials wherever possible. 
0.5 M Na,HPO,; 0.5 M NaH,PO,; 0.5 M Trisodium citrate; 1.0 M acetic acid; 1.0 M 
sodium acetate; 
0.2 M NaCl (stock for dilution as required) 
Sodium acetate buffer: 100 ml of 4 M sodium acetate 

200 ml of 10 M acetic acid 
Water to 1.0 litre 

The pH of this buffer should be 4.0 after dilution 1:80 with water 
Reagent 'A': 250 ml of 95 Vo ethanol (prepared from absolute ethanol immediately 

before use) 
2.5 ml of sodium acetate buffer 
Water to 1.0 litre 

Also required are a cold bath (or room) at - 5 "C, a refrigerated 
centrifuge and a small mechanical stirrer. 

Method: All grossly lipaemic plasma should be rejected if possible, 
since they cause great difficulties in the centrifugation of the precipi- 
tates. 

Cool the reagent 'A' to - 5 "C before starting the fractionation. 
Cool 10 ml of plasma to 0 "C in a plastic centrifuge tube of 100 ml 

capacity which is immersed in the bath at - 5 " C .  Do NOT allow any 
part of the plasma to freeze. Ice crystals will form very rapidly if the 
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plasma is stirred, but this can be avoided in the following way. Plunge 
the tube deeply into the cooling bath, clamp it lightly, and arrange 
a small stirrer to rotate just above the surface of the plasma. Draw 
up the pre-cooled reagent ‘A’ into a pipette. Begin to add this reagent 
to the plasma and, at the same time, raise the tube until the stirrer 
is submerged in the plasma. 

Add 40 ml of reagent ‘A’ at the rate of 20 ml/min, with continuous 
stirring which should be maintained for 15 min after all the reagent 
has been added. The pH of the mixture should be 5.8-5.9. Finally, 
centrifuge at 3000 g, at - 5 “C for 30 min. The supernatant consists 
of Cohn fractions IV + V + VI and contains the a-lipoproteins; the 
precipitate consists of fractions I + I1 + I11 and contains the P-lipopro- 
teins. Although ‘pure’ lipoproteins can be isolated from these 
fractions by several further stages (Cohn et al., 1950), the process is 
uneconomically laborious by comparison with the precipitation with 
polyanions described in the preceeding section. However, the tech- 
nique given here is useful for the preparation of LP-X (Section 2.4.2) 
or for the analytical separation of the a- and P-lipoproteins when it 
is not necessary to remove the other plasma proteins, e.g. as a 
preliminary to their estimation by cholesterol estimation. Under these 
circumstances, the precipitate of I + I1 + I11 should be washed by 
suspension in cold reagent ‘A’ to remove adherent a-lipoproteins. 

Dissolve the precipitate in 0.5 M sodium citrate as in Section 2.2.2 
and dialyse both this solution and the fraction IV + V + VI exhaustive- 
ly against NaCl/azide if they are to be stored. 

2.3. Isolation by chromatography 

The selectivity of most of the available methods does not permit the 
complete separation of the lipoproteins from plasma by chromatogra- 
phy. Moreover, it is difficult to define the products as precisely as 
those obtained by ultracentrifugation and, unlike the centrifuge, 
chromatography usually produces a diluted product rather than a 
concentrated one. Nonetheless, chromatography has been used by 
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some workers for the fractionation of lipoproteins that have been 
isolated by other methods and can be of great value in the making 
of certain preparations that are described in detail in the following 
sections. 

2.3.1. Gel filtration chromatography 

The large size of the plasma lipoproteins restricts the use of this very 
mild technique to columns of weak agarose gels. Moreover, until 
recently, even the most porous gels were unable to handle the largest 
lipoprotein particles. With the advent of Sephacryl S-1000 however, 
it may become possible to extend the range of the method to include 
lipoprotein particles of up to at least 100 nm in diameter. But, at the 
time of writing, experience with this system is lacking and established 
technique is limited to the separation of lipoproteins whose diameter 
is less than about 30 nm (i.e. mol. wt. about 10 x lo6) on more rigid 
gels such as Sepharose 4B or Biogel A-15M. Unfortunately, the 
resolution obtainable with these gels tends to be low. Moreover, the 
fractionation is achieved on the basis of particle size, which is an 
inconvenient parameter to measure, which in turn makes it difficult 
to classify the isolated fractions in terms of their behaviour on the 
column. As Fig. 2.7 shows, the gel-filtration chromatogram of human 
plasma lipoproteins on Sepharose or Biogel has three peaks. These 
bear a rather ill defined relationship to the main density classes and 
are therefore often referred to as ‘VLDL’, ‘LDL’ and ‘HDL’, but it 
must be remembered that these may not correspond exactly with the 
fractions that would be isolated by centrifugation. This disparity is 
at least partly due to the difficulty of deciding where the boundaries 
between the conventional fractions would lie on the chromatographic 
elution curve. It should also be noted that, although gel filtration can 
be successfully used to remove free contaminating proteins from 
lipoprotein preparations, it cannot be assumed that the product will 
be free of adsorbed proteins, particularly albumin. 

As was said in Chapter 1, there tends to be an inverse relationship 
between the diameter of a lipoprotein particle and its density. Gel 
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#I 

Elution volume 

Fig. 2.7. The distribution of lipoproteins obtained by filtration chromatography of 
plasma on gel of 6 6 %  agarose content (Section 4.4). 

filtration is an especially useful method of analysis in cases where this 
relationship does not hold. It has been used for example, to detect the 
aggregation that is brought about by the mishandling of LDL during 
radio-iodination (Schonfeld et al., 1974; Weech et al., 1978), or as the 
result of other procedures (Margolis, 1967). It may also be used to 
isolate Lp(a) and LP-X, both of which are larger than would be 
expected for particles of their density. The preparation of these 
substances is described in Section 2.4. 

The method of Rude1 et al. (1974) is a good example of the way 
gel chromatography can be used to separate ‘VLDL’, ‘LDL’ and 
‘HDL’ from an ultracentrifugally prepared total plasma lipoprotein 
fraction. These authors claimed that, by selecting appropriate 
fractions of the eluate, products could be obtained that were free from 
cross-contamination. They substantiated this view by comparing the 
chemical composition of the lipoproteins isolated by chromatography 
with the equivalent fractions that had been obtained by ultracentrifu- 
gation. The agreement was, in general, good. However, the dilemma 
is clear. If an ultracentrifuge is necessary to prepare the specimen that 
is to be chromatographed and to produce the fractions with which the 
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column is to be calibrated, why use chromatography at all? The reply 
to this criticism seems to be as follows: provided that the calibration 
of the column can be assumed to remain constant and that the lower 
resolution of the method can be tolerated, chromatography is quicker 
and less expensive than ultracentrifugation and can also be used to 
fractionate lipoproteins that have been isolated by precipitation. 

Sometimes, the nature of the experiments will allow plasma to be 
applied directly to the column. For example Johnson et al. (1981) used 
chromatography on Sephacryl S-300 to show that the ‘HDL’ in 
plasma from the inferior vena cava and from the hepatic vein prob- 
ably differ in the proportions of free and esterified cholesterol that 
they contain. Note that, because the molecular weight of HDL is only 
about 0.5 x lo6, it is feasible to use a comparatively dense gel in this 
experiment. Moreover, the fact that the column would not separate 
the lipoproteins cleanly from the plasma proteins was unimportant 
since the only variables to be measured were cholesterol and choleste- 
ryl ester. 

Procedure: This is essentially the method of Rudel et al. (1974). The 
general procedure for preparing the column and for applying the 
sample may be found in such reference books on chromatographic 
technique as that of Fischer (1974). Rudel et al. found that both 
Bio-Gel A-5M and Bio-Gel A-15M could be used, but the resolution 
of ‘VLDL’ from ‘LDL’ was greater on A-15M, whereas ‘LDL’ and 
‘HDL’ were separated better on A-5M. 

A column of 1.5-2.0 cm diameter is packed to a height of 100 cm 
with Bio-Gel A-5M (200-400 mesh) that has been equilibrated with 
0.15 M NaCl containing 0.01 Yo EDTA (pH 7.0). The column should 
be exhaustively purged with the solvent to remove any soluble sub- 
stances that may be derived from the matrix material. Up to 40 mg 
of lipoprotein cholesterol in a volume of not more than 2 ml may be 
loaded per square cm of column cross-section. Some authors have 
recommended phosphate buffered saline for the elution, but Rudel 
et al. found 0.15 M NaCl to be equally satisfactory. The best results 
are probably obtained with elution rates of 3-5 ml/cm2/hour. The 
profile of the eluted lipoproteins can be determined by spectropho- 
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tometric measurement of the absorption at 280 nm, or by the chemi- 
cal estimation of cholesterol or phosphorus. No matter which method 
is used, it must be remembered that none of these components is a 
constant proportion of all the lipoproteins and that the profile observ- 
ed in this way cannot be directly interpreted in terms of lipoprotein 
mass. 

2.3.2. Afflnity chromatography 

This method has not been widely used, but its specificity makes it a 
valuable tool for the isolation of lipoproteins that are defined by a 
chemical rather than a physical property. It follows from their lack 
of popularity that relatively little work has been done to refine the 
various methods that use this principle. Those described below may 
therefore perform fairly well but may also be open to considerable 
improvement. 

2.3.2.1. Immunoadsorbents These have been used to adsorb 
lipoproteins that contain a particular protein moiety of interest. There 
is little to be gained however, in using this technique to isolate the 
lipoproteins that contain either the A (i.e. A-I+A-11) or the B 
apo-lipoproteins, since there are simpler ways of doing this when the 
concentration of the lipoprotein is comparable with that in plasma. 
If the concentration is low, as for example in a liver perfusate, or 
because the apo-lipoprotein of interest is a minor one, the adsorber 
can be used to advantage. Thus, Gibson et al. (1982) have used this 
technique to isolate the lipoprotein particles that contain apo-lipopro- 
tein E, and Kunitake et al. (1982) have prepared lipoproteins that 
contain apo-lipoprotein A-I in a similar way. 

The first step is to obtain an antiserum that is monospecific for the 
protein of interest. In the case of apo-lipoprotein B, it may be possible 
to use an antiserum to an LDL preparation of density 1.02-1.04 g/ml. 
In general however, it will be necessary to isolate a small amount of 
the protein in a pure state by one of the methods described in Chapter 
8. 
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Unfortunately, this is a long and tiresome process that seriously 
limits the utility of the immunoadsorption technique. Once the pro- 
tein has been prepared, it is used to raise an antiserum in a convenient 
animal. Although the whole globulin fraction can be used to prepare 
an immunoadsorbent that is adequate for many purposes (McCona- 
thy and Alaupovic, 1976), a product with greater capacity will result 
from the use of the specific immunoglobulin. Several ways of isolating 
this by dissociation of the immune complex have been reported, some 
of which are conflicting in their recommendations. For example, 
Kostner and Holasek (1969) dissociate the complex at pH 3.4 in a 
solvent which they stress must be of low ionic strength. By contrast, 
Picard and Veissiere (1970a) used 4 M NaCl acidified with HC1. 
Burstein (1964) proposed the use of 0.9% NaCl buffered to pH 
1.6-1.8 with veronal-acetate-HC1 but the composition and ionic 
strength of this buffer were not stated: presumably the recipe of 
Michaelis (1931) was used. The immune complex can also be dissociat- 
ed at a high pH (e.g. Chung and Nishida, 1967) but this technique 
has been less often used. 

As an example, we shall describe the procedure used by Kostner and 
Holasek (1969) for the isolation of immune globulins to LDL. As with 
most of the other methods, the globulins are precipitated with a 
suitable lipoprotein fraction from which they are later separated by 
ultracentrifugation at a density which allows the lipoprotein to float 
while the globulins sediment. 
Reagents: 0.9% NaCl, 0.1 M HCl 

17 @lo sucrose-0.9 % NaCl, pH 7.4 (density approx. 1.07 g/ml) 
17 Yo sucrose adjusted to pH 3.4 with 0.1 M HCl 

Note that it may be necessary to change the density of these sucrose solutions if a high 
density lipoprotein fraction is used as the precipitant. 

Procedure: Precipitate the antibody-antigen complex at the equiva- 
lence point with LDL (Clausen, 1974) and allow the mixture to stand 
for 2 hours at 37"C, followed by 18 hours in the refrigerator. 
Centrifuge off the precipitate, wash it three times with 0.9 070 NaCl 
and once with distilled water. Suspend it in a volume of water equal 
to about 10 070 of that of the original antiserum and cautiously adjust 
to pH 3.4 with 0.1 M HC1. This operation is made more difficult by 
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the poor buffering capacity of the solution but, according to Kostner 
and Holasek (1969), the presence of buffer salts other than glycine 
will prevent the dissociation of the complex. 

After the adjustment of the pH, centrifuge off any undissolved 
material and float the supernatant on a gradient prepared in an 
ultracentrifuge tube by layering 17 Yo sucrose (pH 3.4) on top of an 
equal volume of 1 7 %  sucrose (PH 7.4). Centrifuge the tube at a 
minimum of 50000 g (at the top of the tube) for 24 hours at 10 "C.  
Dialyse the bottom fraction, which contains the antibodies, against 
0.9 Yo NaCl and concentrate by ultrafiltration if necessary. If need be, 
the globulins can be further purified by chromatography on DEAE- 
cellulose (Peterson, 1975). 

For those who do not have easy access to an ultracentrifuge, the 
method of Burstein (1964) may be worth considering. It is based on 
the adsorption of the lipoprotein liberated from the re-dissolved 
immuno-precipitate on BaSO,. The original description of the me- 
thod referred to the preparation of anti-f3-lipoproteins but it was 
claimed that it could be used to isolate other immune globulins. 
However, we have no experience of this procedure and it is not clear 
whether all lipoproteins are equally well adsorbed by BaSO,. 

To make an adsorbent suitable for chromatography, the immuno- 
globulins (or antiserum) must be linked to a suitable matrix. Kostner 
and Holasek (1969) attached the protein to  bromacetyl-cellulose by 
the method of Jagendorf et al. (1963), but it is now probably more 
convenient to use the commercially available cyanogen bromide-acti- 
vated agarose as matrix (e.g. CNBr-activated Sepharose 4B: Pharma- 
cia Fine Chemicals AB). Alternatively, the activated gel can be 
prepared in the laboratory by the method of March et al. (1974). 

Reagents: 0.1 M NaHCO, in 0.5 M NaCl 
1.0 M ethanolamine in 0.1 M NaHCO,4.5 M NaCl 
1.0 M NaCI-O.1 M acetate buffer, pH 4 
0.15 M NaCl-0.05 M Tris-HC1 (PH 7.5) to which is added 0.01 % NaN, 

Procedure: Dialyse the globulin solution against 0.1 M NaH- 
C03-0.5 M NaCl and adjust to a final concentration of 2-3 mg/ml. 
If a commercially activated gel is used, wash it thoroughly with 0.001 
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M HCl to remove the stabilisers that are present. Add 5 ml of the 
globulin solution to each 1 .O ml of swollen, activated gel and stir very 
gently for 2 hours at room temperature, or overnight at 4 "C. Wash 
the product with NaHC0,-NaC1 and incubate it for 2-3 hours in the 
ethanolamine-NaHC0,-NaCl solution to block any remaining active 
groups. Filter off the gel and wash alternately with three cycles of pH 
4 acetate and NaHC0,-NaCl. Finally wash exhaustively with the pH 
7.5 Tris buffer. 

The use of the immunoadsorbent in a chromatography column is 
generally conventional (Lowe, 1979). The lipoprotein sample is 
applied in the pH 7.5 Tris buffer and the column is washed until no 
further protein is eluted. The adsorbed material may then be eluted 
either with 0.2 M glycine-HC1 at pH 3.2 (Kostner and Holasek, 1970), 
or with 3 M NaCNS (McConathy and Alaupovic, 1976), after which 
the column is exhaustively washed with pH 7.5 Tris buffer. The eluted 
lipoprotein is dialysed and concentrated by any convenient method 
(Appendix 2). 

In order to reduce the period of contact between the column and 
the thiocyanate solution as much as possible, McConathy and Alau- 
povic (1976) used a stratified column that was packed as follows: 

Prepare a suspension of Sephadex G25 in pH 7.5 Tris-HC1 buffer. 
Pour sufficient of this into a column of 2.5 cm diameter to form a 
packed layer 15 cm high. Next, in the same buffer, pack a 40cm layer 
of the immunoadsorbent, followed by 4 cm of Sephadex G25. Con- 
dition the column by running through it 50 ml of 3 M NaCNS 
followed by exhaustive washing with the NaC1-Tris buffer pH 7.5. 
Apply the sample in the same buffer and wash until no further protein 
is eluted. Then displace the bound lipoprotein with 50 ml of 3 M 
NaCNS, followed by the pH 7.5 Tris buffer. Unfortunately, there is 
no published evidence that this practice is really superior to the 
simpler one. Moreover, although much of the lipoprotein will appear 
in the Tris buffer, as much as 25 Yo will also be present in the 
thiocyanate fraction. 

2.3.2.2. Immobilised heparin This adsorbent has been used, 
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along with other immobilised glycosaminoglycans, in studies of the 
binding reaction that is thought to contribute to the process of 
atherogenesis (Iverius, 1972) but has been little used for preparative 
purpose until recently. The discovery that the presence of apo-lipo- 
protein E will, like the B protein, enable a lipoprotein to form a 
complex with heparin has led to the use of this reagent for the 
concentration and partial purification of lipoproteins that carry the 
E protein (Shelburne and Quarfordt, 1977; Hay et al., 1978; Marcel 
et al., 1980). Conversely, the ability to adsorb the B and E proteins 
can be of value for the isolation of lipoproteins from which they are 
absent. It has to be remembered however, that other proteins (e.g. 
fibrinogen) may also be adsorbed by a column of immobilised heparin 
and that plasma will therefore not yield a product that is free of other 
proteins if it is applied directly to the column. Moreover, since the 
gel matrix is highly permeable, any proteins that are present in the 
material that is applied will be eluted comparatively slowly. The 
column must therefore be thoroughly washed to ensure the removal 
of contaminating but non-adsorbed proteins before the elution of the 
lipoproteins is begun. In general, immobilised heparin is best used as 
a means of fractionating lipoproteins that have previously been isolat- 
ed in some other way. 

Procedure: The heparin is coupled with Sepharose 4B that has been 
activated with cyanogen bromide, as described in Section 2.3.2.1. 
Adsorbents of adequate capacity may be made from the best commer- 
cial preparations of heparin, which have an activity of 160-170 
units/mg. If need be, other preparations can be purified by precipi- 
tation with cetyl-pyridinium chloride as described by Lindahl et al. 
(1%5). Note however that there is now evidence that the adsorptive 
properties of immobilised heparin can differ considerably according 
to the manufacturer or even the batch of heparin that is used. 

There is a critical ionic strength of solvent for which the degree of 
adsorption of a lipoprotein by the immobilised heparin is a maximum. 
For LDL this is between I=0.05 and 0.15. Desorption takes place as 
the ionic strength is raised and, for LDL, is essentially complete at 
1=0.45. 
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For other lipoproteins the conditions may be slightly different. 
Usually however, it will be satisfactory to prepare a column of 
heparin-Sepharose in a solvent such as 0.05 M NaCl containing 0.002 
M sodium phosphate, pH 7.5, and to apply the sample in the same 
solvent. After a thorough washing to remove the non-adsorbed sub- 
stances, the bound lipoproteins can be eluted by raising the ionic 
strength, either stepwise or by means of a concentration gradient. The 
effect of adding the ions of magnesium or calcium has apparently not 
been systematically studied but there is some evidence for an enhance- 
ment of the binding effect. 

2.3.2.3. Irnmobilised lectin Apo-lipoprotein B is a glycopro- 
tein that contains about 5 070 of carbohydrate by weight, including 
about 2 Yo of mannose. Lipoproteins that contain this apolipoprotein 
will therefore complex with lectins like concanavalin A that react with 
terminal a-D-mannopyranosyl reidues. By contrast, concanavalin A 
does not react with any of the A or C apo-lipoproteins, or with native 
apo-lipoprotein D (McConathy and Alaupovic, 1974). The immobilis- 
ed lectin therefore provides an easy way of recovering lipoproteins 
that carry the B protein, which can be particularly useful if their 
concentration is low. For example, Fainaru et al. (1977) used concana- 
valin A to trap particles containing apo-lipoprotein B from perfusates 
of rat livers. The lectin will also complex with apo-lipoprotein D if 
this is first treated with neuraminidase. This manoeuvre was used by 
McConathy and Alaupovic (1976) to facilitate the isolation of D- 
containing lipoproteins. However the lectin, like heparin, will react 
with other components of plasma such as the immunoglobulins 
(Weinstein et al., 1972) and is therefore of limited use for the direct 
extraction of lipoproteins from plasma. 

The active site of concanavalin A requires the presence of both 
calcium and manganese ions, which form a stable complex with the 
lectin above pH 7. Since these ions are easily dissociated at a pH below 
5 ,  McConathy and Alaupovic (1974) proposed that a 0.05 M Tris 
buffer, pH 7.0, containing 0.001 M Ca2+ and Mn2+, should be used 
for the preparation of the column and the sample. However, 
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Tris-HC1 is a poor buffer at this pH and it is difficult to prevent the 
slow precipitation of manganese hydroxide. Moreover, provided that 
the presence of the ions is ensured during the preliminary equili- 
bration and that the pH during use is not allowed to fall below about 
7.0, their inclusion in the elution buffer appears to be unnecessary. 
Thus, Shore and Shore (1973) successfully chromatographed VLDL 
on columns of concanavalin A that were eluted only with 0.2 M NaCl 
in 0.1 M sodium acetate buffer at pH 6.8. It may also be observed 
that other plasma proteins have been successfully chromatographed 
on this adsorbent, using solvents that do not contain divalent cations. 
Note however, that there has been no systematic study of the effects 
of different solvents on the adsorbtion of apo-lipoprotein B. 
Reagents. 0.2 M NaCl in 0.1 M sodium acetate, adjusted to pH 6.8 with acetic acid 

0.2 M methyl a-n-glucopyranoside in NaCI-acetate pH 6.8 
Procedure. If desired, concanavalin A can be coupled to agarose 

(e.g. Sepharose 4B) in the laboratory by the cyanogen bromide 
method (Section 2.3.2.1) but the same product is also available 
commercially (Pharmacia Fine Chemicals AB). The latter is supplied 
as a suspension in 1.0 M NaC1-O. 1 M acetate buffer, pH 6 ,  which also 
contains calcium, magnesium and manganese ions at 0.001 M concen- 
tration. If  the adsorbent is home-made, it should also be equilibrated 
with this mixture to ensure that the lectin is fully activated. 

Dialyse the sample of lipoprotein that is to be chromatographed 
against the NaC1-acetate buffer, pH 6.8. In the meantime, wash the 
adsorbent gel with the same buffer and prepare a column 30 cm x 2 
cm also in this buffer. Apply the lipoprotein to the column and wash 
with NaC1-acetate until the eluate is free of unretained lipoprotein. 
Then elute the retained material with the methyl glucopyranoside 
solution. The retained (or unretained) fractions should be dialysed 
and then concentrated as required (Appendix 2). 

Finally, wash the column thoroughly with NaC1-acetate buffer to 
prepare it for further use. In order to ensure that the adsorbent 
maintains its full activity, it should be periodically equilibrated with 
the calcium-magnesium-manganese solution. 
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2.3.3. Adsorption Chromatography 

Although there are several adsorbents that can be used to separate the 
various classes of plasma lipoproteins, e.g. glass beads (Carlson, 
1960), the only one to have been used effectively is hydroxyapatite. 
Hjerten (1959) showed that this substance adsorbs ‘P-lipoprotein’ 
strongly from solvents of low ionic strength and that selective elution 
is possible as the ionic strength is raised. Later work has shown that 
it has some ability to distinguish between lipoproteins that contain the 
apo-lipoproteins A, C and D. But it must be borne in mind that the 
material to be fractionated (usually HDL) does not consist of a few, 
discrete lipoprotein species of distinctly differing properties, but is 
composed of a wide range of particles, each of which differs only 
slightly from its neighbours in the series. Consequently, every increase 
in the ionic strength of the eluting buffer will displace some of the 
adsorbed lipoprotein and there is no value at which increments will 
fail to elute material from the column. The ‘separation’ achieved is 
therefore purely arbitrary and can be adjusted to produce whatever 
result is desired. Kostner (1977) has used this technique to obtain an 
HDL fraction in which apo-lipoprotein A was almost the only protein 
present, and another which was likewise rich in apo-lipoprotein C. In 
its most successful application, hydroxyapatite chromatography was 
used in conjunction with other methods of purification to isolate 
lipoprotein particles containing a single protein component, namely 
LP-A, LP-C and LP-D (Kostner and Alaupovic, 1972; McConathy 
and Alaupovic, 1976). The method has not yet found any more 
general use. 

Hydroxyapatite also has the practical disadvantage that different 
preparations can vary quite widely in their properties and may need 
individual characterisation before use. Moreover, commercially pre- 
pared hydroxyapatite may form columns with a rather low flow rate. 
Some users have overcome this difficulty by using a mixture of two 
volumes of hydroxyapatite with one volume of microcrystalline cellu- 
lose. However, the following procedure, due to Kostner (1977), yield 
an adsorbent with satisfactory flow properties: 
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Reagents. Prepare a stock solution of 1.0 M potassium phosphate by neutralising 
98 g of ortho-phosphoric acid with 30 To KOH to pH 6.8, in a final volume of 1 .O litre. 
0.5 M CaCI, (1.0 litre); 0.5 M Na,HPO, (1.0 litre); 40% NaOH (50 ml) 

Procedure. Add 1.0 litre of 0.5 M CaCI, to 1.0 litre of Na2HP04 
drop by drop, over a period of 24 hours with gentle stirring. Allow 
the coarse particles of the precipitate to settle, decant off the turbid 
supernatant and wash the residue four times by suspension in 2 litres 
of distilled water. Next, re-suspend the precipitate in 1.5 litres of 
water, add 50 ml of 40 To NaOH and heat on a boiling water bath for 
2 hours. Allow to cool and decant off the supernatant. Finally, wash 
the precipitate three times with 2 litres of distilled water, twice with 
2 litres of 0.01 M potassium phosphate and twice with 2 litres of 0.001 
M potassium phosphate (both these solutions diluted from the 1 .O M 
stock). This preparation will retain its properties for several months 
if it is stored at 4 °C  in the presence of sodium aide.  

For use, the hydroxyapatite is poured into a column in dilute 
phosphate buffer, pH 6.8. The exact concentration of this buffer may 
need to be established for the batch of adsorbent that is used, and will 
be determined by the separation that is desired. As a general guide, 
LP-D is not adsorbed even from 0.001 M phosphate, LP-A is eluted 
at a concentration of 0.05-0.1 M, while LP-C requires a concentration 
of about 0.5 M phosphate to displace it (N.B. Kostner and Alaupovic, 
1972, used 0.1 M sodium citrate buffer, pH 7.0, to elute LP-C). The 
material to be applied to the column is first stripped of lipoproteins 
that contain apo-lipoprotein B, preferably by means of an immunoad- 
sorbent (Section 2.3.2.1). It is then dialysed against the buffer with 
which the hydroxyapatite has been equilibrated, applied to the col- 
umn, and washed with the same buffer. Elution is then carried out 
by such stepwise increments in the concentration of the buffer as are 
found by experiment to achieve the desired fractionation. 

2.4. Isolation by preparative electrophoresis 

This technique has little to recommend it for the isolation of the main 
lipoprotein classes, but it can be used to advantage for the separation 
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of particles that have the same density but differ markedly in electrical 
charge. One of the first successful applications was the resolution of 
two low-density lipoproteins by Mahley et al. (1973). Subsequently, 
the method was used to resolve the so-called HDL, (produced by 
feeding cholesterol) from LDL (Mahley et al., 1975). In these experi- 
ments, the electrophoresis was carried out in a mixture of equal parts 
of powdered Geon (polyvinyl chloride) and Pevikon (vinyl chlo- 
ride-vinyl acetate co-polymer). Later experience has shown however, 
that good results can often be obtained with Pevikon alone. With this 
modification, the following description of the technique is closely 
based on that of Mahley and Weisgraber (1974). 

Equipment. The mixture of Pevikon and electrolyte is contained in 
an acrylic tray of about 29 x 38 x 1.5 cm (total volume 1300 ml). This 
is supported between two electrode vessels of essentially conventional 
design, with three baffle plates. Each is 30 cm wide and is capable of 
holding 3-4 litres of electrolyte. (Note that drawings for the con- 
struction of the cell can be obtained from the original authors.) The 
power supply must deliver a constant current of up to 50 mA. 
Electrical contact between the Pevikon and the electrode vessels is by 
means of thick wicks about 20 cm long by 30 cm wide. Mahley and 
Weisgraber (1974) recommend the use of Telfa surgical swabs for this 
purpose (Kendall Surgical Supplies). These are 7.5 x 20 cm and are 
2-3 mm thick. Sintered glass filters will also be needed, as specified 
below. 

Reagents. Pevikon C-870; this is a co-polymer of vinyl chloride with 13% of vinyl 
acetate. It is obtainable from some laboratory suppliers (e.g. Shandon Scientific; 
Mercer Chemical Corp.). 

Electrolyte: about 8 litres of barbital buffer, pH 8.6, containing 2.07 g of diethyl 
barbituric acid and 11.5 g of sodium diethyl barbiturate per litre. 

Procedure. Dialyse the crude lipoproteins against the electrolyte 
buffer to give a solution containing up to 15 mg of proteinhl. A 
sample of the lipoprotein equivalent to about 1 mg of protein must 
be pre-stained with Sudan Black (Appendix 4) for use as a marker. 

Stir 600 g of Pevikon into 1 litre of distilled water. Allow the 
polymer to settle for 10 min and then suck off the supernatant and 
the suspended fines. Filter off the polymer, under light suction, on 
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a 125 mm, coarse grade sintered-glass filter. Wash twice with water, 
by re-suspension on the filter. Finally, wash in the same way with 
800 ml of the electrolyte buffer. Suck the polymer almost dry, trans- 
fer to a beaker and re-suspend in 500 ml of electrolyte. 

Line the bottom and sides of the acrylic tray with Parafilm and set 
it on a level surface. Soak the wicks in the electrolyte, squeeze out the 
excess and position them across the ends of the tray. If Telfa swabs 
are used, arrange four at each end so that they extend about 2.5 cm 
along the bottom of the tray, leaving some 15 cm outside. If other 
materials are used for the wicks, several layers may be needed to build 
up a thickness of 2-3 mm. Stir the slurry of Pevikon and pour it into 
the tray, taking care not to disturb the wicks, nor to entrap air 
bubbles. At this stage, the consistency of the medium will be unusably 
thin and the excess buffer must be allowed to drain off, through the 
wicks, until a stable slit can be cut in the polymer with a spatula. This 
surplus electrolyte can conveniently be absorbed by wads of towelling. 
When the correct consistency is achieved (which may take about 
10 min: be careful not to over-dry), stop the drying process by folding 
the wicks over onto the top of the bed of polymer. 

To load the sample, use a spatula to make a slit in the Pevikon, 
about 1 mm wide, at a distance of 7 cm from the cathode end of the 
tray. This slit must penetrate to no closer than 2 mm from the bottom 
of the tray, or 5 mm from the sides. Pass the sample slowly into this 
slit from a syringe fitted with a 19 gauge needle. The bed will accept 
about 0.4 ml of sample/cm of slit, which should be equivalent to not 
more than lOmg lipoprotein/cm. Make a small, separate slit at each 
side of the tray and load these with the pre-stained marker specimen. 
Finally, close the slits by carefully pressing the sides together with the 
spatula. A total of up to 100 mg of lipoprotein protein can be loaded 
onto the polymer bed. 

In the meantime, cool the electrolyte vessels, each containing 3 litres 
of electrolyte, to about 5 "C in the cold room. When the loading of 
the polymer bed is completed, position the tray between the electrolyte 
vessels. Note that it is vital for the tray to be horizontal and for the 
surfaces of the polymer and of the electrolyte in each reservoir to be 
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at the same level. Submerge the wicks in the electrolyte, cover the tray 
with a sheet of acrylic to reduce evaporation, and pass a current of 
50mA for about 18 hours. 

After the electrophoresis, remove the plastic cover (be careful that 
condensate does not drip onto the bed), set the tray on the bench and 
allow excess buffer to drain off, through the wicks, for about 10min. 
If the tray is then illuminated from below, it is often possible to see 
the lipoprotein bands directly. If this is not possible, use the dyed 
markers as a guide to their position. Excavate the bands with a spatula 
and transfer the polymer to a sintered glass funnel (40-45 mm diam.) 
that is mounted on a small Buchner flask or a large sidearm test-tube. 
Wash the polymer four times with lOml volumes of 0.15MNaCl 
solution, using light suction to assist draining. This procedure will 
give an essentially complete recovery of fractions containing up to 
50 mg of lipoprotein protein. More extensive washing may be necessa- 
ry if the load is greater. Finally, centrifuge at about 7000g for 
15-20 min to remove fine particles of Pevikon, and concentrate the 
product (Appendix 2). 

2.5. The isolation of Lp(a) and LP-X 

The isolation of these two lipoproteins will be described in detail 
because they are thought to have a pathological significance and are 
the only lipoproteins that are widely prepared in a ‘pure’ state. The 
first, which was rather unfortunately called Lp(a), was originally 
thought to be a genetically determined polymorph of lipoprotein B, 
but is now known to contain a characteristic protein, apo-Lp(a), in 
addition to apo-lipoprotein B and small amounts of other apo-lipo- 
proteins. It has attracted interest by reason of an alleged involvement 
in atherogenesis. LP-X is a substance of abnormal shape and compo- 
sition (Seidel et al., 1969; Hamilton et al., 1971) that has come to 
notice through its association with liver disease. Both Lp(a) and Lp-X 
have unusual combinations of properties that enable them to be 
separated from other lipoproteins comparatively easily. 
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The substances isolated by Alaupovic et al. (Kostner and Alaupo- 
vic, 1972; McConathy and Alaupovic, 1976) and called by them 
LP-A, LP-C and LP-D were also ‘pure’ in the sense that they 
contained only one apo-lipoprotein each but they have not been 
widely studied and are, at present, of little practical interest. 

2.5.1. Lp(a) 

Ehnholm et al. (1972) have shown by polyacrylamide gel electropho- 
resis that Lp(a) breaks down on storage at 0 “C to give a lipoprotein 
that seems to be indistinguishable from LDL, together with apo-Lp(a) 
and serum albumin. Since the characteristic apo-lipoprotein is also 
dissociated from the Lp(a) by freezing, it is important that the 
lipoprotein should be prepared promptly, from fresh material. Ac- 
cording to Kostner (1976a), Lp(a) becomes progressively less stable 
as the purification proceeds and has a pronounced tendency to 
aggregate during storage. Lp(a) has a particle weight of about 5 x lo6 
and is therefore rather bigger than the average LDL but, because it 
contains some 40% protein, it is considerably more dense (approx. 
1.09 g/ml). This combination of properties has been made the basis 
of one method of isolation. Alternatively, advantage may be taken 
of the fact that Lp(a) is adsorbed relatively strongly by hydroxyapa- 
tite. Berg (1963) adsorbed the lipoprotein on to hydroxyapatite direct- 
ly from serum, but later workers have preferred to start by isolating 
a fraction of density 1.06-1.12 g/ml, using the ultracentrifuge. The 
Lp(a) may then be separated from the other lipoproteins that are 
present by chromatography. 

Since the amount of Lp(a) in plasma rarely exceeds 80 mg/dl, with 
an average of only about 15 mg/dl, it is necessary to start with a large 
volume of blood. If possible, it is desirable to use plasma from 
subjects who are known to be ‘Lp(a) positive’. The following method 
is that recommended by Kostner (1967a). 

Reagents. 4% (w/v) sodium phosphotungstate; 2 M MgCI,; 9% NaCl (several litres); 
0.15 M NaCl containing 0.4% (w/v) sodium phosphotungstate and 0.05 M MgCI,; 
0.1 M sodium citrate; NaCl solution of density 1.055 g/ml (several litres); 
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0.15 M NaCl (several Iitres); 0.25 M potassium phosphate buffer, pH 6.8; 0.65 M 
potassium phosphate buffer, pH 6.8; 0.15 M NaCl containing 0.1 M potassium phos- 
phate buffer pH 7.5 and 0.01% EDTA. 

Procedure. Plasma or serum is obtained from young, fasting, 
healthy donors of either sex. To each ml of plasma add 1 mg of NaN, 
and 0.1 mg of Na2EDTA. Mix 1 litre of the pooled plasma with 
100 ml of 4% phosphotungstate and 25 ml of 2 M MgC12. Allow to 
stand for 1 hour at room temperature and centrifuge off the resulting 
precipitate. Wash once with the NaC1-MgC12-phosphotungstate mix- 
ture and then dissolve the precipitate in 0.1 M sodium citrate 
(Section 2.2.2). Make up to a volume of about 50 ml and dialyse 
against 9% NaCl (Section 2.2.2) for at least 36 hours. Next, adjust 
the density of the crude lipoprotein concentrate to 1.055 g/ml by 
dialysis and ultracentrifuge it at 100000 g for 20 hours at 16 "C. 
Remove and discard the supernatant layer of VLDL and LDL. 

The fraction in the lower third of the tubes, which contains most 
of the Lp(a), may be treated in either of two ways: 

(a) raise the density to 1.21 g/ml and ultracentrifuge again for 20 
hours at 16 "C. It is desirable to use a high speed rotor to effect the 
most complete sedimentation of the contaminating plasma proteins. 

(b) dialyse against 0.15M NaCl and then apply to a column of 
hydroxyapatite (about 1 cm x 30 cm; Section 2.3.3). Wash the col- 
umn with 0.25 M phosphate buffer, pH 6.8, to remove contaminating 
proteins and lipoproteins. The Lp(a) is then eluted with 0.65 M 
phosphate buffer, pH 6.8. 

Note. Since hydroxyapatite is a material of variable properties, the concentrations 
of these buffers may need slight adjustment. 

Concentrate the fraction produced by either of these methods to a 
volume of about 20 ml (Appendix 2). Apply this concentrate to a 
column of Biogel A-15M (2.5 cm x 100 cm) that has been equilibrated 
with NaC1-phosphate buffer, pH 7.5, and elute with the same buffer 
(Section 2.3.1). The Lp(a) is eluted in front of the residual contami- 
nants. Check the purity of the product as described in Chapters 4-6. 
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2.5.2. LP-X 
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This lipoprotein is a large, vesicular particle of unusual composition, 
that behaves in the ultracentrifuge like a normal LDL. In some cases 
of obstructive jaundice, it may even be possible to detect the presence 
of LP-X by analytical ultracentrifugation, as a peak moving with an 
Sf of 12-1 5 svedbergs. In the heparin precipitation procedure 
(Section 2.2.3.1) it behaves like a @lipoprotein (LDL), but in the 
cold-ethanol process (Section 2.2.4) it behaves like an a-lipoprotein 
(HDL). These properties are the basis of the classical isolation proce- 
dure of Seidel et al. (1969). 

The use of gel Chromatography to  isolate immunologically pure 
LP-X directly from plasma would be appear to be limited by the low 
resolution of the method, to which reference has already been made. 
This seems to be borne out by Magnani’s (1976) observation that 
LP-X prepared in this way contained appreciable amounts of normal 
LDL that could not be removed by re-chromatography but which 
could be precipitated immunologically. Nonetheless, Picard and 
Veissiere (1970a,b) claim to have used gel chromatography on agarose 
gel to prepare LP-X that did not react with antiserum to albumin or 
antiserum to normaL LDL. Moreover, Agorastos et al. (1978) suc- 
cessfully used this method in their study of the relation between the 
presence of LP-X and the level of lecithin: cholesterol acyl transferase 
activity in plasma. They were using the method qualitatively however, 
and were not attempting to isolate ‘pure’ fractions. At present, it 
appears that gel chromatography can play a useful though limited role 
in the isolation of LP-X. 

Methods which make use of the zonal ultracentrifuge have also 
been described (Danielsson et al., 1973; Patsch et al., 1976) and these 
may be of interest when there is easy access to one of these machines. 

We shall describe a modification of the method of Seidel et al. 
(1969), which is probably still the simplest and most reliable. Burstein 
and Scholnick (1973) have proposed a method that does not require 
the use of an ultracentrifuge but, since the normal low-density lipo- 
proteins are removed by immunoprecipitation, it is suitable only for 
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small scale work. 
Procedure. Serum or citrated plasma should be obtained from 

patients with obstruction of the bile duct. The VLDL may be removed 
by ultracentrifugation (Section 2.1.1.8) but, as the level of these 
substances in cases of liver disease is usually low, this step is not 
always necessary. Use the cold-ethanol process described in 
Section 2.2.4 to precipitate fraction I + I1 + I11 from the serum (or the 
infranatant from the ultracentrifugation). This residue can be centri- 
fuged off and discarded. The supernatant, which contains the LP-X, 
may be treated in two ways: (a) it may be concentrated to about one 
third volume at the lowest practicable temperature, in a rotary evapo- 
rator, or (b) pour the solution into a dialysis tube of 6-12 mm 
diameter and immerse it in ice-cold 0.15 M NaCl which contains 
1 .O mM EDTA and is adjusted to pH 7 with NaHCO,. Gently agitate 
the dialysing bath and change the NaCl solution frequently during 
24 hours. The first method is quicker but requires more attention than 
the latter. In either case, dialyse the resulting solution for 24 hours 
at 4°C against 0.075 M NaC1-1.0 mM EDTA, pH 7, and then 
precipitate it with heparin-MnCl, as described in Section 2.2.3.1, 
Allow this reaction mixture to stand for 30 min at room temperature 
before centrifuging off the precipitate of LP-X. Dissolve the precipi- 
tate in sodium citrate solution (Section 2.2.3.1) and re-precipitate 
with MgC12; repeat this twice. Finally, remove the heparin by dialysis 
firstly against BaCl, and then successively against 9% NaCl and 
0.15 M NaC1-1.0 mM EDTA (Section 2.2.2). 

Note. In the original method, the heparin precipitation precedes the 
fractionation with cold ethanol. This produces the LP-X in a relative- 
ly large volume of solution, which may be inconvenient. In the 
procedure described above, the heparin precipitation leads to a con- 
centration of the LP-X. Both methods appear to be equally efficient. 
The use of immobilised heparin in this preparation does not seem to 
have been investigated. 

After a thorough dialysis, adjust the density of the lipoprotein 
solution to 1.063 g/ml and centrifuge at 100 000 g for 24 hours at 4 O C 
(Section 2.1.1.8) to remove residual plasma proteins. The LP-X forms 
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the supernatant layer. This procedure is surprisingly effective and the 
product is rarely contaminated with albumin or substances containing 
apo-lipoprotein B. However, if these are detected they can be remov- 
ed either by chromatography on agarose gel (e.g. Bio-Gel A-50M; 
Section 2.3.1) or, which is probably better, by treatment with the 
appropriate immunoadsorbent (Section 2.3.2.1). 

2.6. The preservation of isolated lipoproteins 

While the lipoproteins are dissolved in the plasma, the presence of the 
other plasma components apparently helps to protect them against 
oxidation and the effects of freezing. When isolated however, they are 
more susceptible to oxidative degradation and, like many emulsions, 
they will not withstand freezing. Once prepared therefore, they should 
be used as soon as possible. 

It is not clear whether the storage of isolated lipoproteins brings 
about changes in composition like those to which they are subject 
during the storage of plasma, but the ultimate degradation product 
is a similar insoluble aggregate. The early stages of this aggregation 
can be detected by a progressive increase in the amount of light that 
is scattered by the preparation. In the case of the low-density lipopro- 
teins this can be observed in the simple nephelometer described by 
Thorp et al. (1967). The tendency to aggregate is important when the 
lipoproteins are examined by electron microscopy, since old prepa- 
rations form clumps or chains of particles on the grids. This is very 
noticeable with VLDL, and it is impossible to make good observations 
on anything but fresh preparations. Once degradation has become 
fairly well advanced, it can also be detected through the broadening 
of the schlieren pattern that is observed in the analytical ultracentri- 
fuge. 

The loss of integrity of the lipoproteins also leads to changes in their 
electrical properties, of which the increase in electrophoretic mobility 
is the most easily observed. There is also an increase in the conductivi- 
ty of the solution, the cause of which is unknown. This would provide 
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a convenient way of monitoring the early degradation of a lipoprotein 
preparation, were it not for the disadvantage that it can only be used 
in solvents of low ionic strength, since the magnitude of the effect is 
small. 

At present, the only steps that can be taken to protect the chemical 
integrity of lipoproteins are the maintenance of sterility and the 
prevention of oxidation. If the recommended procedures are follow- 
ed, the preparations will contain EDTA and sodium azide, which have 
a stabilising effect. But, if a period of storage is unavoidable, it would 
be advisable to de-aerate the solution and to store it under nitrogen. 
Schuh et al. (1978) found that the addition of the anti-oxidants 
butylated hydroxytoluene (2 mM) or propyl gallate (5 mM) to be 
beneficial and this is supported by the later work of Lee et al. (1981). 
These workers focussed their attention on the properties of apo-lipo- 
protein B and concluded that the anti-oxidant effect of a mixture of 
butylated hydroxytoluene (0.002%) or butylated hydroxyanisole 
(0.01 070) with reduced glutathione (0.05Vo) was superior to that of any 
of these substances used separately. On the evidence of these obser- 
vations it may be possible to preserve LDL in this mixture of anti- 
oxidants for several months in a sealed tube, under nitrogen at 4 "C. 

Another potentially valuable but virtually unexplored way of 
maintaining the stability of lipoproteins derives from the observation 
by Lovelock (1957) that substances like glucose, sucrose and glycerol 
can protect lipoproteins against denaturation. It has been known for 
many years that sugars or polyhydric alcohols will stabilise solutions 
of simple proteins but the mechanism of the action is still not entirely 
clear. Recently however, Lee and Timasheff (1981) have found evi- 
dence that, in a protein-sucrose solution, the sugar is excluded from 
the protein domain and they propose that the resulting increase in free 
energy of the system leads to an increase in the apparent activation 
energy of denaturation. Remarkably enough, little seems to have been 
done to pursue Lovelock's observation, although Triplett and Fisher 
(1978) have claimed that LDL can be frozen in 20% sucrose solution 
without apparent harm. Our own observations confirm this. More- 
over, we have found that LDL can be freeze-dried in 20% sucrose and 
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will retain its solubility properties. However, although a solution of 
LDL in sucrose can be kept at 4 "C for many months without evident 
change in its gross physical properties, the extent of any concurrent 
oxidation has not been investigated. More detailed studies of the 
lipoprotein-sucrose system would clearly be of great interest. On 
present evidence, the best system in which to store lipoproteins for 
an extended period is an oxygen-free solution of 20% sucrose that 
contains bacteriostatic agents and anti-oxidants, the mixture being 
sealed under N, at 0°C. 



CHAPTER 3 

The characterisation of plasma lipoproteins: 
introduction to principles and methods 

As we remarked in Chapter 1, every lipoprotein preparation is a 
mixture of particles that differ with respect to size, density, electric 
charge and chemical composition. Moreover, no two preparations 
will be exactly alike (e.g. Fig. 1.3) and each must be identified by 
several physical and chemical measurements that will enable it to be 
adequately compared with similar preparations made on other oc- 
casions, or in different laboratories. This process of characterisation 
has three elements. Firstly, there must be evidence for the purity of 
the preparation. Secondly, it must be defined in terms of its mean 
physical and chemical properties. Thirdly, an estimate of the dis- 
persion of its properties should be made. In this chapter we shall 
discuss the general principles of this process of characterisation and 
the merits of the various methods that are available. Working details 
of the recommended procedures will be given in the chapters that 
follow. It will become evident that a complete characterisation can be 
both protracted, and consuming of material. It is therefore necessary 
for each worker to adjust his effort in this direction to suit the nature 
and caIibre of his main experiment; a delicate judgement in which it 
is easy to stop short of the optimum. 

3.1. The purity of lipoprotein preparations 

As commonly used, the term ‘pure’ would indicate an absence of 
substances other than lipoproteins. These will normally be plasma 
proteins, of which albumin is probably the most troublesome, as it 
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can be tightly adsorbed to the lipoprotein. At present, the best way 
of detecting these impurities is by immunological assay, either with 
a specific antiserum, or with antiserum to whole human plasma. But 
it is important that the immunological balance of the system is such 
that it can detect a small amount of the suspected impurity. It is not 
enough to test a preparation against a single concentration of antise- 
rum unless it has already been shown that this is capable of detecting 
the impurity at the low levels expected. Moreover, the lower limit of 
detection must be quantitatively known. It is unsatisfactory (though 
nonetheless common) merely to say that ‘there was no reaction with 
antiserum to.. .’ . 

In practice, it may be difficult to decide whether a minor protein 
component of a lipoprotein preparation is an impurity that is adsorb- 
ed to the particle, or is a genuine apo-lipoprotein. At the time of 
writing, for example, there is some controversy over the role of 
&-glycoprotein-1 . Furthermore, a lipoprotein may be contaminated 
with enzymes that are present at levels that can be detected only by 
their characteristic activity. Of these, proteinases and phospholipases 
could play a part in the progressive degradation of the lipoprotein 
during storage, even though they may be present at too low a concen- 
tration to be detected in the relatively brief reaction time that is used 
in most conventional assays. Care should therefore be taken to add 
appropriate inhibitors at the outset of the isolation. 

3.2. Physical and chemical characterisation 

All lipoprotein preparations should be identified by the determination 
of some characteristic physical or chemical properties. This is particu- 
larly important if the isolation technique is one, like gel filtration, 
precipitation or electrophoresis, that defines the product poorly, if at 
all. 

Unfortunately, there are few properties that are suitable for the 
purpose and are also easy to measure accurately. In practice, many 
lipoproteins are identified by the limiting densities at which they are 
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centrifuged during their isolation (Section 2.1.1). In principle, lipo- 
proteins that are isolated by electrophoresis or gel filtration can be 
defined in an analogous way, in terms of relative mobility or particle 
size. However, there has been a general disinclination to do this, 
which may only partly be due to the technical reasons that we shall 
discuss later. In any event, there is no justification for the quite 
common malpractice of indiscriminantly applying the terms HDL, 
LDL and VLDL to lipoproteins that have not been isolated by 
centrifugation. For example, the assumption that a-lipoprotein is 
identical with HDL is often wrong, as is well illustrated by the work 
of Laplaud et al. (1980). It cannot be too strongly emphasised that 
it is improper to use the density terminology for lipoproteins that have 
not, at some stage in their isolation, been subjected to preparative 
centrifugation. In principle, of course, it is equally undesirable to 
apply the terms ‘a-’ and ‘fi-lipoproteins’ to fractions that have not 
been prepared by electrophoresis. However, since these names are 
quantitatively imprecise, their application to the products of precipi- 
tation or gel filtration methods may be tolerated for lack of anything 
better. 

3.2.1. Physical methods 

In effect, the limiting densities of a lipoprotein preparation are an 
approximate measure of the hydrated density of the particles, 
although it would be unwise to assume that this is equal to the mean 
of the limits unless these are very close together. A better estimate of 
the hydrated density is obtained when the preparation is made (or is 
purified by) equilibrium centrifugation on a density gradient. Howev- 
er, density is an unsatisfactory way of characterising VLDL because 
these are often less dense than water and their lower limiting density 
cannot be established by centrifugation in aqueous solution. It is 
therefore usual to refer to VLDL as having a density less than 
1.006 g/ml (i.e. less than that of the protein-free ultrafiltrate of 
plasma). This leaves the lower threshold density indeterminate 
although, in the limit, it cannot be less than about 0.92 g/ml. A 
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single-ended identification of this kind is unsatisfactory and it is better 
to use a method that is based on differentiation by flotation rate, such 
as the preparative method described in Section 2.1.1, or analytical 
ultracentrifugation (Section 4.1). 

As we have already pointed out in Chapter 2, the limiting densities 
quoted for a preparative centrifugation are of little definitive value 
if they are not corrected to take account of the effects of temperature, 
and the re-distribution of salt that occurs during the run. In any event, 
although the limiting densities may be a sufficient characterisation for 
lipoproteins that are used in biological experiments, those that are 
intended for more precise work should be identified with greater care. 
The most accurate determinations of hydrated density (or partial 
specific volume) are made by analytical ultracentrifugation, or by 
pycnometric methods. The method of choice is the speedy and accu- 
rate oscillating-tube density meter (Kratky et al., 1973) which is 
described in Section 2.1.1.3. Unfortunately, the equipment is expen- 
sive. The more conventional pycnometric methods are both tedious 
and experimentally exacting, and may sometimes require the use of 
special equipment. Ultracentrifugation, on the other hand, is techni- 
cally simple but is time consuming since it requires the measurement 
of flotation or sedimentation rates in several different solvents 
(Section 4.2). 

The three other physical characteristics that can be used as determi- 
nants are: flotation rate, relative particle weight and particle diameter. 
The diffusion constant is also required for the accurate estimation of 
particle weight from measurements of flotation rate, but is not itself 
of much value for identifying lipoproteins. All of these parameters 
can be estimated in the analytical ultracentrifuge, which is still one 
of the lipoprotein chemist’s most powerful analytical tools despite the 
disadvantages that are discussed in Section 3.3.2.2. Of the four 
properties mentioned, the flotation (sedimentation) rate is the least 
laborious to estimate (Section 4.1.2.1). As will be seen in Section 
4.1.2.2, it requires considerably more work to determine the relative 
particle weight with even modest pretensions to accuracy. This smaller 
demand for time makes the flotation rate the more attractive characte- 
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ristic for routine estimation, particularly since its measurement can 
be combined with observations of heterogeneity. However, it must be 
remembered that the particle weight and hydrated density are intrinsic 
properties of the lipoprotein, whereas the flotation rate is a function 
of the conditions of observation, which must be carefully specified 
if the measurement is to be of value. 

The diameters of lipoprotein particles can also be estimated by 
direct observation in the electron microscope, in which they take the 
form of spheres. Moreover, it has been shown that the diameter 
measured in this way is close to the Stokes diameter of the lipoproteins 
as determined by hydrodynamic methods. Microscopy may therefore 
be a useful and speedy method of characterisation where the equip- 
ment is available (Section 4 . 9 ,  subject to the following two conside- 
rations: (a) the bodies that are observed are not the native lipopro- 
teins, and (b) satisfactory observations can only be made if the 
lipoprotein preparation is very fresh. 

To those who are denied the use of an analytical ultracentrifuge, 
the prospect of estimating the diameter and relative weight of particles 
of HDL, LDL and the smaller VLDL by filtration chromatography 
(Margolis, 1967) may appear attractive. However, apart from the fact 
that the original description of the method (Ackers and Steere, 1967) 
is in some respects obscure, the technique suffers from a practical 
handicap that limits its general use. In essence, a column of agarose 
gel beads is calibrated with substances of known particle size. Because 
the lipoprotein particles are almost spherical and are large in diame- 
ter, the standard substances should be of similar shape and of a 
comparable range of sizes. But there are few readily available, well 
characterised substances of a particle size that is comparable with that 
of VLDL (Margolis used bushy stunt virus, which has a Stokes 
diameter of 30.9nm). Until this difficulty is overcome, the method 
is unlikely to be widely used. It also has to be said that the resolution 
of the method is comparatively low and is, of course, fixed by the 
porosity of the gel. In this respect it lacks the flexibility of the 
analytical ultracentrifuge. Moreover, it requires more material than 
the centrifuge. Nonetheless, as judged by the values quoted by Margo- 
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lis (1967) for the diameter (25.8 nm) and particle weight (3.5 x lo6) 
of LDL, the method appears to give results that are roughly compar- 
able with those obtained by centrifugation. In general however, 
filtration chromatography seems to be more suitable for the detection 
of heterogeneity than for the estimation of particle size. 

Analysis by zone electrophoresis in stabilising media has the great 
merit of speed and economy of sample, as well as requiring relatively 
inexpensive equipment. It has therefore found great favour with 
clinicians, for the routine semi-quantitative analysis of the distri- 
bution of lipoproteins in plasma. However, the migration of the 
lipoproteins is often strongly influenced by such factors as the prop- 
erties of the stabilising medium, the conditions of the electrophoresis 
and the extent of adsorption to the medium. It is therefore difficult 
to make measurements of mobility that can be reproduced in different 
laboratories. These problems have been extensively discussed by 
Opplt and Opplt (1980). Even the use of a ‘relative mobility’ that is 
measured by reference to either an added standard, or to another 
plasma protein does not entirely overcome the difficulty. This disad- 
vantage, coupled with its generally low resolving power, makes elec- 
trophoresis unsuitable for the quantitative characterisation of lipo- 
proteins. 

It is perhaps surprising that light scattering techniques have not 
been more often used to determine the size and relative weight of 
lipoprotein particles. Thanks to the large size of the particles, the 
intensity of the light they scatter is comparatively high. This, taken 
with the introduction of laser light sources would seem to make it a 
method worthy of further study. However, considerable care would 
be needed to ensure that the tendency of lipoproteins to aggregate did 
not falsify the results. 

3.2.2. Chemical characterisation 

The well established precept that a substance should not be identified 
solely by its physical properties is especially pertinent in the case of 
the lipoproteins because their physical properties are not uniquely 
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related to their chemical composition. For example, it is possible for 
particles of different composition to have the same density. A good 
characterisation should therefore include an analysis for protein, 
esterified and unesterified cholesterol, triglyceride and phospholipid. 
Of course, these do not account for the whole particle, since lipopro- 
teins contain small amounts of free fatty acids, as well as traces of 
colouring matter and other fat-soluble substances. However, the 
errors introduced by ignoring these components are small. On the 
other hand, it is important that all five main components should be 
included in the analysis. Analyses that omit triglyceride, for example, 
or that give a combined figure for esterified and unesterified choleste- 
rol are useless. Incomplete analyses are often met with in reports on 
clinical experiments of the kind that investigate the effect of drugs on 
‘lipoproteins’. A typical example of this genre states that a certain 
treatment caused ‘an increase in VLDL triglyceride but no change in 
cholesterol’. But the many different particles present in VLDL and 
their non-stoichiometric nature will not allow us to find a unique 
interpretation of this observation and its value is therefore severely 
limited. The same problem can arise with the LDL and HDL, but is 
slightly less acute for these fractions because they are usually some- 
what less heterogeneous than VLDL. Nonetheless, it is worth noting 
that although a determination of the lipoprotein profile may make it 
possible to interpret chemical analyses of these traditional lipoprotein 
classes more exactly, it is usually better to design experiments around 
the use of well-defined sub-fractions that have a narrow range of 
densities and can be regarded as approximately homogeneous (cf. Lee 
and Alaupovic, 1970, 1974). 

Mixtures of lipids are usually analysed by chromatography, follow- 
ed by the estimation of the separate components (Kates, 1975). 
Unfortunately, although the conventional procedures are simple 
(Ch. a), they are also laborious. Attempts to overcome this by using 
non-specific methods of estimation, e.g. by charring with sulphuric 
acid on thin-layer plates, suffer from the defect that the reproducibili- 
ty between laboratories is low. Recently however, more precise tech- 
niques have been devised that use the flame ionisation detector as the 
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means of quantification. With these it is possible to analyse micro- 
gram amounts of lipoprotein relatively quickly, but it is important to 
note that all methods that depend on non-specific assays require that 
each component of the mixture is completely separated from all the 
others, and it is sometimes difficult to be certain that this has been 
achieved. In the method of Kuksis et al. (1975) the phospholipids are 
first hydrolysed with phospholipase C .  The total lipid fraction is then 
extracted, silylated, and analysed by conventional gas-phase chroma- 
tography. The apo-lipoprotein must be estimated separately. The 
need for separate determinations of protein and lipid is avoided in the 
method proposed by Mills et al. (1979), in which all five major 
components of the lipoprotein are separated by chromatography on 
silica-coated quartz rods that are then scanned directly in the flame 
ionisation detector (Section 6.7). This technique is quick and econom- 
ical of material, but requires relatively expensive equipment and, in 
its present form, has comparatively low precision. 

The proportions of the apo-lipoproteins are no more fixed than 
those of the lipid components of the lipoprotein. Moreover, recent 
studies have shown that many of them play a part in the regulation 
of lipoprotein metabolism that, in some cases, may be more important 
than their role in stabilising the lipoprotein particle. A quantitative 
analysis of the apo-lipoprotein distribution may therefore play an 
important part in the chemical characterisation of the lipoprotein. 
Although the determination of total protein content is quite simple 
(Section 6.4.1), it is much more difficult to estimate the individual 
apo-lipoproteins, For the best combination of specificity, sensitivity 
and technical simplicity, immunochemical analysis must be used 
(Section 8.9). However, the need for purified apo-lipoproteins and 
mono-specific antisera makes it difficult for any but the most special- 
ised laboratories to determine all of the known apo-lipoproteins in 
this way. 

The many laboratories that lack a complete set of specific antisera 
have to settle for a method of analysis that physically isolates each 
apo-lipoprotein, of which electrophoresis is the best available 
(Section 8.9.1). However, the tendency of the apo-lipoproteins to 
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associate is so strong, even in solvents like 8 M urea or 6 M guanidine 
hydrochloride, that none of these techniques will yield pure proteins. 
Consequently, analyses that are made in this way do not have the 
specificity of the immunochemical methods. Electrophoresis in polya- 
crylamide gel is the most economical of material and has the highest 
resolving power, but has the defect that quantification depends on the 
staining of the protein bands which are then estimated by photometric 
densitometry. This is a procedure that requires rigorous technical 
control and validation with pure apo-lipoproteins. Since the latter are 
not often available, it follows that electrophoretic analysis as it is 
usually practiced is no better than a semi-quantitative method. More- 
over, it may be particularly susceptible to the presence of artifacts that 
are formed in samples that are not fresh (Herbert et al., 1977). But, 
when the polymorphic forms of apo-lipoproteins A and E are analys- 
ed by iso-electric focussing (Section 6.4.2.6), the polymorphs may be 
expected to stain in a comparable way and reliable estimates of their 
relative proportions may be obtained even without the use of stan- 
dards. 

Before the apo-lipoproteins can be analysed by any non-specific 
physical method, they must be separated from the lipids. This is 
usually done by solvent extraction, which is a technique that has to 
be performed with great care if denaturation of the proteins is to be 
avoided (Appendix 3). A convenient and widely used development of 
this procedure was introduced by Kane (1973). In this, a differential 
extraction with tetramethyl urea is used to separate apo-lipoprotein 
B and the lipids from the smaller apo-lipoproteins (Section 6.4.1.2). 
The total of the latter can then be determined by the Lowry method, 
and their relative proportions estimated by electrophoresis in gels 
containing 8 M urea. To ensure that the results are reliable, control 
gels should be run with authentic pure apo-lipoproteins. 

3.3, Heterogeneity and polydispersity 

No strictly homogeneous lipoprotein preparation i.e. one in which all 
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the particles are identical in every respect, has yet been made. More- 
over, some preparations will be more heterogeneous than others, even 
if they are made in the same way (Fig. 1.3), and anyone who is 
proposing to perform experiments with isolated lipoproteins is well 
advised to determine what kind of mixture is at his disposal before 
embarking on a detailed, laborious and expensive study. The charac- 
teristics on which the analysis of heterogeneity is based are often 
simple properties such as particle diameter, flotation rate or protein 
content, but may be more complex parameters that are defined, for 
example, by the conditions under which the particle is eluted from a 
chromatography column. The examples given in Fig. 1.3 show the 
distribution of flotation rate in several conventional lipoprotein 
fractions that were isolated by centrifugation and were therefore 
defined by the densities at which this operation was carried out. The 
complex chemical heterogeneity of the lipoproteins is exemplified in 
Fig. 3.1, which shows how various apo-lipoproteins are distributed 
with respect to the size of the particles as determined by gel filtration 
chromatography. It is clear from these curves that both distinguish- 
able groups of lipoproteins are polydisperse with respect to each 
apo-lipoprotein. Moreover, the maximum ordinate for the distri- 
bution of each protein occurs at a different particle size. As in the case 
of conventional macromolecules this effect is evidence of heterogenei- 
ty but, because the lipoproteins do not conform to the laws of 
stoichiometry, it is extremely difficult to determine exactly what form 
this heterogeneity takes. 

The dispersion in properties that is illustrated in these two figures 
may be relatively unimportant in biological experiments, in which 
precision is usually low. Even in these circumstances however, it may 
be advisable to use lipoprotein fractions that have been isolated within 
limits that are closer than those conventionally used. In more precise 
physico-chemical experiments, dispersion can cause a significant loss 
of reproducibility and it may be desirable to establish its magnitude. 
This can be done by analysing in numerical terms the shape of the 
distribution curve that plots the concentration of lipoprotein as a 
function of the parameter of interest (e.g. Fig. 1.3). Unfortunately, 
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Fig. 3.1.  The protein composition of the lipoprotein fractions resolved by filtration 
chromatography on a 6% agarose gel (Bio-Gel A-Sm). Each fraction of eluate was 
separately assayed for each apo-lipoprotein by electroimmunoassay. The terms ‘large’, 
‘medium’ and ‘small’, correspond approximately with VLDL, LDL and HDL. Note 
that, whereas the E and C-111 proteins elute together in the large particles, they tend 
to precede the B protein. In the small particles the peaks of E, C-111 and A-I elute in 
that order. (These data are made available by the kindness of Dr. P. Alaupovic.) 

the procedure is discouragingly laborious, and the usual course has 
been to present the curve itself for visual appraisal, as in Fig. 1.3, or 
to compare the areas on each side of the maximum ordinate. With 
the advent of the cheap micro-computer however, routine mathemati- 
cal analysis should become a more realistic proposition. 
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3.3.1. Contamination with lipoproteins that lie outside the nominal 
bounds of the preparation 

Although lipoproteins are often prepared by methods that define, 
more or less precisely, the limits within which one physical property 
should lie, e.g. density or particle size, they will in practice be 
contaminated with lipoproteins that lie outside these limits. We shall 
regard this as an aspect of heterogeneity. An important analysis of 
the boundary indeterminacy that leads to the cross-contamination of 
ultracentrifugally prepared lipoproteins was made by Lindgren et al. 
(1972a,b). However, it has the significant drawback that it is based 
on an idealised model system. It therefore estimates the minimum and 
not the actual cross-contamination. The latter (for example, the small 
amount of VLDL that is normally present in a preparation of LDL) 
is very difficult to measure. In principle, it can be done either by 
ultracentrifugal or by electrophoretic analysis, but these methods are 
not sensitive enough to detect low orders of contamination. Perhaps 
the most sensitive way of detecting the presence of unduly large or 
unduly small particles is by electron microsocopy (Section 4 . 3 ,  which 
can also be helpful if the lipoprotein particles are of different shapes, 
e.g. discoid LP-X particles in the presence of normal spherical LDL. 
Of the more accessible techniques, immunoelectrophoretic analysis 
probably offers the best combination of sensitivity and resolving 
power (Sections 5.6, 5.7). However, this can only be used when the 
possible contaminant carries an apo-lipoprotein that is absent from 
the principal lipoprotein. For example, LDL can be detected in LP-X 
through its reaction with antiserum to apo-lipoprotein B, which is not 
a component of LP-X. In general, it is difficult to estimate the degree 
of cross-contamination by chemical or immunochemical analysis 
because, (a) it is rare for any lipoprotein to be entirely devoid of one 
of the normal constituents, (b) the available methods of analysis are 
not sufficiently precise, and (c) the composition of what is ostensibly 
the same lipoprotein fraction varies from one blood sample to an- 
other. 
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3.3.2. Heterogeneity within the nominal bounds of the preparation 

Dispersion within the nominal confines of the preparation can be 
estimated in several ways. In the most frequently used methods, the 
mass distribution of the lipoprotein particles is determined after they 
have been separated into sub-fractions by centrifugation, chromato- 
graphy or electrophoresis, on the basis of the relevant physical proper- 
ty. Alternatively, the fractions obtained by a separation of this kind 
can be chemically analysed to give the distribution of the individual 
components. Although the chemical analysis of many fractions can 
be laborious, it can often lead to valuable information about the 
inhomogeneity of a lipoprotein preparation, as is illustrated in 
Fig. 3.2 or by the work described by Mills et al. (1976). 

3.3.2.1. Electron microscopy Because the observations can be 
made quickly, on very small samples of material, it might appear that 
a size distribution obtained from measurements of representative 
electron micrographs would be a good way of characterising the 
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Fig. 3.2. Chemical heterogeneity of LDL exposed by analysis of fractions obtained by 
density gradient centrifugation. V, cholesteryl ester. W ,  protein. 0, phospholipid. 

0, triglyceride. A ,  unesterified cholesterol. 
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heterogeneity of a lipoprotein preparation, and this method has been 
used in several laboratories (see for example Bierman et al., 1965; 
Kane et al., 1975; Chapman et al., 1981). However, it is important 
to bear in mind that the bodies observed are not the native lipoproteins 
and that the particles have a strong tendency to aggregate in prepa- 
rations that are not fresh. Moreover, variation in size is technically 
more exacting to measure accurately than the dispersion of particle 
weight, which is proportional to the third power of the radius. 
Nonetheless, microscopy can be a valuable way of detecting the 
presence of abnormal discoid lipoprotein particles such as lipoprotein 
X, or the newly-secreted, nascent particles of HDL. For this purpose, 
it is probaly the most sensitive procedure available. 

3.3.2.2. Ultracentrifugation By contrast with the electron mi- 
croscope, the analytical ultracentrifuge allows the lipoproteins to be 
studied in their native state and is particularly useful because it allows 
polydispersity to be studied concurrently with the determination of 
sedimentation rate, relative particle weight, hydrated density and 
diffusion constant. Despite this versatility it has been generally ignor- 
ed in favour of methods that are quantitatively inferior. Several 
misconceptions seem to have contributed to this neglect, notably the 
idea that analytical centrifuges are uncommon and difficult to use. 
In fact, many universities have an analytical centrifuge that spends 
much of its time standing idle, and there can be few lipoprotein 
laboratories that are denied all access to one. Moreover, the design 
of modern instruments is such that any competent person can easily 
be trained in their use, and the measurements are made by relatively 
simple routine procedures (Chervenka, 1969). Above all, the speed of 
the method is not sufficiently well appreciated. For example, it takes 
substantially less than two hours to obtain a record of a lipoprotein 
profile that will immediately yield qualitative information on polydis- 
persity and particle size. 

Nonetheless, it is true that the extraction of quantitative data from 
the ultracentrifuge records is time consuming, although the wide 
publicity given to the methods used at the Donner laboratory (Ewing 
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et al., 1965; Lindgren et al., 1972; Lindgren, 1974) may have given 
potential users an exaggerated impression of the difficulties involved. 
These methods are based on techniques that were originally developed 
for the routine estimation of lipoprotein levels in large numbers of 
sera and are not well suited to the needs of the worker who only has 
to do an occasional analysis. Indeed, it is arguable that these complex 
procedures, with their emphasis on the use of digital computers, have 
discouraged the use of the analytical centrifuge as a tool in lipoprotein 
research, which might have been better served by a greater emphasis 
on technically simpler and less capital-intensive methods of treating 
the observations. It is notable that more conventional techniques have 
been used to great effect by, for example, Lee and Alaupovic (1973) 
and by Fisher and his colleagues (Fisher, 1970; Mauldin and Fisher, 
1970; Hammond and Fisher, 1971; Fisher, Granade and Mauldin, 
1971; Fisher, Hammond and Warmke, 1972). 

Whatever the procedural details, the hydrodynamic analysis of 
lipoproteins is subject to certain limitations. In the first place, the 
theoretical bases for the analysis of highly inhomogeneous mixtures 
are uncertain. Secondly, some of the information that is required is 
still not well established. In 1953, Toro-Goyco remarked that 
‘although &lipoproteins from human plasma have attracted consider- 
able attention, much work on their physical chemistry remains to be 
done’, Over thirty years later, this is still true. For example, the 
published data on the relationship between the flotation rate and 
concentration of the lipoprotein are incomplete. Neither is it clear 
how this relationship changes with different experimental conditions, 
or whether it is the same for particles of all sizes. The whole question 
may be further complicated by evidence that the flotation rate may 
be a function of the intensity of the centrifugal field. The reason for 
this is unknown, but may be related to the distortion of the lipoprotein 
by hydrostatic pressure, or to a pressure sensitive association phenom- 
enon. In fact, little is known about any aspect of the association of 
lipoprotein particles and the effect this may have on their behaviour 
in the centrifuge. 

When used in the conventional way, the ultracentrifuge detects 
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polydispersity in terms of rate of flotation (or sedimentation), which 
is a function of particle weight and the difference between the den- 
sities of the particle and the solvent. There is a well-established 
theoretical basis for the estimation of polydispersity by the analysis 
of boundaries produced by ultracentrifugation, which has been dis- 
cussed by Schachman (1959). The technique was applied to lipopro- 
teins by Toro-Goyco (1958) and, more recently, by Oncley (1969). It 
is the most sophisticated quantitative analysis available but is too 
laborious for routine use unless the extensive calculations can be done 
by computer. However, even without this help, it is possible to obtain 
useful information on the dispersion of the flotation rate by the 
comparatively simple methods that are described in Section 4.1.1. 

The method of equilibrium centrifugation on density gradients that 
was devised by Meselson et al. (1957) has also been applied to 
lipoproteins, with apparent success, by Adams and Schumaker 
(1969a, 1970). Their procedure can give a quantitative estimate of the 
number of ‘lipoproteins’ that are present (i.e. a measure of heteroge- 
neity), their mean densities and particle weights, and also their poly- 
dispersity with respect to density. However, the centrifugations are 
time-consuming and, since the computational procedures are describ- 
ed in only the barest detail, the would-be user faces a considerable task 
in familiarising himself with the mathematics of the model and in 
writing his own computer programmes. Like the flotation-rate me- 
thod, this technique is of no value for the routine estimation of 
dispersion unless appropriate computing facilities are available. 

Conventional equilibrium centrifugation can also be used to detect 
polydispersity through the non-linearity of the plot of log C against 
3 (Chervenka, 1969). Moreover, since it is possible to estimate both 
the weight average and the 2 average particle weights by this tech- 
nique, it provides a quantitative measure of the magnitude of the 
dispersion. In practice however, this method has not often been 
applied to lipoproteins. 

In principle, many of these hydrodynamic measurements can also 
be made in the preparative ultracentrifuge and, as with the analytical 
centrifuge, there are two general ways of assessing polydispersity. In 
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the first, a sequence of sub-fractions is isolated according to their 
flotation rates (Lindgren et al., 1972a,b; Gustafson et al., 1965). This 
is the only method that is at present available for the analysis of 
chylomicrons. The same procedure can be used for VLDL but, both 
for these and the denser lipoproteins, the analytical centrifuge will 
give results of greater resolution with less labour. In the second 
technique, the lipoproteins are centrifuged to equilibrium on a density 
gradient and then collected in a series of sub-fractions. From these 
it is possible to estimate the dispersion of the lipoprotein particles with 
respect to hydrated density. Moreover, each fraction can be subjected 
to chemical analysis and this combination of physical and chemical 
analyses gives the best available estimate of the polydispersity of a 
lipoprotein preparation. Technically, this is a simple procedure but, 
because of the need to analyse a large number of samples, it is 
time-consuming. Nonetheless, it is probably rather less laborious than 
the flotation-rate method and has the merit that, by judicious choice 
of gradient (Section 2.1.2), it can easily be adjusted to deal with 
mixtures that range from total plasma lipoproteins to sub-fractions 
thereof. However, it cannot be used to study chylomicrons, or VLDL 
that are less dense than water. When used to analyse lipoproteins that 
are radioactively labelled, it is potentially very sensitive and is the 
method of choice for analysing by density the small amounts of 
lipoprotein that are often the outcome of metabolic experiments in 
intact animals or, for example, liver perfusions. 

3.3.2.3. Gel filtration chromatography As we have already 
pointed out (Section 3.2. l), this technique has low resolution and 
suffers from a dearth of suitable standards with which to calibrate the 
columns. Moreover, the analysis of the elution curves in terms of 
inhomogeneity is less well developed than that of the boundaries 
formed during analytical ultracentrifugation. Only if the dispersion 
in size becomes evident through a lack of symmetry in the distribution 
can gel filtration detect it with certainty, and even then it is difficult 
to quantify. However, as with preparative centrifugation, the simple 
determination of a ‘size’ distribution curve does not fully exploit the 
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potential of the filtration method. By measuring the distribution of 
other parameters, such as chemical composition, a more penetrating 
analysis of inhomogeneity can be made (e.g. Fig. 3.1). This additional 
information can be particularly useful when the interpretation of the 
size distribution curve is uncertain, but it can only be obtained at a 
considerable cost in labour. In this context, the technique of quantita- 
tive microscale thin-layer chromatography (Section 6.7) offers great 
potential advantages. 

Commercially available gels will distinguish three main groups of 
lipoproteins that are approximately equivalent to the VLDL, LDL 
and HDL. The diameter of the largest particles is close to, or beyond 
the upper limiting pore size of the gels and they therefore cannot be 
resolved by gel filtration. However, it is possible to achieve a modest 
resolution of the smaller lipoproteins and, despite its inferiority to 
centrifugal analysis, chromatography has sometimes been used to 
detect re-distribution of these classes during in vivo experiments. It 
is also a simple and inexpensive way of detecting any aggregation or 
disaggregation that is the result of handling the lipoproteins, for 
example, during radioactive labelling (Schonfeld et al., 1974), or 
demonstrating the presence of lipoproteins of abnormal size, as in 
patients with obstructive jaundice (Agorastos et al., 1978). 

3.3.2.4. Adsorption chromatography This technique has not 
been widely used for the quantitative analysis of lipoproteins. Howev- 
er, there are two methods that seem to offer a practicable assessment 
of inhomogeneity . The adsorption of lipoproteins to hydroxyapatite 
(Section 2.3.3) is probably largely determined by the nature of their 
protein moieties, although it may be modified by other factors. By 
making appropriate chemical analyses of fractions eluted from a 
column of hydroxyapatite by a salt gradient, it is possible to estimate 
the polydispersity of the sample in terms of chemical composition, 
albeit only with respect to the arbitrary parameter that is defined by 
the conditions under which the lipoproteins elute from the column. 
Despite this restriction, the analytical potential of this procedure 
appears to warrant its being given more attention than it has hitherto 
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received. By contrast, the greater specificity of affinity chromatogra- 
phy (Section 2.3.2) makes this a method more suited to the detection 
of heterogeneity than the estimation of polydispersity. It is a very 
versatile technique, since heparin, lectins and immunoglobulins can 
all be used to prepare adsorbents with different specificities. The most 
commonly used lectin is Concanavalin A (Section 2.3.2.3), which is 
specific for apo-lipoprotein B. Immobilised heparin, on the other 
hand, will adsorb either apo-lipoprotein B or E (Iverius, 1972; Hay 
et al., 1978; Marcel et al., 1980). A still greater range of specificities 
can be obtained by the use of immobilised immunoglobulins, but this 
advantage is to some extent offset by the need for antisera that are 
monospecific for the apo-lipoproteins of interest (Section 2.3.2.1). 
Since these are difficult to prepare and are, in most cases, not 
available commercially, this method of analysing heterogeneity can 
only be fully exploited by a few specialised laboratories. 

3.3.2.5. Electrophoresis Electrophoretic methods are more 
speedy than those we have just discussed, and can be used to analyse 
small amounts of material. The orthodox methods are capable of 
resolving the plasma lipoproteins into three major classes that approx- 
imately correspond with the VLDL, LDL and HDL, but a simple mass 
distribution analysis will not usually detect polydispersity within these 
classes. By contrast, electrophoresis on a polyacrylamide gel gradient 
(Section 5.5.2.2) is exceptional in its ability to resolve both LDL and 
HDL into several apparently discrete components, thus demonstrat- 
ing the heterogeneous nature of these classes. Unfortunately, these 
components have not been studied separately and their degree of 
polydispersity is unknown. 

Isoelectric focussing, which has a very high resolving power for 
apo-lipoproteins, has not so far proved to be as good for lipoproteins. 
Nonetheless, the few results that have been published suggest that the 
method has a potential for the analysis of polydispersity that should 
warrant its further investigation. At present however, better results 
are given by two-dimensional immuno-electrophoresis (Section 5.7) 
which, through its combination of physical and chemical discrimi- 
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nants, has a considerably better resolution than methods that depend 
on differences in only one property (Fig. 5.10). Moreover, this meth- 
od requires only a very small amount of material and provides a 
permanent record from which it is possible, at least in principle, to 
estimate the proportions of the distinguishable particles that are 
present in the sample. But the patterns of precipitin lines are often 
complex and can be very difficult to interpret unless a full array of 
monospecific antisera are available. This method is therefore subject 
to the same restrictions as affinity chromatography on immobilised 
immuno-globulins, few laboratories being equipped to do a complete 
analysis routinely. 

At the technical level, it is important to note that the results of all 
these electrodynamic procedures are influenced by the age and manip- 
ulative history of the lipoprotein preparation that is under study. 



CHAPTER 4 

Physical characterisation of lipoproteins 

This chapter is concerned with physical methods for the character- 
isation of lipoproteins, but excludes electrophoretic techniques which 
are dealt with in Chapter 5 ,  and the use of the centrifuge to determine 
lipoprotein concentration, which is explained in Chapter 7. 

4. I .  The analytical ultracentrifuge 

At the outset, it must be pointed out that there are theoretical 
limitations to the use of the analytical ultracentrifuge as a means of 
characterising lipoproteins. Firstly, lipoproteins are heterogeneous, 
or at least polydisperse substances and sedimentation theory for 
systems of this kind is more complex and less well developed than that 
for homogeneous molecules. Moreover, there is an exchange of 
components between lipoprotein particles and possibly association of 
particles also. Because of the complexities they introduce, these 
effects are usually ignored and the lipoprotein fraction treated as 
though it is essentially a homogeneous, ideal solute. Estimates of 
sedimentation constant or molecular weight will therefore be approxi- 
mations of an accuracy that will depend on the truth of this premise. 
Nonetheless, even approximate values of these properties can be used 
to characterise a lipoprotein if they are measured under defined 
conditions. 

It must also be accepted that the most refined methods of analytical 
ultracentrifugation are comparatively time-consuming and are there- 
fore not well adapted to the routine characterisation of lipoprotein 
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preparations. For studies to the highest standards of accuracy, con- 
ventional procedures should be used as described, for example, in the 
Manual of Methods for the Analytical Ultracentrifuge (Chervenka, 
1969). In the following sections we shall confine ourselves to the 
description of simplified sedimentation velocity methods which, 
though not capable of great accuracy, are relatively speedy and are 
adequate for the definition of preparations for descriptive purposes. 
It may be argued that a sacrifice in accuracy is less of an objection 
when the solute is inhomogeneous, but it must be remembered that, 
because the results obtained by these methods are subject to some 
uncertainty, they must not be made the basis of detailed or profound 
theories of lipoprotein structure. 

For the sake of simplicity, we shall discuss the different centrifugal 
procedures separately but it will be evident that, in practice, several 
properties can often be determined from one properly designed exper- 

TABLE 4.1 
The physical characterisation of lipoproteins 

Measurement 
of properties 

k Particle Hydrated Particle 
Flotation rate 
(Section 4.1.2.1) weight density size 

I (Section 4.2) I 
by analytical centrifugation 
(Section 4.1.2.2) (Section 4.1.2.2) 
by gel filtration 
(Section 4.4) (Section 4.5) 

by analpica: centrifugation 

by electron microscopy 

Estimation 
of heterogeneity 

1 
Analytical Preparative Gel Electron 
centrifugation centrifugation filtration microscopy 
(Section 4.1.1) (Section 4.3) (Section 4.4.1) (Section 4.5) 
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iment. Before opening these descriptive sections, it may be worth 
making the following three general comments: 

(1)Unlike most of the methods that can be used to characterise 
lipoproteins, centrifugal procedures are non-destructive and the lipo- 
protein can easily be recovered. 

(2) With all the methods based on analytical ultracentrifugation, it 
is helpful to have some mechanical assistance to lighten the drudgery 
of calculation. Fortunately, the advent of the desk-top micro-comput- 
er has brought this potential within the grasp of almost every labora- 
tory. 

(3) When reporting results obtained by analytical ultracentrifu- 
gation, it is important to quote the concentration of lipoprotein in the 
cell, as well as the temperature and speed of the rotor. 

4.1. I .  Estimation of polydispersity in the analytical ultracentrifuge 

When the dispersion of a sample is minimal, as in the case of a 
sub-fraction of LDL, it may be investigated by a variety of ultracentri- 
fugal techniques that are designed to detect relatively small deviations 
from the distribution expected of a homogeneous substance (Schu- 
maker, 1963; Oncley, 1969; Jeffrey et al., 1975). However, it is of 
greater practical concern to have a method that can be used for 
preparations like whole LDL or HDL, where the polydispersity is 
usually more obvious. Simple observation of the schlieren pattern 
may be enough to show that a sample is inhomogeneous, as in 
Fig. 1.3. If the distribution curve is unimodal and has only two 
inflections, the sample is polydisperse. If the curve has more than two 
inflections, the preparation is heterogeneous. However, there are two 
pitfalls to be avoided, particularly when the degree of dispersion is 
small. Firstly, the baseline of the pattern is usually markedly curved, 
which can give an illusion of symmetry to schlieren curves that are 
actually skewed. Secondly, if the density of the solvent is too great, 
the over-all variation in effective particle mass that is due to the 
heterogeneity of the lipoprotein becomes small in relation to the mean 
effective mass. As a result, the schlieren curve will be narrower and 
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appear to be more symmetrical than it would if the density of the 
solvent was lower. A superficial observer may then be misled into 
thinking that the dispersion of his preparation is less than is really the 
case. 

The classical analysis of highly asymmetrical lipoprotein distri- 
butions is that developed by Gofman and his collaborators (DeLalla 
and Gofman, 1954; Ewing et al., 1965; Lindgren et al., 1972). In this 
procedure, the distribution of the lipoprotein in the centrifuge cell is 
recorded at set intervals of time during a conventional sedimentation 
velocity experiment that is performed under standard conditions. The 
resulting profile is then ‘sliced’ into several arbitrary sections and the 
areas of these are converted to their equivalent masses of lipoprotein. 
The boundaries of these sections are defined by the flotation rates that 
correspond to the points in the profile at which the boundaries are 
drawn. The profile can therefore be expressed as a series of intervals 
of flotation rate e.g. 0-12, 12-20 etc., between which stated masses 
of lipoprotein will be found. The most recent, computerised versions 
of this procedure allow the profile to be sliced into as many as 100 
sections which give a detailed, quantitative measure of the dispersion 
of the lipoprotein preparation and, by summation, an estimate of the 
total weight of lipoprotein. It is interesting to note however, that this 
method of extracting data from the centrifuge record has not changed 
in essence since its origin some thirty years ago. The use of digital 
computers has allowed an increase in the number of measurements 
that can be made across the profile, and analogue-to-digital conver- 
ters can now save much labour by recording the coordinates of these 
points directly, in ‘computer-readable’ form. However, these devel- 
opments have probably tended to deter all but the most determined 
of potential users. Moreover, in its original form, the method is 
inflexible since it requires each set of observations to be made at 
precisely the same times, under exactly the same conditions. In an 
attempt to break this inflexibility and to allow observations to be 
made at any time during a centrifugation at any speed, Bosanquet et 
al. (1980) have written a modified computer programme. However, 
this is apparently based on the same theoretical model that was used 
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by Ewing et al. (1965). 
Although this technique is probably still the best available for the 

routine analysis of ultracentrifuge records of lipoprotein distribution, 
it suffers from the serious practical disadvantage that it requires so 
much time and labour to set it up, that it is useless to anyone who 
only needs to do a few analyses. Unfortunately, little has been done 
to develop simpler methods that would be useful under these circum- 
stances. Lindgren has described a way of resolving the schlieren curve 
into several components by means of a commercial 'curve analyser' 
but this not only requires additional, costly equipment, but also has 
the disadvantage that the components may be taken to have a real 
existence, which is not necessarily true. DeLalla et al. (1967) have also 
described a somewhat simplified and more easily comprehensible 
version of the earlier procedure of DeLalla and Gofman (1954), but 
this is still too complex for the occasional user. Fortunately, it can 
be simplified even more by restricting the conditions of the experi- 
ment. Firstly, it must be possible to observe the whole of the lipopro- 
tein preparation in a single schlieren photograph. Although this 
confines the observations to HDL, LDL or to sub-fractions of VLDL, 
it is precisely in these relatively well-defined fractions that the high 
resolving power of the centrifuge is most valuable. Secondly, the 
consequences of the dependence of sedimentation rate on concen- 
tration must be minimised by working at the lowest feasible level, i.e. 
from 5 to 7.5 mg of lipoprotein/ml in the centrifuge cell. 

The procedure is as follows: dialyse the sample against a salt solution 
of such a density that the lipoproteins will float (or sediment) at a 
convenient rate. Centrifuge this sample, in parallel with its solvent, 
in a double sector cell in the conventional way, at a known tempera- 
ture. (If this temperature is chosen to be 26 "C, the comparison of the 
results with those of earlier workers may be simplified.) Maintain the 
drive current at a steady value during the acceleration and note the 
time at which the rotor reaches full speed, which should be set at about 
50 OOO rev/min. Allow the boundary to move well clear of the base 
of the cell (or the meniscus), and then take a photograph at a known 
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time after the rotor reached full speed. 
In this record is a symmetrical curve of approximately Gaussian 

shape, the solute may be homogeneous, or nearly so, although this 
cannot be assumed without closer study. However, most lipoprotein 
preparations will manifest some degree of inhomogeneity, either by 
a skewing of the schlieren curve, or by the presence of inflections in 
the limbs of the curve, or even by the presence of more than one peak. 
Inflections or multiple peaks show that there is more than one 
“population” of lipoprotein particles present, although these them- 
selves may not necessarily be homogeneous. Unfortunately, it is 
difficult to describe such a curve, or its divergence from symmetry, 
in a simple yet precisely quantitative manner. The following proce- 
dure, which may suffice for descriptive purposes, is based on the 
analysis developed by DeLalla and Gofman (1954). 

Make a ten-fold enlarged drawing of the photograph on graph 
paper, taking care to mark the positions of both reference traces and 
the base of the cell (or the meniscus if the sample is sedimenting). 
Mark the points at which the limbs of the schlieren trace cut the 
base-line, and those of any other singular points such as peaks, 
troughs or inflections in the limbs. Calculate the distances of these 
points from the centre of the rotor by making use of the known 
positions of the reference traces in the usual way, and convert them 
into the corresponding flotation (or sedimentation) rates by means of 
the equation: 

Inx, - l a ( )  
w2t 

S =  

where X I  is the distance of the singular point from the centre of 
rotation in cm. 

X, is the distance of the base of cell from the centre of rotation 
in cm. 

w is 2nf, where f is the rotor speed in rev/sec. 
t =0.33t, +t2 where t l  is the time in seconds for the rotor to 

accelerate to full speed, and tz is the time from then until 
the photograph is taken. 
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With the chief features of the profile thus expressed in terms of a 
physical parameter, its geometry can be specified after the manner of 
a series of map references. However, a more useful index of the 
asymmetry of the curve can be obtained by measuring the areas that 
are defined by the singularities. This may be particularly helpful when 
there are no inflections in the limbs of the curve. Draw in the 
maximum ordinate on the ten-fold enlargement of the schlieren curve 
and measure the two areas thus defined by the ordinate, the curve and 
its baseline. Any convenient method can be used to make this 
measurement, e.g. a planimeter. The asymmetry of the peak can than 
be represented by the ratio A =AL/A,, where A, and AH are the 
areas on the low density and the high density side of the maximum 
ordinate respectively. These areas are proportional to the concen- 
tration of lipoprotein in the relevant part of the centrifuge cell and, 
if there is a preponderance of the denser particles for example, A will 
be less than one. Note however, that A = 1 does not indicate that the 
preparation is homogeneous, merely that the distribution is probably 
symmetrical. If there are inflections in the limbs of the peak, these 
may be used to define smaller parts of the total area in a similar way. 
For example, consider an LDL which is distributed between Sf 0 and 
Sf 17, with a peak at Sf 7.5 and an inflection at S,  4. The proportions 
of the total area that are defined by these boundary points might be: 
Sf 0-4= 15 Yo, S,  4-7.5=45 Yo, Sf 7.5-17=40 Yo. Note that this is 
essentially the same procedure as that used to handle the asymmetry 
of the HDL distribution. In this case, there is frequently an inflection 
at a flotation rate of about 3.5 svedbergs (d 1.20 g/ml) and this 
boundary has become the conventional demarcation between HDLz 
and HDL3. 

4.1.2. Sedimentation rate, particle weight and particle diameter 

Although these properties are attractive as numerable characteristics 
of a substance, there is little point in estimating values for a grossly 
inhomogeneous substance, for which the results will be open to 
criticism on theoretical grounds. These properties should therefore 
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only be estimated for lipoproteins that show no more than a slight 
skewing of the boundary during velocity centrifugation, i.e. well 
defined subfractions of the lipoprotein profile. 

It is customary to centrifuge lipoproteins in solvent of high density, 
in which they float, i.e. their sedimentation rate is negative. However, 
it is not obligatory to use these conditions except in the case of VLDL. 
Indeed, the use of high concentrations of salt is not only open to 
theoretical objections, but introduces the possibility that the behav- 
iour of the lipoprotein particles may differ from that in physiological 
salt solutions. This question of artifactual behaviour has not been 
exhaustively studied, but such evidence as is available suggests that 
the hydrodynamic properties of LDL are not grossly altered in sol- 
vents of high ionic strength. For example, the particle weights that 
were obtained by Adams and Schumaker (1969b) for LDL in NaBr 
solutions of density about 1.4 g/ml agree satisfactorily with those 
found by centrifugation at a density of about 1.063 g/ml. It may 
however, be prudent to avoid very high ionic strengths for the 
centrifugation of HDL, which appear to be less stable than the 
low-density lipoproteins. 

The rate of sedimentation of lipoproteins, like that of most macro- 
molecules, is dependent on concentration and account must be taken 
of this effect if the sedimentation coefficient is to be used as a 
characteristic, or as a means of estimating the weight or diameter of 
the particle. This is usually done by means of the relation: 

s=sO (1 -Kc)  

where s” is the sedimentation (flotation) rate at infinite dilution, C 
is the concentration of lipoprotein in the ultracentrifuge cell, and K 
is a constant. Unfortunately, there is no single reliable value of K. The 
value of 0.89 x ml/mg is now used by the Donner laboratory 
(Ewing et al., 1965; Lindgren et al., 1972; Lindgren, 1974) in the place 
of an earlier estimate of 1.6 x ml/mg, and the value of 
1.04 x ml/mg is quoted by Adams and Schumaker (1969b). 
However, the experimental basis for these determinations has not 
been published and it is uncertain whether they are applicable to 
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lipoproteins of all sizes, at all concentrations, in solvents of all 
densities. The divergence of these estimates, taken with the evidence 
of other workers (Lee and Alaupovic, 1974; Mauldin and Fisher, 
1970; Fisher, Granade and Mauldin, 1971; Hammond and Fisher, 
1971), suggests that Kmay not be a well-defined constant of universal 
application. The most reliable practice is therefore to measure the 
flotation rate at two or three different, low concentrations (i.e. less 
than 10 mg/ml) and to extrapolate the results to infinite dilution. If 
no such correction is made, the concentration at which the obser- 
vation was made must be quoted. 

It is the practice, when centrifuging other macromolecules, to 
recalculate the observed results to standard experimental conditions, 
namely sedimentation in water at 20 "C. However, this is inconvenient 
in the case of lipoproteins since some of these have a density close to 
that of water and the corrected scale of sedimentation rate would have 
both positive and negative values. More importantly, it is often 
impossible to do the correction accurately for lipoproteins (a) because 
the density of the lipoprotein particle is unknown, and (b) the necessa- 
ry information on the way this property changes with temperature is 
lacking (Section 2.1). Some workers have assumed that the latter 
coefficient has the same value as that of an unconjugated protein but, 
from such evidence as is available (Toro-Goyco, 1958; Mills, 1977), 
this may be as much as 20% too large. For these reasons, it has 
become the practice to quote the flotation rate of a lipoprotein under 
the conditions of observation. In this context, the conditions original- 
ly proposed by Gofman and his collaborators have, by wide usage, 
come to be the effective convention for centrifuging lipoproteins. In 
this system, the observations are made in salt solutions of density 
1.063 g/ml or 1.20 g/ml at a temperature of 26 "C, and this can be 
recommended for the measurement of flotation rates, or for the 
approximate estimation of particle weights. For the latter purpose, the 
system used by Adams and Schumaker has the advantage that it 
minimises the errors that arise when the density of the lipoprotein is 
not accurately known (cf. below). For the most precise studies on 
lipoprotein preparations of minimal heterogeneity, for which all the 
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physico-chemical parameters are to be measured, use 0.15 M NaCl as 
the solvent. 

In principle, it is the second moment of the distribution curve that 
should be used for the determination of the sedimentation rate, rather 
than the maximum ordinate (Goldberg, 1953), and this procedure 
should be used for critical work on lipoprotein fractions in which the 
dispersion is small. When the peak is markedly asymmetric however, 
it is arguable that the sample is too heterogeneous for meaningful 
measurements to be made on it, and that it will be better defined by 
a combination of its peak flotation rate and an index of its polydisper- 
sity, than by the flotation rate as estimated from the second moment. 
Moreover, there is considerable doubt that asymmetry of the peak is 
entirely due to the presence of particles of different sizes. The asso- 
ciation of particles, the exchange of components between them, and 
the loss of protein by disproportionation during the centrifugation 
could all contribute to the production of a skewed schlieren curve. 
Unfortunately, little work has been done on these aspects of the 
physical chemistry of lipoproteins and their importance cannot be 
assessed. 

4.1.2.1, Measurement of flotation (sedimentation) rate. We 
have already described a method for extracting the flotation rate from 
data obtained during the investigation of heterogeneity (Section 
4.1.1). This technique is simple but suffers from the disadvantage that 
it depends on a single observation. The conventional procedure, in 
which several photographs are taken at known intervals during the 
centrifugation, gives more accurate results (Chervenka, 1969; Lind- 
gren, 1974). 

Procedure. Dialyse the sample against NaCl solution of 
dZ6 = 1.063 g/ml, or NaBr of dZ6 = 1.20 g/ml. Then centrifuge in an 
epoxy resin centrepiece at 26 "C as in Section 4.1 - 1. Take at least four 
photographs, at intervals of 10 min, starting when the peak has moved 
clear of the base of the cell. Determine the positions of the peak 
relative to the reference trace by measuring the photographs with a 
travelling microscope, or by measurement of a 5-  or 10-fold enlarge- 
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ment with an accurate scale. (If the latter method is adopted, it will 
be necessary to determine the magnification of the enlarger. For this 
purpose, the discs that are ruled with 1 mm squares for cell counts 
make useful standards. Alternatively, a small coin, the diameter of 
which can be accurately measured with a micrometer, can be used.) 
Also determine the magnification due to the camera lens by measuring 
the distance between the reference traces on the photograph. Use this 
value (which is a constant of the centrifuge) to calculate the real 
distance of the peak from the centre of the rotor (X cm). A plot of 
ln(X) vs. time (seconds after the first exposure) should be a straight 
line, the slope of which is the apparent flotation rate. If this procedure 
is repeated at several different concentrations of the sample, the 
apparent flotation rate can be extrapolated to zero concentration as 
explained above. 

The same procedure can be used to estimate the sedimentation rate 
of the lipoprotein in 0.15 M NaCl solution. 

4.1.2.2. Measurement of particle weight and diameter The es- 
timation of particle weights by the sedimentation velocity method 
makes use of the equation 

M (1 - v p) 

Nf 
S =  

where S is the sedimentation coefficient of the particle, M is its mass 
and V its partial specific volume. The symbol p represents the density 
of the solvent, N is Avogadro’s number and f is the translational 
frictional coefficient for the particle. It can be seen from this, that 
two additional pieces of information are needed to allow the particle 
weight to be deduced. In the classical procedure, the parameter f is 
eliminated from this expression by substitution from the equation 

f=-- 

where D is the diffusion constant of the particle and Tthe temperature 
of the experiment, and R is the gas constant. Although the diffusion 

RT 

ND 
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coefficient can be measured in the untracentrifuge (Chervenka, 1969), 
the time-consuming nature of the experiment appears to be a powerful 
deterrent to the majority of potential users, except where the object 
is an accurate study of a sample of low dispersion. This has led to 
the use of alternative methods in which the frictional coefficient is 
eliminated from eqn. (1) by substitution from the Stokes equation 

f = 67tv 
whence 

M (1 - T p )  

67tqrN 
S =  

where q is the viscosity of the solvent and r is the radius of the 
lipoprotein particle. From this equation we can eliminate either A4 or 
r ,  by making use of the fact that, for a spherical particle 

3M ? = -  
47t Nd 

where d is the density of the particle. Note that there is some 
ambiguity connected with the use of hydrated density rather than 
partial specific volume but, for this approximate procedure, the 
former is acceptable. In this way we obtain the equations 

4 r 2 ( d - p )  

18tl 
S =  

and 
M" (d - p )  

S =  
8.3387 x 10'6vdv3 

whence 

(3)  

(4) 

Although the introduction of the viscosity term into these equations 
simplifies the practice of estimating the particle weight, it must be 
borne in mind that a number of assumptions are implicit in this 
derivation, notably that the lipoprotein is a rigid, uncharged sphere 
that is large enough to justify the use of the Stokes equation, and that 
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the value of M derived from the Stokes radius is the same as that in 
eqn. (1). In an effort to reduce the effect of some of these ambiguities, 
Adams and Schumaker (1969b) adopted the proposal put forward by 
Oncley (1941) that the frictional coefficient should be resolved into 
three terms that represent the components due to the size, shape and 
hydration of the particle. However, this analysis introduces two 
additional variables, the axial ratio and the hydration of the particle, 
both of which are among the least well established properties of 
lipoproteins. This refinement therefore seems to have little to recom- 
mend it at present. 

It must also be remembered that the Stokes equation applies to a 
particle at infinite dilution. The value of S that is used in eqns. (3) 
and (4) should therefore strictly be corrected to the same condition. 

In addition to the uncertainties that are inherent in the derivation 
of eqn. (5 ) ,  a practical difficulty arises from the fact that the differ- 
ence between the density of the lipoprotein particle and that of the 
solvent in which it is centrifuged is usually small when compared with 
the conditions used for centrifuging a protein. A small error in partial 
specific volume (or hydrated density) of the particle will therefore 
introduce a much larger error in the estimate of its relative mass, e.g. 
a discrepancy of 1% in 7 can lead to an error of as much as 25% in 
the estimate of the particle weight of LDL. An accurate value of V 
can be determined by one of the methods that are discussed in 
Section 4.2, but these procedures are exacting and, with the exception 
of the expensive vibrating tube densimeter, are tedious. They are 
therefore not well suited to routine estimations. Adams and Schuma- 
ker (1969b) therefore proposed that the centrifugation should be 
performed in an NaBr solution of density about 1.4 g/ml, when an 
error of 0.005 g/ml in the density of LDL leads to an error of about 
3% in the estimate of its particle weight. Even with HDL, the error 
would not exceed 4%. Under these circumstances, it may be accept- 
able to use the approximate estimates of hydrated density that can be 
obtained from density gradient centrifugation, or from the flotation 
rate of the lipoprotein in solvents of density 1.063 or 1.20 g/ml. If 
the latter method is used, the hydrated density must be estimated by 
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TABLE 4.2 
The approximate hydrated density of lipoproteins of known flotation rate. 
S, = flotation rate in NaCl solution of density 1.063 g/ml at 26 "C. 
P = flotation rate in NaBr solution of density 1.20 g/ml at 26°C. 
The values quoted are interpolated from published measurements (cf. Table 7.2). Note 

the sparsity of data for high density lipoproteins. 
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the interpolation of reported data such as those summarised in 
Table 4.2. 

The simple Adams-Schumaker technique may thus be the most 
attractive when an approximate estimation of particle weight will 
suffice. For example, when the polydispersity of the sample is relative- 
ly great. However, the result will generally be less reliable than a single 
estimate of flotation rate at a known lipoprotein concentration. When 
the sample is relatively homogeneous, it would be appropriate to 
refine the determination by correcting for concentration dependence 
and by estimating the partial specific volume (hydrated density) of the 
lipoprotein. 

Procedure. If the particle weight is to be estimated from a flotation 
(or sedimentation) rate that has been corrected to zero concentration, 
solutions of at least three different concentrations of the lipoprotein 
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should be prepared. Dialyse all these in the same sealed container for 
at least 24 hours, against several changes of the chosen solvent 
solution (e.g. NaCl d = 1.063 g/ml for low density lipoproteins; 
NaBr d = 1.20 g/ml for HDL). If no correction is to be made, only 
one lipoprotein solution need be prepared. When equilibrium has 
been established, determine the density (Section 2.1.1.3) and viscosity 
of the dialysing solution. 

Establish the concentration of each lipoprotein solution by the dry 
weight method (Section 6.1) and determine the flotation rate in each 
one (Section 4.1.2.1). Plot the reciprocal of the flotation rate against 
the concentration (in mg/ml) and extrapolate to obtain the flotation 
rate at infinite dilution. For an accurate determination of the hydrated 
density of the lipoprotein, it will be necessary at this stage, to use one 
of the methods of Section 4.2. If the precision of the work in hand 
does not justify this, or if the flotation rate is not corrected to infinite 
dilution, an approximate estimate of the hydrated density can be 
taken from Table 4.2. With these data, the weight-average particle 
weight of the lipoprotein can be estimated from eqn. (5).  Note 
however, that flotation rates must be put into this equation in the 
form of negative sedimentation rates, i.e. the value of S is negative. 
The average particle diameter can be estimated in a similar way from 
eqn. (3). 

4.2. Partial specific volume (hydrated density) 

The partial specific volume 0 of a lipoprotein is not only needed for 
the estimation of particle weight (Section 4.1.2.2), but is a valuable 
characteristic of the particle in its own right. However, to make a 
useful determination of T requires that the density of a lipoprotein of 
accurately known concentration should be measured with great accu- 
racy. For example, the density of a 1 Vo solution should be determined 
to ? 1 x g/ml and its concentration to &0.05% (Charlwood, 
1957). Weighings must therefore be performed on a microbalance, 
and the temperature at which the measurement is made must be 
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maintained to within at least 2 0.01 "C. These exacting conditions are 
acceptable when the object is an accurate estimation of the particle 
weight of a lipoprotein fraction of low dispersion, but they make V 
unattractive as an everyday means of characterisation. 

The partial specific volume is evaluated by means of the relation: 

where d is the density of the solvent, A d  is the difference between the 
density of the solvent and that of the lipoprotein solution, and c is 
the concentration of lipoprotein in grams per millilitre of solution. 

The density of the solutions can be determined either by pycnome- 
try (Schachman, 1957), or with the vibrating tube density meter, both 
of which methods are described in Section 2.1.1.3. Despite its high 
precision and economy of material, the density-gradient column of 
Linderstrom-Lang and Lanz (1938) has apparently not been used for 
studies on lipoproteins, presumably because it is uncertain whether 
they will be denatured by the organic solvents from which the gradient 
is made. Note that, to obtain the required accuracy, allowance must 
be made for the atmospheric buoyancy when weighing the pycnome- 
ter . 

Because lipoproteins are insoluble in distilled water, the partial 
specific volume must be determined in a dilute salt solution and the 
concentration of the lipoprotein must be obtained from dry weight 
determinations on the solution and its dialysate (Section 6.1). Note 
that it is desirable to dialyse at a pH as close to the isoelectric point 
as is practicable, in order to minimise the Donnan effect. Moreover, 
the concentration of salt should be kept below 10 mM, if possible, 
because the amount in the solution may then be assumed to be same 
as that in an equal volume of the dialysate. Unless a large amount of 
solution is available, the volume taken for the dry weight estimation 
may best be determined by weight, since the density is known. 
Alternatively, it can be carefully measured with a calibrated, precision 
micrometer syringe. 

By contrast with the determination of V, the hydrated density of the 
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lipoprotein (dh) can be estimated with relative ease from buoyancy 
measurements. Although dh is not identical to 5, it is a close approxi- 
mation that is almost equally characteristic of the lipoprotein and has 
often been used in particle weight determinations. It can be measured 
in two ways, neither of which requires a knowledge of the concen- 
tration of the lipoprotein. 

(a) By centrifuging the lipoprotein on a density gradient in the 
preparative ultracentrifuge, and then measuring the density of the 
gradient at the point of equilibrium. It is important to centrifuge for 
long enough to ensure that equilibration is complete. The method has 
the merit that it can be carried out as a part of the preparative 
procedure that is described in Section 2.1.2, with the reservation that 
high concentrations of lipoprotein may distort the shape of the 
gradient. In any event, the method is not capable of high accuracy. 

(b) The analytical centrifuge can be used to determine the density 
of the solvent in which the sedimentation rate is zero. This is more 
tedious than (a) but is somewhat more accurate. When used with 
unconjugated proteins, a long extrapolation to zero sedimentation is 
necessary because the concentration of salt that would be needed to 
make them float is very high. With lipoproteins however, it is easily 
possible to obtain data from both flotation and sedimentation experi- 
ments and to interpolate them. 

Procedure. Prepare at least four salt solutions of densities such that 
the lipoprotein will float in some and will sediment in the others. At 
this stage, the density of the solutions need only be approximately 
known. Dialyse the lipoprotein (1 ml of a 1% solution) for 24 hours 
against the solution of lowest density, in a vessel that is kept tightly 
closed to prevent evaporation. Then measure the sedimentation rate 
at a known temperature, as described in Section 4.1.2.1. Retain the 
main volume of the solvent in the stoppered dialysing flask. After the 
centrifugation, re-disperse the lipoprotein by rotating the cell end- 
over-end for several minutes at a rate of not more than about 
10 rev/min. Remove the sample from the cell, dialyse it against the 
next most dense solvent solution and determine the sedimentation rate 
as before. Proceed in this way until the lipoprotein has been examined 
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in all the solvents. 
At this stage, determine the density (d) and viscosity (q) of each 

solvent (Section 2.1.1.3), at the temperature at which the centrifu- 
gations have been performed. Plot the density of the solvent (d) 
against the product qS, where S is the sedimentation (flotation) rate 
in svedberg units. The points should lie on a straight line which 
intersects the density axis at a point that represents the hydrated 
density of the lipoprotein. 

4.3. The analysis of polydispersity in the preparative ul- 
tracen trifuge 

In this technique, the sample is divided into sub-fractions that are then 
analysed for at least one physical or chemical property of the lipopro- 
tein. Since it is possible to determine several different properties on 
each fraction, the measure of polydispersity that is obtained can be 
more discriminating than that given by the analytical ultracentrifuge. 

Serial centrifugation is important in this context because it is the 
only procedure that can be used to fractionate lipoproteins of density 
less than 1.006 g/ml. Unfortunately, the need to perform several 
consecutive centrifugations makes it much more time-consuming and 
therefore more expensive than the alternative density gradient meth- 
od, which is the one almost universally used for the analysis of the 
denser lipoproteins. If the method is to be effective, the sample must 
form a shallow layer at the bottom of the tube, and the infranatant 
material must not be disturbed when each floating fraction is recover- 
ed. Moreover, if the method is to be quantitative, the whole of the 
infranatant must pass on at each successive stage of the centrifu- 
gation. From this it can be seen that a preparative procedure like that 
of Gustafson et al. (1965) is not well adapted to the purpose, in 
contrast to the technique developed by Lindgren, in which the layer 
of lipoprotein at the bottom of the tube is kept as short as possible, 
and a density gradient is layered above it (Lindgren, 1975; Hatch et 
al., 1967; Lindgren et al., 1972a,b). The tubes are then centrifuged 



Ch. 4 PHYSICAL CHARACTERISATION OF LIPOPROTEINS 157 

for carefully calculated times, in a swing-out rotor. After each run, 
the supernatant lipoprotein layer is aspirated off and the infranatant 
centrifuged again, without disturbance. With appropriate modifi- 
cations to the density gradient, this procedure can be used to sub- 
fractionate any of the three main classes of lipoproteins and allows 
the minimum cross-contamination of the fractions to be calculated. 
It is claimed that this procedure will reduce both the contamination 
of the products with plasma proteins and the cross-contamination 
with other lipoproteins. In turn, this can reduce, or eliminate the need 
to wash the fractions by further centrifugation, thus diminishing the 
chances of degradation. However, despite its evident value, particu- 
larly for the fractionation of VLDL, the technique has been little used, 
perhaps because it requires access to computing facilities. The increas- 
ing availability of cheap desk-top micro-computers, and the relative 
simplicity of the programmes required, may lead to its wider accep- 
tance. 

As it was originally described, this technique made use of the now 
obsolete Beckman Sw 25.3 rotor which, for the analysis of chylomi- 
crons, was fitted with 6 ml tube adapters. The currently available SW 
27.1 uses the same tube and has almost the same radius, and could 
therefore be substituted with only the minimum of readjustment of 
the centrifuging times. The following description applies to the 
fractionation of lipoproteins of density less than 1.006 g/ml, and we 
shall assume the use of the 102 mm x 16 mm tube. To ensure that the 
lower boundary of the sample is flat, a hemispherical plastic insert 
is first put into the tube, with a drop or two of NaCl solution of 
density 1.065 g/ml to seal it. Three ml of the sample to be analysed 
(adjusted to a solvent density of 1.065 g/ml) is added, and a discontin- 
uous salt gradient layered above it by the careful superposition of the 
following sodium chloride solutions, viz. 1 ml each of density 1.0464 
and 1.0336 g/mlandthen3 mleachofdensity 1.0271,1.0197,1.0117 
and 1.0064 g/ml. 

The use of a gradient in this system provides a stability that may 
be very important when large particles of low density are being 
analysed. Unfortunately, it greatly complicates the task of calculating 
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the time for which the tube must be centrifuged to recover a particle 
of given flotation rate. Lindgren does this by regarding the final 
gradient as made of 12 superimposed homogeneous layers which are 
numbered from the bottom of the tube. The distance of the bottom 
of thejth layer to the centre of the rotor is designated as rj, and the 
density and viscosity of the solvent in this layer are dj and qj respec- 
tively, at the temperature of the run. The flotation rate in thejth layer 
(Fj), of a particle of given Sf value (S) is then given by 

S(dj-0) 1.0173 
F .  = ’ (1.063-0)qj 

where 0 is the hydrated density of the particle in question. 

is then given by: 
The time fj that it takes for this particle to pass through thejth layer 

lnrj + - lnrj 
t. = 

J w2FJ 

where o is the angular velocity of the rotor. 
The total time taken for the particle to migrate from the bottom 

of the first layer to the bottom of the top layer (i.e. a nominal 100% 
recovery of these particles) is then given by: 

j = 1 1  

j = 1  
w2 T = C o2 fj 

This value of T must then be corrected to take account of the periods 
of acceleration and deceleration in the usual way. 

Under the conditions originally described by Lindgren (1975), a 
centrifugation amounting to 0.739 x lo6 gamin was sufficient to con- 
centrate all particles of Sf>3200 in the top 0.5 ml layer. This was 
removed and the tube re-centrifuged for a further 1.32 x lo6 g-min to 
concentrate the particles of 3200>Sf> 1100 into the next 0.5 ml. A 
third centrifugation for an additional 3.384 x lo6 gmin likewise re- 
covered the particles of 1100>Sf>400. 

It will be seen from this abbreviated description that the technique 
requires much preliminary work to set it up. For example, it is 
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necessary to determine all the values of rj and also the shape of the 
gradient (which is needed for the estimation of dj and qj). The 
programme of calculations would also be discouragingly laborious if 
performed by hand, but is fortunately easy to run on a small, suitably 
programmed, digital computer. It should also be noted that the 
calculations make use of the hydrated density of the lipoprotein, 
which is rarely an accurately known property. Moreover, in the case 
of the very-low-density lipoproteins at least, the gradient is not 
centrifuged to equilibrium and care must be taken that the gradient 
does not undergo an appreciable change in shape during the course 
of the whole series of centrifugations. Altogether, it is evident that 
this procedure is feasible only in the most well-equipped laboratories 
and, in any event, is unattractive when only a few analyses are in 
prospect. 

In this context, it should be observed that Zilversmit has devised 
a similar but simpler technique which can be used to analyse lipopro- 
teins down to a diameter of a few tens of nanometres (Zilversmit, 
1963, 1969; Zilversmit et al., 1966). This method is not a serial 
centrifugation but, like the Lindgren process, uses non-equilibrium 
conditions on a density gradient. The following summary assumes 
that the centrifuge tube is 76 mm x 25 mm, into which a linear sucrose 
gradient 5.5 cm long is introduced (Section 2.1.2.2). This ranges from 
about 1.18 g/ml(40% sucrose in 0.9% NaCl) at the bottom, to about 
1.13 g/ml(30% sucrose in 0.9% NaCl) at the top. The sample is then 
introduced below the gradient in about 0.75 ml of 50% sucrose and 
beneath it, a basement layer of 60% sucrose that fills the curved 
bottom of the tube. The sample is thus made to form a layer about 
1.5 mm thick, that is a known distance from the centre of rotation. 

During the centrifugation, the velocity of a particle at a distance 
r from the centre of rotation is given by the relationship: 

dr 2 l b 2 r  (d, - Q) 

dt 1811, 
- - -  

where D and a are the diameter and hydrated density of the particle 
respectively; and dr and qr are the density and viscosity of the solvent 
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at radius r. For the particular gradient described, it happens that the 
ratio 

r ( 4 - 0 )  

18% 

is almost independent of r. Consequently, at a set rotor speed, the 
velocity of a given particle up the gradient is approximately constant 
and proportional to the square of its diameter. The latter can there- 
fore be estimated from the distance the particle has moved up the tube 
after a set period of centrifugation at a set speed. According to 
Zilversmit (1969), 60 min (including acceleration and deceleration) at 
5 0 0 0  rev/min in the Beckman SW 25.1 rotor will deposit a particle 
131 nm in diameter at a point 0.5 cm from the start, while particles 
422 nm in diameter will have moved 5.0 cm. If the rotor speed is 
25000 rev/min, the corresponding particle sizes are 26 nm and 
84 nm. It is therefore possible to analyse a wide range of lipoproteins 
into fractions that are defined by limits of diameter, or by flotation 
rate. 

Because it only involves one centrifugation, this technique is less 
time-consuming han the Lindgren procedure but this advantage is 
bought at the cost of lower resolution. It is also worth noting that, 
because of the high density of the solvent, the Zilversmit method is 
comparatively insensitive to uncertainties in the value of 0. However, 
the high concentration of sucrose in the final fractions may be a 
nuisance if they are to be subjected to other methods of analysis. 

Both the foregoing procedures are useful for the sub-fractionation 
of chylomicron preparations, but great care must be taken to avoid 
overloading the gradient. If the concentration is too great, convective 
streamers are likely to form and destroy the gradient. In general, the 
sample should be the smallest possible and in no circumstances should 
it exceed 10 mg of lipidlml. 

4.3. I .  Equilibrium centrifugation 

This method requires the sample to be centrifuged to equilibrium on 
a density gradient which is then divided into small fractions. The 
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density of each fraction is determined by comparison with a blank 
gradient (Section 2.1.2.5) and at least one physical or chemical prop- 
erty of the lipoprotein that it contains is measured. In this way the 
dispersion of the property with respect to density can be determined. 
For good resolution, the gradient should be as shallow as possible, 
consistent with the maintenance of stability. However, it will then be 
able to accommodate only a small load and the lipoproteins may be 
difficult to locate and analyse accurately. To overcome this problem, 
some workers have attempted to increase the sensitivity of optical 
detection by staining the lipoproteins before centrifuging them. But 
this procedure is open to the objection that it is not the native 
lipoprotein that is studied and that the observed distribution of optical 
density is not that of an intrinsic property of the lipoprotein. This 
objection can also be levelled at methods that enhance the sensitivity 
by labelling the lipoprotein with radioactive isotopes. For example, 
it is known that the introduction of radioactive iodine into the protein 
moiety carries the risk of denaturing some lipoprotein (cf. Weech et 
al., 1978). There is thus a real chance that the distribution of radioac- 
tivity on the gradient does not fully represent that of the native 
lipoprotein. Moreover, the distribution of activity cannot be equated 
with the distribution of lipoprotein mass because the protein content, 
and therefore the specific activity of the lipoprotein, is not the same 
at all points down the gradient. Unfortunately, it cannot be directly 
equated with the distribution of apo-lipoprotein either, since some 
label always enters the lipid moiety. Apart from these objections, this 
method of labelling suffers from the draw-back that it is time consum- 
ing and therefore not well suited to frequent routine analyses. In the 
method proposed by Foreman et al. (1977), the lipoproteins are 
labelled by exchange with ['4C]cholesterol (or [14C]lecithin) before 
centrifugation. Their distribution on the gradient is then determined 
either by conventional counting, or by radioimmuno-assay. This 
method may be somewhat less laborious and less likely to denature 
the lipoproteins than the iodination procedure, but the activity of the 
labelled product cannot be related to any property of the native 
lipoprotein. Like the iodination technique, this method is therefore 
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better suited to the detection of heterogeneity (e.g. the distinction and 
estimation of LDL and HDL in small samples) than to estimations 
of polydispersity, for which the determination of an intrinsic property 
will require a comparatively large sample. Despite these technical 
limitations, its high sensitivity makes radioactive labelling the prefer- 
red method for the analysis of changes in lipoprotein distribution that 
are the result of lipoprotein metabolism, and it is widely used for this 
purpose (see for example Weech and Mills, 1978). 

The location of the lipoproteins on the gradient can also be deter- 
mined by refractometry (Sections 2.1.2.5; 6.1 .l), but the method is 
uncertain at low concentrations because it is difficult to match the 
experimental and the blank gradients exactly. In principle, this meth- 
od has the advantage that it will give a quantitative estimate of the 
total lipoprotein present in the fraction but, in practice, it is subject 
to the following limitations. Firstly, the refractive increment of the 
lipoprotein is a function of the concentration of salt in the solvent and 
will therefore vary down the gradient in a way that is at present 
ill-defined. Secondly, the refractive increment is not an accurately 
known property of the lipoproteins in any solvent. 

The most widely used way of locating unlabelled lipoproteins is by 
the estimation of one of their more easily measured components, e.g. 
cholesterol, phosphorus or protein (Section 6.3). This method avoids 
the difficulties that are peculiar to the labelling procedure but is 
limited by the relative insensitivity of some of the analytical methods. 
In this context, the high sensitivity of the micro-scale method of 
thin-layer chromatography that is described in Section 6.7 is particu- 
larly valuable. By the use of this equipment, a complete analysis of 
each lipoprotein fraction can be obtained, thus giving not only the 
mass distribution of the lipoproteins, but also the dispersion of the 
five main chemical components (Fig. 3.2). This procedure, coupled 
with an immunochemical analysis of the apolipoprotein distribution 
in the fractions, is probably the most powerful at present available 
for the analysis of the polydispersity of a lipoprotein. 

Whatever method of location and analysis is used, it must be 
remarked that the value of the experiment will be greatly diminished 
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if the fractions from the gradient are designated only in an arbitrary 
manner e.g. by fraction number, or by distance along the gradient. 
Only if the density of the fractions is determined can the full potential 
of the analysis be realised. However, it is important, when measuring 
the density of the fractions (Section 2.1.2.5), to take account of the 
temperature at which the gradient was run (Sections 2.1, 2.1.2). 

The procedure for the preparation, loading and unloading of the 
gradient is essentially that described in Section 2.1.2. The analysis of 
the Iipoprotein fractions can be performed either by the conventional 
assay of radioactivity, or by the chemical procedures described in 
Chapter 6. 

4.4. Gel filtration 

Unfortunately, as we have already pointed out (Section 3.2.1), the 
difficulty of obtaining appropriate standards makes gel filtration 
chromatography better suited to the qualitative analysis of the hetero- 
geneity of lipoproteins than to their quantitative characterisation. 
However, in view of its simplicity and its potential when used in 
conjunction with methods of chemical or immunochemical analysis, 
we shall briefly describe the technique below. 

Procedure: The columns used should be about 100 cm x 1 cm 
diameter and have screens at both ends to ensure that the surfaces of 
the gel are flat. Either 6% or 4% agarose gels can be used (e.g. Bio-Gel 
A-5m or A-l5m, or Sepharose 6B or 4B). The smaller pore size gives 
the best resolution of LDL and HDL, whereas the more dilute gel 
gives a better resolution of VLDL and LDL which is offset by an 
inferior separation of LDL and HDL. 

The composition of the eluting solvent is apparently not critical: 
0.15 M NaCl that is adjusted to pH 7 and contains the usual preserva- 
tives (Chapter 2) is suitable. Wash the chosen gel and equilibrate it 
with the buffer in accordance with the manufacturer’s recommen- 
dations. Then pack the column with great care to ensure that it 
contains no discontinuities or irregularities to disturb the flow of the 
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eluent (Fischer, 1980). Wash the column with at least three volumes 
of the buffer before putting it to use. There is no evidence that the 
temperature of the column has any marked influence on the results 
obtained, but fluctuations in temperature may be disadvantageous. 
It may therefore be prudent to run the coiumn in a cold room, or at 
least in an air-conditioned room. 

To examine the heterogeneity of a preparation, apply 10-20 mg of 
freshlypreparedlipoprotein to the column in a volume of 0.5-1.5 ml, 
and elute at a rate of 5-10 ml/hour per square cm of column area. 
Collect fractions of about 5 ml volume and determine the profile of 
the eluted peak by measuring the absorbance at 280 nm. As in the 
ultracentrifuge, the presence of multiple peaks, or an asymmetrical 
peak will show that the specimen is significantly heterogeneous with 
respect to particle size. 

Margolis (1967) has shown that, provided suitable standards are 
available to calibrate the column, the method of Ackers and Steere 
(1967) can be used to estimate particle size from the elution volume 
for the lipoprotein. This paper by Ackers and Steere gives a brief 
discussion of the theory and practice of the method, which depends 
on the measurement of the ‘sieve coefficient’ which is defined by the 
equation: 

(1) 
where V, is the void volume of the column; Vi is the additional volume 
needed to elute particles so small that they have access to essentially 
all the volume of solvent within the gel, and Vis the volume at which 
a lipoprotein of radius r is eluted. Moreover, it is assumed that the 
likelihood that the particle will encounter a pore large enough to admit 
it is given by the probability integral, whence it can be deduced that 

(2) 

v = v, + ovi 

X 

2 
(5 = 1-- 1 e-z2&, 

JX 
0 

wherex = (r  - ro)/b.  Here, ro is the molecular radius that corresponds 
to the peak of the Gaussian elution curve and b is its standard 
deviation. The value of the probability integral is tabulated in many 
manuals of probability and statistics. 
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Each column of gel must be calibrated by determining the elution 
volumes of two particles of known radii rl and r2. Insert these values 
of 6 into eqn. (1) to obtain the equivalent values of oi,  and 02. Then 
look up these values in the tables of the probability integral to obtain 
the corresponding values of xi and x2 by means of eqn. (2). Finally, 
calculate the constants b and r, from the relations 

b = (rl - r2) / (xi -x2) 

r, = 0.5 [ri + r2 - b(x, +x2)] 

Once the calibration is completed, the Stokes radius of the lipoprotein 
can be estimated as follows. First determine the relevant value of Q 

from the elution volume by means of eqn. (1). Next, find the corre- 
sponding value of x from the probability tables and use it to calculate 
the radius of the particle from the equation r = r, + bx. An upper limit 
for the particle weight can then be estimated from 

and 

where N is Avogadro’s number and 5 is the partial specific volume 
of the particle (Section 4.2). This will be an estimate of the hydrated 
particle weight which, in the case of LDL, can be corrected to the 
anhydrous condition using the known degree of hydration, namely 
0.05 to 0.1 g/g of lipoprotein (Toro-Goyco, 1958; Essex et al., 1977). 

4.4.1. The estimation ofpolydispersity by gel filtration chromatogra- 
PhY 

This procedure is essentially analogous to density gradient centrifu- 
gation (Section 4.3) and has the same advantage, namely that the 
fractions can be characterized by several different chemical or physi- 
cal methods. Because chromatography columns can be made to carry 
large loads, these analyses can be more comprehensive and more 
easily performed than is often the case with the comparatively small 
fractions that are isolated from a gradient. However, a far better 
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resolution (by density) can be obtained on the gradient than on the 
column (by particle size). Moreover, the practising student of lipopro- 
teins is more likely to be constrained by lack of material than to be 
free to avail himself of the potentially large capacity of the 
chromatography column. Another disadvantage of the chromatogra- 
phic analysis lies in the difficulty of making a quantitative estimate 
of the particle size of each lipoprotein fraction. Consequently, the 
dispersion is more often than not referred to some arbitrary variable 
such as elution volume or fraction number. Nonetheless, valuable 
information on the dispersion of the chemical properties of the 
lipoprotein can be obtained in this way, as is exemplified in Fig. 3.1. 

Prepare a chromatography column of a size appropriate to the 
amount of lipoprotein to be analysed and run it as described in the 
previous section. Collect the eluate in fractions which can be analysed 
by the methods described in Chs. 4-6. 

4.5. Electron microscopy 

As we have pointed out in Chapter 3, the characterisation of lipopro- 
teins by electron microscopy is open to the objection that the particles 
observed are denatured and probably give little information about the 
real lipoprotein. This may not apply to the freeze-etching technique 
that has been developed by Gulik-Krzywicki et al. (1979), but ex- 
perience with this method is at present limited. Nonetheless, electron 
microscopy can sometimes be of value for the detection of certain 
abnormal lipoproteins that form discs rather than spheres, e.g. lipo- 
protein-)< (Hamilton et al., 1971). It can also be used to demonstrate 
the absence of particles outside chosen size limits. 

However, the shape and size of the spherical particles can only be 
judged from free-standing examples that have been freshly isolated. 
In crowded fields that have been negatively stained, the particles 
frequently form what appears to be a tesselation of polygons and, as 
the specimens age, there is also a tendency to form random agglomer- 
ates. This is particularly noticeable with the VLDL, which can only 
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be successfully stained for microscopy when they are freshly isolated 
from the plasma. If this precaution is not observed, the field will 
contain clumps of misshapen particles and, in extreme cases, 
amorphous deposits. The LDL and HDL lose their integrity more 
slowly, and will give satisfactory preparations for up to two or three 
days after their isolation. But it must be remembered that some of this 
period will be consumed in dialysing the sample in preparation for its 
transfer to the support grid. Loss of integrity in the case of LDL is 
often signalled by the appearance of chains of rather flattened par- 
ticles which are followed, as the sample deteriorates, by larger clumps 
of these deformed particles. This behaviour is presumably related to 
the aggregation that is seen with the naked eye in samples that have 
been stored for a long time. 

The study of lipoproteins by electron microscopy was surveyed by 
Forte and Nicols in 1972 and the following summary is largely based 
on the techniques used by these authors. 

Equipment and materials. We shall assume that the basic equip- 
ment and expertise for transmission electron microscopy are avail- 
able. Details of the procedure will be found in Forte, Nichols and 
Glaeser (1968). The following solutions are required: 
Ammonium acetate buffer: 9.31 g of ammonium acetate 

0.23 g of ammonium carbonate 
0.5 g of disodium EDTA 
water to 1 litre; adjust to pH 7.4 

1.0 g of sodium phosphotungstate 
water 50 ml; adjust to pH 7.4 

Sodium phosphotungstate solution: 

Use double distilled water to prepare this reagent and filter it through 
a 0.8 p membrane filter immediately before use. 

Sample grids. 300 mesh copper grids, coated with Formvar and 
supported with carbon. According to Kunitake et al. (1978), it is 
advantageous to allow the prepared grids to age for at least 6 months 
at room temperature before use. This is said to improve the uniformi- 
ty with which the lipoprotein particles spread on the surface. Howev- 
er, grids that are stored in this way may become fragile and tend to 
disintegrate in use. 
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fig.  4. IA. Freshly prepared LDL visualised by negative-staining electron microscopy 
(courtesy of Dr. M.J. Chapman). 

Procedure. Isolate the lipoproteins in the usual way, and dialyse 
them against de-aerated ammonium acetate buffer at 4°C for 24 
hours, preferably under N,. In our experience, the final concentration 
of lipoprotein that is recommended by Forte et al. (1968) is too high 
by a factor of about 10. Better results are obtained if the concentration 
of the dialysed lipoprotein solution is adjusted to  about 0.4 mg 
lipoprotein/ml. The simplest way of transferring the sample to the 
grid is to mix 25 ~1 of the lipoprotein solution with 25 pl of sodium 
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Fig. 4.1B. Aged L.DL, showing the clumping that is characteristic of particles 
whose integrity is impaired (courtesy of Dr. M.J. Chapman). 

phosphotungstate solution in a small tube. Use a capillary pipette to 
deposit a small drop of the mixture onto the grid and allow it to stand 
for about 60 sec. Then remove the excess fluid by touching the edge 
of the grid with the tip of a triangular slip of filter paper. Allow the 
grid to dry at room temperature and examine it immediately in the 
microscope. 
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The procedure used by Hamilton et al. (1971) is slightly more 
complex, but is thought by some to give more uniform preparations 
of isolated particles. In this technique the stain is added to the 
lipoprotein on the grid, as follows: add a drop of lipoprotein solution 
to the grid, stand for 15 sec and then remove the excess fluid with filter 
paper. Immediately add a drop of phosphotungstate solution, stand 
for 15 sec and remove the excess as before. When the grid is dry, 
examine it in the conventional way. 

To determine the apparent particle size distribution in a lipoprotein 
sample, take photographs of fields in which the particles are mostly 
free-standing. The edge-to-edge diameter of at least 200 isolated 
particles should be determined, on the negative, using a comparator 
capable of measuring to at least 0.05 mm. The microscope can be 
calibrated by any of the conventional procedures, e.g. by observations 
on a shadowed carbon replica of a diffraction grating. 



CHAPTER 5 

Electrophoretic analysis of intact lipoproteins 

In this chapter we shall be concerned with electrodynamic methods 
for the separation and characterisation of lipoproteins, both in their 
native plasma and as isolated preparations. 

The electrical properties of the lipoproteins are like those of simple 
proteins. They have an isoelectric point at about pH 5 .5 ,  above which 
they are negatively charged. These properties have been made the 
basis of several different methods of analysis by zone electrophoresis. 
The first of these to be developed uses paper as a support and can 
resolve the plasma lipoproteins into four main populations of par- 
ticles. The two main classes, the a- and &lipoproteins, have mobilities 
approximately the same as those of the plasma a- and j3-globulins. 
A third class, the pre-p-lipoproteins, has a slightly higher mobility 
than the j3-lipoproteins, but is barely resolved from them. The very 
large chylomicron particles do not migrate, and form a band at the 
origin. The sharpness and resolution of these bands of particles was 
later improved by the introduction of cellulose acetate and agarose 
gel as support media and, of these, agarose is now considered to give 
the best results. 

In all these procedures, the analysis is performed on a thin strip of 
the support and the lipoproteins are located by staining with a 
fat-soluble dye. These simple methods are particularly well suited to 
the clinical laboratory, where the demand is for a quick analysis of 
plasma that will decide whether it contains an abnormal lipoprotein 
or an abnormal distribution of lipoproteins. However, their poor 
resolution and the insensitivity of the staining process, not to mention 
the difficulty of making reliable measurements of mobility, make 
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them much less useful for characterising isolated lipoprotein 
fractions. For this purpose immuno-electrophoresis is better as a 
means of detecting contamination with plasma proteins or, for ex- 
ample, the contamination of P-lipoprotein with a-lipoprotein. This 
technique is also valuable for the study of the distribution of different 
apo-lipoproteins among the lipoprotein particles. However, its ability 
to resolve the lipoproteins is reduced, by comparison with that of 
simple zone electrophoresis, by the diffusion that precedes the immu- 
no-precipitation. A much superior resolution can be obtained on 
polyacrylamide gel, particularly on gels of graded pore size. This 
technique will resolve both the a- and the 6-lipoproteins into three or 
four components and thus provides a measure of their heterogeneity. 
It is potentially the most useful for characterising isolated lipopro- 
teins, despite its essentially non-quantitative nature. Nonetheless, 
each method of electrophoresis has its own distinct sphere of utility. 

The practice of electrophoresis as used for the analysis of lipopro- 
teins does not differ in its essentials from that used for other plasma 
proteins. It is usually possible to use the same equipment. However, 
because the concentration of the lipoproteins is relatively low, it is 
usually necessary to use more plasma than would be needed for a 
conventional analysis of the proteins. In the sections that follow, we 
shall confine ourselves largely to a description of the technical 
features that are peculiar to, or are particularly important for the 
electrophoresis of lipoproteins. Descriptions of the general principles 
of zone electrophoresis and of the different types of equipment 
available may be found in numerous textbooks, e.g. Smith (1976). 

5.1. Preparation of samples 

The preparation and storage of plasma is discussed in Appendix 1. 
In the context of electrophoresis, it is particularly important that the 
plasma should be fresh and that it is never frozen. The period for 
which the plasma may be stored before analysis may depend on the 
purpose of the analysis. For the greatest resolution, it should be no 
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more than a few hours. However, it is possible to identify the 
hyperlipoproteinaemias using plasma that has been stored at 4 "C for 
2 or 3 days. It is advantageous to add EDTA to a final concentration 
of 2.5-5.0 mM. This reduces the oxidation of the lipoproteins and 
improves the sharpness of the bands. The EDTA may either be used 
as an anti-coagulant, or may be added to serum after it is recovered 
from the clot. 

It is questionable whether plasma or serum is the better starting 
material. On balance, the fact that the analysis can be started more 
promptly when plasma is used may outweigh the disadvantage that 
fibrinogen is present. 

So far as isolated lipoproteins are concerned, it should be noted that 
they usually migrate rather faster on electrophoresis than they do 
when run in their native plasma. The reason for this change in 
electrical properties is not certain but may result from oxidation or 
other damage during the isolation process. It is therefore important 
to take the precautions described in Ch. 2. 

5.2. Electrophoresis on paper 

According to Hatch and Lees (1968) the best results are obtained with 
the Durrum type of equipment (Williams et al., 1955) in which the 
paper strip is suspended in the form of an inverted V. However, 
excellent results can also be obtained with modern designs of appara- 
tus in which the strips are stretched horizontally. These may be more 
troublesome to set up than the Durrum type, but have the advantage 
that their volume is smaller and equilibrium is more easily achieved. 
No matter what apparatus is used, it must be on a level surface, away 
from draughts and in a position of approximately uniform, constant 
temperature. In the Durrum apparatus it may help to maintain a 
uniformly saturated atmosphere if filter paper moistened with buffer 
is fixed inside the ends of the cover. 

In the following sections we shall assume that commercially avail- 
able equipment will be used, and that it will be set up and operated 
in accordance with the maker's instructions (cf. Smith, 1976). All the 
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equipment must be kept scrupulously clean and free from deposits or 
growths. Do not allow salt deposits to accumulate; in some equipment 
it is possible for this to lead to a short circuit of the power supply. 

Electrolyte solution. Although the pH of the electrolyte buffer is 
almost invariably quoted as 8.6, the compositions recommended 
often vary quite widely. The following recipe is typical, but it may be 
found that a small change in the quantity of barbituric acid will 
improve the resolution obtained with particular equipment or con- 
ditions. Some workers also use the electrolyte at 50% of the following 
concentration. 
Buffer solution: Sodium diethyl barbiturate 20.6 g 

Diethylbarbituric acid 3.68 g 
Disodium EDTA 0.372 g 

Dissolve the sodium barbiturate in 500 ml of cold distilled water, and 
the diethylbarbituric acid in about 150 ml of warm water. Mix the two 
solutions, add the EDTA and make up to 1 .O litre. If necessary, adjust 
the pH to 8.6 with HC1 or NaOH. Immediately before use, add 10 
g of bovine serum albumin (Fraction V) to each litre of buffer. 

Albumin is added to the buffer to improve the separation and 
sharpness of the bands. However, samples of albumin from different 
suppliers may not be equally effective. Hatch and Lees (1968) say that 
human albumin gives the best results. In their opinion, bovine 
Fraction V is unsatisfactory as it is normally supplied but will give 
better results if it is treated with charcoal as described by Chen (1967). 
By contrast, other writers have recommended bovine albumin but it 
is not always clear whether they have used the charcoal treatment. If 
experience suggests that a particular brand of albumin may require 
this treatment, it can be carried out as follows: 

Dissolve 10 g of albumin in 100 ml of distilled water at 23 "C. Mix 
in 5.0 g of activated charcoal (e.g. Norit) and lower the pH to 3.0 by 
adding 0.2 N HCI. Stir for 1 hour at 0°C and then remove the 
charcoal by centrifugation at 2 "C.  Finally, raise the pH to 7.0 with 
0.2 N NaOH. When the albumin is added in this form, an appropriate 
adjustment should be made to the volume of the barbiturate buffer, 
to allow for dilution. 
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The resolution of freshly made electrolyte is often poor but im- 
proves after a few runs. This situation can be remedied by using old 
electrolyte to moisten the strips before putting them into the tank. The 
electrolyte may be used for several runs provided that the polarity of 
the electrodes is reversed each time. 

Preparation of the paper. Whatman No. 1 filter paper is widely 
used and gives good results but any filter of equivalent quality can 
be used. Larger amounts of lipoprotein can be applied to Whatman 
3MM paper but the resolution may then be reduced. 

Cut strips of paper to the size recommended by the makers of the 
electrophoresis tank. Mark the point at which the sample is to be 
applied, lightly, with a pencil. This will be in the centre of the strip 
if the Durrum apparatus is used, but about 25% of the distance from 
the cathodic end if the strip is run horizontally. Write the sample 
identification at one end of the paper. If the tank is of Durrum design, 
suspend the strips in place and moisten the paper with electrolyte from 
a pipette. Replace the lid and allow the system to equilibrate for at 
least 1 hour before applying the samples. If the tank is of the 
horizontal design, dip the strips into electrolyte and blot off the excess 
with clean filter paper. Then stretch them over the supports in the 
tank; it is essential that they do not sag in the middle. Close the 
apparatus and allow it to equilibrate. 

Whatever form of tank is used, it is important that there is good 
contact with the electrolyte. If intermediate wicks are used, they must 
be clean and of adequate thickness and there must be no air bubbles 
between the wick and the paper strip. Ensure too, that the level of 
the buffer in the two electrode compartments is the same by connect- 
ing them briefly with a syphon. 

Application of samples. Plasma is applied to the line marked on 
the strips, without removing them from the tank, at the rate of 8-10 
pl/cm. If the presence of a ‘Type 111 hyperlipoproteinaemia’ is 
suspected, it will be necessary to isolate the fraction of density less 
than 1.006 g/ml by ultracentrifugation (Section 2.1.1) and to analyse 
both this and the complementary fraction by electrophoresis, in 
parallel with the original plasma, on the same paper strip. Apply 10 
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pl of the infranatant and 20 pl of the supernatant per cm. In general, 
isolated lipoprotein fractions can be analysed satisfactorily provided 
that they are dissolved in 0.15 M NaCl or in the electrolyte buffer. 
The solution applied to the strip should contain about 5 mg/ml of 
lipoprotein and should be used at the rate of 8-10 pl/cm. 

With care, the sample can be applied directly from a micro-pipette 
(e.g. a Micro-cap; Drummond Scientific Co.) but it is important to 
avoid scuffing the surface of the paper. This difficulty can be avoided 
by using one of the commercially available applicators, which have 
the added advantage that they not only require less skill but also apply 
the solution more uniformly. The essential part of the applicator is 
a grooved plastic strip, or a pair of parallel wires that hold the sample 
by surface tension. Use a micro-pipette to load the applicator with the 
required volume. Then transfer the sample to the surface of the damp 
paper, allowing time for the completion of the process. In tanks of 
the horizontal design, the pressure of the applicator may displace the 
paper. This can be avoided by stretching a nylon thread across the 
tank below the point of application. In any event, check that the paper 
is still taut after the sample has been applied. Clean the applicator 
before using it again. (Note: Some makes of tank have slots cut in 
the cover through which the applicator can be inserted. This makes 
it unnecessary to remove the cover and disturb the atmospheric 
equilibrium. The slots are normally covered strips of adhesive tape. 
If there are several of these strips, only a short length of the slot need 
be open at any one time.) 

Electrophoresis. Start the run as soon as possible after the samples 
have been applied. Any regulated supply of D.C. current can be used 
provided it has an adequate power rating. Remember to reverse the 
polarity of the electrodes at each run. The best results are obtained 
with a constant voltage power supply, though a constant current 
system can be used if the voltage is adjusted during the early part of 
the run to compensate for the increase in resistance that occurs. The 
optimum conditions for each set of equipment will depend on its 
configuration and on the local conditions, and must be determined 
by experiment. Do not pass too high a current, as the strips will 
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overheat and this will cause the bands to migrate unevenly. As a guide, 
the voltage should be adjusted to give a current of 0.1-0.15 mA/cm 
of strip, which should be continued for 16-18 hours. 

Staining. At the end of the run, switch off the power and remove 
the strips without delay. Dry the papers in an oven at 80-90 "C for 
about 20 min. Do not overheat, as this may reduce the uptake of stain 
by the lipoproteins (Hatch and Lees, 1968). Then suspend the strips 
in a bath of stain (Appendix 4); do not allow them to stick to each 
other or they will stain unevenly. The optimum duration of the 
staining process is highly dependent on local laboratory practice and 
must be determined by trial. Even for the same dye, different authors 
recommend periods that may range from 1 to 8 hours. As a guide, 
we suggest the following procedures (note that the staining time can 
be reduced if the bath is agitated): 

Oil Red 0. Remove the strips from the bath (which should be 
maintained at 37 "C) after about 1.5 hours, wash them in running tap 
water for 1 min, then blot them and hang them to dry at room 
temperature. 

Sudan Black. Stain for about 30 min at room temperature. Remove 
the strips from the bath, wash briefly in 50% ethanol and then in 40% 
ethanol until the background is almost white. 

5.3. Electrophoresis on cellulose acetate membranes 

In this system, the bands of lipoprotein are sharper than those 
obtained on paper and, because they are adequately resolved after a 
much shorter migration, the analysis can be completed more quickly. 
However, the resolution is still not quite so good as that in agarose 
gel, and the membranes are more difficult to de-stain than either 
paper or agarose. There is consequently little incentive to use this 
system for lipoprotein analysis except in the clinical laboratory, where 
its speed makes it more attractive than paper electrophoresis and the 
higher cost of agarose gels may be more than enough to offset their 
marginally better performance. It is interesting to note, in this con- 
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text, that the cellulose acetate method was considered to be unsuitable 
for the routine screening studies of the Lipid Research’ Clinics Pro- 
gram of the American National Institutes of Health. 

The equipment used for electrophoresis of lipoproteins on cellulose 
acetate is of the conventional ‘horizontal’ type and is widely available 
commercially. The technique used is similar to that for electrophoresis 
on paper (Section 5.2) and we shall confine ourselves to a description 
of the points of difference. 

Electrofyte solution. Use the solution given in Section 5.2 at half- 
strength, i.e. 0.05 M; albumin may be omitted. 

Preparation of the membrane. Strips of cellulose acetate intended 
for the analysis of a single sample are typically about 15 cm long by 
2.5 cm wide. Alternatively, several samples can be applied to a sheet 
15 cm x 7.5 cm. Mark the positions at which the samples are to be 
applied as in Section 5.2. If a large membrane sheet is used, leave a 
space of 4 mm between each sample and at least 1 cm to the edge of 
the sheet. Then float the membranes on fresh electrolyte for at least 
5 min. Do not plunge them into the solution as this may trap air within 
the pores. When they are thoroughly wetted, remove the membranes 
with forceps and blot off the excess buffer with clean filter paper. 
Position the moistened strips in the tank, making sure that they do 
not sag in the middle, and equilibrate for at least 1 hour. 

Application of samples. Apply 2 p1 of plasma (or its equivalent in 
isolated lipoprotein) across a streak 5 mm long, as described in Section 
5.2. 

Electrophoresis. Do not exceed a current of 0.5 mA/cm of mem- 
brane. The analysis should be complete after 30-60 min, when the 
migration will be about 2.5-3.0 cm. Remove the strips promptly after 
switching off the current but be careful that the electrolyte does not 
swill across them while doing so. 

Staining. The methods used for staining paper strips do not always 
work so well with cellulose acetate. This seems to be due to differences 
in the manufacture of the various brands of acetate, some forms being 
less troublesome to destain than others. Chin and Blankenhorn (1968) 
used Sepraphore I11 membranes (Gelman Sciences Inc.) which they 
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stained with Oil Red 0, and were apparently able to de-stain by 
washing in water. On the other hand, Fletcher and Styliou (1970) used 
the same membranes but found it desirable to bleach the background 
as follows: 

Transfer the damp strips from the electrophoresis tank to a bath 
of Oil Red 0 at 37 "C (Appendix 4), taking care that they do not stick 
together. After 18-24 h, remove the strips and wash them with water. 
The background can then be decolourised by judicious treatment with 
a solution that contains 0.025% sodium hypochlorite in 5% acetic 
acid (household bleach will do). The duration of this process will 
depend on the intensity of the residual stain, and may take several 
minutes. Finally, wash the strips thoroughly in 5% acetic acid follow- 
ed by water. Blot off excess liquid and dry between sheets of filter 
paper under a weight to keep the membrane flat. 

Colfs and Verheyden (1967) used Cellogel membranes (Chemetron) 
as the supporting medium and located the lipoproteins by staining 
with Sudan Black. To reduce the background staining to a tolerable 
level, they deacetylated the membranes after the electrophoresis by 
dipping them into 33% KOH for 20 sec before transferring them to 
the staining bath. However, the timing of this de-acetylation is very 
critical and Berends et al. (1972) found it better to use a mixture of 
5% NaOH solution and 96% ethanol in the proportions 7:6 by volume 
as a combined fixing and de-acetylating bath. After soaking in this 
reagent for 5-10 min, the strips are then stained for 2.5-3 h in a 
saturated solution of Oil Red 0 in 60% ethanol. 

An alternative method of location that avoids the difficulties asso- 
ciated with the dyes is the ozone-Schiff procedure that was proposed 
by Kohn (1961) (Appendix 4). 

5.4. Electrophoresis in agarose gel 

This method, which was originally proposed by Noble (1968), is faster 
than electrophoresis on paper and has relatively good resolution, but 
it requires the daily preparation of gels. This disadvantage can be 
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overcome by the use of commercially available ready-made gels, on 
plastic slides that can be put directly into the electrophoresis tank (e.g. 
Biogram A: Bio-Rad Laboratories Inc. or Universal Electrophoresis 
Film: Corning Medical). These give good results and are more easily 
stored than home-made gels, but are expensive. 

Those who must perforce prepare their own gels need to be aware 
that some brands of agarose give better results than others and that 
it may be prudent to buy a good stock of a batch that works well. 
Moreover, highly purified agarose does not give such good sepa- 
rations as preparations that are rather less pure. It is then necessary 
to adopt the subterfuge used by Noble (1968) and add a small amount 
of agar to the agarose. This is the procedure that we shall describe. 
However, the ratio of agar to agarose may need slight adjustments 
if different brands are used. 

The mechanical strength of the gel may also vary from brand to 
brand and can play a part in deciding the concentration of agarose 
to be used. Values ranging from 0.5 to 1.2% have been quoted by 
different sources. 

The practice of adding albumin to the gel is also variable: some use 
it, others do not. In our experience, it is more important to find the 

Normal 
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Fig. 5.1. A schematic representation of the distribution of plasma lipoproteins as 
revealed by electrophoresis in agarose gel. The diagrams show the approximate relative 
intensities of the stained bands in the hyperlipoproteinaernias of the Fredrickson 

classification. 
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appropriate mixture of agarose-agar, the addition of albumin will 
then affect the analysis of plasma or serum to only a small extent. For 
the analysis of isolated lipoproteins however, albumin should be 
present. 

Materiafs. Although it is possible to prepare gels on glass plates e.g. 
microscope slides, these are expensive and cumbersome to store. It has 
therefore become common to use plastic film that can be cut into 
strips or sheets like paper. The material used is Cronar, clear base, 
0.004 inches thick, which is manufactured by E.I. du Pont de 
Nemours and Co. Inc. 

Reliable preparations of agarose can be obtained from several 
makers, including the following: Pharmacia Fine Chemicals AB, 
Bio-Rad Laboratories Inc., Industrie Biologique Franqaise S.A. and 
Serva Feinbiochimica. 

Electrolyte solution. Use the buffer described for paper electro- 
phoresis (Section 5.2) diluted with an equal volume of water. Do NOT 
add albumin. 

Preparation of plates. If Cronar film is to be used, cut pieces of 
the required size and flatten them, if need be, by warming on a glass 
plate at 80-85 "C. To simplify the handling of the film during the 
coating process it is worth-while to stick it to a glass plate with a few 
drops of water (Noble, 1968). The plate, which may be warmed to 
retard the setting of the gel, must be placed in a level surface. 

If glass plates are used as a base for the gel, they must be scru- 
pulously clean and must also be set on a level surface. Microscope 
slides can either be coated individually, or six at a time in plastic 
frames that are made for the purpose (Gelman Sciences Inc.). Both 
plastic film and glass slides can be labelled with a felt-tip using a spirit 
based ink. Alternatively, a more permanent mark can be made with 
a diamond pencil. 

The following procedure is essentially that of Noble (1968), which 
has given good results in our hands. Weigh 0.4 g of agarose (Bio-Rad 
Standard, Low m,) into a flask and add 40 ml of electrolyte solution. 
Into a second smaller flask or tube, weigh 0.1 g of agar (Difco Noble 
Agar) and add 10 ml of electrolyte. Warm both flasks in a water bath 
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at 80-90 "C with occasional agitation until the solids are dissolved. 
Add the agar solution to the agarose and cool the mixture to 45 "C. 
If albumin is to be included, add 1 ml of a 25% solution of bovine 
serum albumin (Fraction V) in 0.15 M NaCl. Keep the mixture at 
45 "C. (N.B. it is permissible to re-melt agar solutions but not agar- 
ose). 

The layer of gel on the slide should be as thin as is practicable i.e. 
0.75-1 .O mm, which is equivalent to spreading 0.75-1 .O ml of agarose 
solution on 10 sq.cm of slide. In any event, do not exceed a thickness 
of 1.5 mm. 

If glass slides are used, first smear them with 1 of 2 drops of 
half-strength agarose-agar and allow them to dry, preferably over- 
night. This step will improve the adhesion of the full-strength gel and 
is not necessary when Cronar film is used. To apply the gel, warm 
a pipette by drawing hot water into it several times and then pipette 
the appropriate amount of agarose-agar on to the slide or sheet. 
Spread the solution over the surface with the tip of the pipette to 
within 1 .O cm of the ends. After a moment or two, but before the gel 
sets, place short lengths (5-15 mm) of thin steel rod (1.0-1.5 mm 
diameter) across the gel at the points where the sample is to be applied, 
e.g. about 20 mm from the end of a microscope slide. Pieces cut from 
thin nails will do well, if they are coated with a thin film of silicone 
grease before use and are kept scrupulously clean and dry afterwards. 
After the gel has set, remove the rods with a magnet to leave a 
slit-shaped well. If several wells are to be made in a large slab of gel, 
it is convenient to use a plastic comb with prongs 1.0-1.5 mm thick 
and of appropriate width, that are about 4 mm apart. The teeth of 
this comb are pressed into the layer of molten gel and removed when 
it has set. The gels should be allowed to mature, in a humid chamber 
at room temperature, for at least three hours before use. Discard after 
24 hours at room temperature, or after 5 days if the gels are stored 
in a closed vessel at 4 "C. 

Application of samples. Instal the slabs of gel in the electrophoresis 
tank before adding the samples. Wicks of thick filter paper can be 
used to make contact between the gel and the electrolyte, but wicks 
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that have a much longer life can be made from dress-maker's non- 
woven interfacing (e.g. Vilene). Make sure that there are no bubbles 
between the wick and the agarose, and that there is close contact 
across the whole width of the gel. When all the gels and wicks are in 
place, close the tank and allow the system to equilibrate, without 
passing a current, while the samples are prepared. 

It is usual to fill the sample wells with a mixture of the lipoprotein 
solution with agarose, but this is not essential (Johansson, 1972). A 
rectangular slot 10 mm x 1.0 mm in a gel 1.0 mm thick requires 10 
pi of sample, but a similar well made with a 1 .O mm diameter rod may 
hold only 6-7 P I .  It is important that the wells are not filled to 
overflowing, or that bubbles are formed. This can be avoided if 
calibrated micro-pipettes are used, as follows: 

Take a capillary pipette (e.g. Microcap; Durrum Scientific Co.) of 
a size larger than is necessary i.e. a 20 pl pipette if the well is to hold 
10 pl of sample. Mark it at the point that defines the desired volume 
when measured from the top of the capillary, i.e. 10 p1 in this 
example. Prepare plenty of these capillaries in advance and keep them 
in a tube that is mounted in the water bath at 45 "C.  

To prepare the sample gel, use a piston type repeating pipettor with 
disposable plastic tips to transfer 20 pl of the solution to be analysed 
to a small tube in the water bath at 45°C. Add 20 PI of agarose 
solution and mix. Fill one of the marked capillaries with this mixture 
and promptly express it into the sample well until the meniscus reaches 
the mark. (It is convenient to reserve one slide for a control sample 
to which a trace of bromphenol blue is added. This allows the progress 
of the run to be followed). 

Electrophoresis. This is performed in essentially the same manner, 
and with the same precautions as for horizontally run paper strips 
(Section 5.2). If the recommended concentration of electrolyte is used, 
the current that can be passed will be determined mainly by the 
thickness of the gel. If it is too great, the gel will tend to melt and 
irregular bands will be formed. A current of 2-3 mA/cm is usually 
satisfactory and should be continued for 45-90 min according to the 
length of the gel. 
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At the end of the run, switch off the current and remove the gels 
from the tank. Fix the lipoproteins by immersing the gels in a bath 
of 2'70 trichloracetic acid for 30 min, and then wash for 30 min in 
distilled water. Cut strips of Whatman 3MM filter paper (or its 
equivalent) the same size as the gels, moisten them and press one 
gently on to each slide, making sure not to trap any air bubbles. Dry 
overnight at room temperature, or for about 20 min in an oven at 
80-85 "C.  It is undesirable for Cronar sheets to come into contact with 
the hot shelf of the oven and the N.I.H. Lipid Research Clinics 
manual (1975) recommends that they are placed on a pad of paper 
towelling. 

Staining. If it is necessary to stain a very large number of gels on 
plastic film, it may be worth using the rotating dye-rack described by 
Noble (1968). With this equipment, the time taken to stain to an 
acceptable intensity can be significantly reduced. For example, Sudan 
Black may take up to one hour and Oil Red 0 may take up to 2 hours 
(Appendix 4). In most laboratories however, it is feasible to immerse 
the slides in a static dye-bath for a longer time e.g. up to 6 hours in 
the case of Oil Red 0. As when staining paper strips, care must be 
taken to ensure that the gel slides to not make contact, or some will 
be masked from the action of the dye. To avoid this, it may be 
desirable to use a rack like those used for the staining of microscope 
slides in histology. 

When the staining is judged to be complete, remove the slides from 
the bath and wash them in running water (if Oil Red 0 was used) or 
in 50% ethanol (if Sudan Black was used). Rub the surface of the gel 
gently with a finger to remove dye that is deposited on the surface: 
it is as well to wear a disposable glove when doing this. The back of 
the slide can be cleaned with a tissue moistened with ethanol. The 
background should be perfectly clear and colourless. 

5.5. Electrophoresis in polyacrylarnide gel 

The method of 'disc' electrophoresis in polyacrylamide gel was used 
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to analyse lipoproteins soon after its description by Davis (1964), at 
first with indifferent results. In later developments however, better 
use was made of the fact that the permeability of the gel can be 
adjusted to add a controlled degree of molecular sieving to the process 
of separation. This allows each of the main lipoprotein classes to be 
separated into several components. Under favourable conditions, a 
dozen or so lipoprotein fractions may be detected in plasma by this 
method and, although their electrophoretic mobility cannot be 
measured accurately, the technique is still one of the best for the 
qualitative physico-chemical characterisation of a lipoprotein prepa- 
ration. Unfortunately, it is not easy to recover the intact lipoproteins 
from the gel after the electrophoresis and it is therefore difficult to 
identify the sub-fractions by their chemical properties. However, it 
is possible to cut out small sections of the gel that contain a single 
lipoprotein band and to analyse its apo-lipoprotein content by immu- 
no-diffusion (Section 6.5). 

The equipment for electrophoresis on polyacrylamide gel is describ- 
ed in detail in many sources, e.g. Davis (1974) and Smith (1976). 
Moreover, there are many manufactures of the relevant equipment, 
both for electrophoresis in tubes or in slabs of gel, which is often 
supplied with detailed operating instructions. Whatever make is chos- 
en, it is desirable that there should be provision for cooling the gels 
during the analysis. 

As with other electrophoresis techniques, the practicalities of the 
polyacrylamide method vary in detail in different laboratories, as can 
be exemplified by the practice of de-aerating the monomer solutions. 
In some laboratories this is apparently not done, whereas others 
de-gas exhaustively in vacuo. The presence of oxygen in the solutions 
inhibits the polymerisation reaction and its judicious removal not only 
contributes to the reliability of the gels, but can also be used to give 
a measure of control over the rate of the reaction. It is not our purpose 
to describe the technique in detail, those to whom the method is new 
should consult one of the many comprehensive texts on this subject 
(Gordon, 1975; Maurer, 1971; Shore et al., 1980; Edelstein and 
Scanu, 1980). The following sections will therefore be restricted to 
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finer points which are applicable to the electrophoresis of both 
lipoproteins and apo-lipoproteins (Section 6.4.2). 

5.5. I .  Preparation of acrylamide gels 

Acrylamide is usually caused to form a gel which is cross-linked with 
N,N-methylene bisacrylamide. However, other cross-linking agents 
can be used if a gel of different properties is required e.g. N,N-bis- 
acrylylcystamine or N,N-diallyltartardiamide will form gels that can 
be re-dissolved. Note that the total concentration of monomer used 
to make a gel is reported as a percentage, i.e. g/100 ml of the 
monomer solution. The concentration of the cross-linking agent is 
reported as a percentage of the total monomer present. 

Hazards in the use of acrylamide monomer. It may not be suf- 
ficiently well known that acrylamide and bisacrylamide are highly 
toxic substances. The following warning is taken from the Bulletin of 
the Safety Office of the National Institutes of Health, January 1971. 

‘Acrylamide monomer is a neurotoxin and should be handled 
accordingly. Care should be taken to avoid skin contact, and mouth 
pipetting of solutions should be avoided. If any is spilled on the skin, 
immediately wash the area in running water and then soap and water. 
The acrylamides produce unusual neurotoxic effects. The disease 
syndrome is characterised by incoordination, ataxia (irregularity of 
muscular action), and weakness in the extremities (particularly the 
legs). Initially the complaints are drowsiness, fatigue and tingling in 
the fingers. The principal complaint is stumbling with a sense of 
unsteadiness. The mechanism is not clearly understood since no 
histological effects are seen in the nervous system. These effects can 
be produced by all routes of entry: oral, skin contact and inhalation’. 

The gels used for analytical electrophoresis (or for isoelectric fo- 
cussing) can be cast in three forms: 

(a) Gel rods of 4-6 mm diameter by up to about 100 mm long which 
are cast in individual tubes. These are widely used for analytical 
electrophoresis. They are easily made and the equipment will usually 
allow from 12 to 18 samples to be examined concurrently. 
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(b) Rectangular slabs of gel, several mm thick, which are cast 
between two glass plates and mounted vertically for the analysis of 
several samples simultaneously. This configuration facilitates the 
comparison of the samples and the density of the stained gels. 

(c) Thin layers of gel cast on glass plates or plastic film. These are 
economical of material and make the comparison of different samples 
easy, but there is little experience of their use for the analysis of 
lipoproteins or apo-lipoproteins. 

All these gel preparations are available commercially but these pro- 
ducts are not usually of low enough concentration for the analysis of 
intact lipoproteins. 

The laboratory method of casting gels in glass tubes is uniform, 
varying only in the number and composition of the superimposed gel 
layers. It is preferable to  use the precision bore glass tubes that are 
sold for this purpose, since the resulting uniformity of voltage 
gradient and power dissipation in the tubes helps toward achieving 
reproducibility of resolution. Nonetheless, laboratory tubing can, if 
necessary, be cut to the appropriate lengths. To prevent these home- 
made tubes being confused with the precision bore type, they may be 
cut to a different length. 

The tubes must always be scrupulously dean and free from grease. 
Before each use they should be soaked in chromic acid, rinsed 
exhaustively with distilled water and then steeped for 10 min in 0.1% 
Triton X-100 (v/v). They should then be drained and dried at 110 "C. 
The manufacturers of equipment for electrophoresis often supply 
small plastic caps with which to close the ends of the tubes before they 
are filled. However, a double thickness of Parafilm well sealed to the 
glass, may be preferable since there need be no risk of damaging the 
gel by suction when it is removed. Fix the required number of these 
tubes in a rack, with their closed ends downwards, as near to the 
vertical as possible. Then transfer the necessary amount of the reagent 
mixture which is to form the separating gel into each tube as quickly 
as possible, while ensuring that no air bubbles become trapped. This 
operation is easily and reproducibly carried out with an air-displace- 
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ment pipette. When the reagent has been added to every tube, each 
one must be gently overlayered with water to a depth of 3-5 mm to 
suppress the meniscus. This is most easily done by touching single 
drops of water, from a syringe with a 25 gauge needle, against the side 
of the tube 1-2 cm above the monomer mixture. In this way the water 
can be made to flow down the glass and spread over the surface of 
the solution. 

Polymerisation begins as soon as the persulphate catalyst is added 
and will start to become manifest some 30-60 min later as a developing 
translucence of the solution. About 2 hours should be allowed for the 
completion of the reaction, during which time the tubes must not be 
disturbed. The supernatant water layer can then be removed from the 
gels by inverting the tubes and absorbing the fluid with filter paper. 
Be sure to absorb all the water, since any drops that remain will dilute 
the stacking gel. The polymerised gels may be stored at 4°C for 
several days if the tubes are sealed at the top with Parafilm, but note 
that a premature removal to the refrigerator may lead to non-uniform 
gels which contain bubbles. 

Preparation of stacking gel. This must be prepared in the most 
reproducible manner possible if the highest resolution of the protein 
bands is to be maintained. Moreover, it must be prepared immediately 
before the electrophoresis and under no circumstances should tubes 
be stored with the stacking gel already cast. 

Set the tubes in the vertical position and pipette into each one 0.3 
ml of the reagent mixture that is to form the stacking gel, running it 
carefully down the sides of the tubes as before. Again layer each tube 
with 3-5 mm of water. If a persulphate catalyst is used, the gels should 
be ready for use in 30 min. However, if riboflavin is used the 
polymerisation is induced photochemically by irradiation with a tubu- 
lar fluorescent lamp. This should be fixed so that a rack of tubes can 
be set directly beneath it, at a distance of a few inches. The light 
should be able to pass directly down the tubes without travelling 
through the glass walls. Polymerisation will take about 20 min and 
will be seen as an opalescence in the reagent solution. 

Preparation of samples. Electrophoresis or isoelectric focussing can 
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be used to examine either the intact lipoproteins or solutions of their 
apo-lipoproteins, of which the latter often contain protein-denaturing 
agents. Specific details of the methods of sample preparation that are 
particular to an electrophoresis system will be found in the appro- 
priate section. In general however, the sample should contain suf- 
ficient protein to give stainable bands after the analysis i.e. 10-200 
pg depending on the sample and the purpose of the experiment. If the 
apo-lipoproteins are dry, they can be dissolved in the upper electrode 
buffer, to which denaturants such as urea or sodium dodecyl sulphate 
can be added as necessary. The protein sample also contains about 
5 p1 of tracking dye (usually bromphenol blue) to indicate the position 
of the electrophoretic front and a drop of glycerol or 20% sucrose to 
increase its density. The volume of this mixture should be as small as 
is practicable, and should preferably not exceed 200 pl. If a larger 
sample is unavoidable, it is wise to make the volume of the stacking 
gel twice the volume of the sample, and to prepare similar gels for 
reference samples to facilitate the identification of the components of 
the mixture. The sample should contain the lowest practicable concen- 
tration of salt, the equivalent of NaCl of density 1.019 g/ml being a 
workable upper limit. Higher concentrations than this will prevent 
stacking of the proteins and lead to low migration rates and diffuse, 
trailing protein bands. However, some organic ions that are common- 
ly present e.g. acetate or guanidine have less detrimental effects on 
the resolution, although they will necessitate a longer time of electro- 
phoresis. Uncharged denaturing agents such as urea and tetramethyl- 
urea do not interfere in this way, but f3-mercaptoethanol may cause 
small changes in the mobiiity even of proteins that do not contain 
disulphide residues. 

Setting up the equipment. Remove the layer of water from above 
the stacking gels by inversion over filter paper and then carefully 
remove the rubber caps from the bottom of the tubes. If this is done 
negligently, the gels can easily be disturbed by suction. If the tubes 
were closed with Parafilm, this should be peeled away, with the aid 
of a scalpel if necessary. 

In order to achieve the maximum reproducibility, the tracking dye 
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should be allowed to migrate the same distance in each gel in every 
different electrophoretic run. This distance e.g. 80 mm in a 100 mm 
tube, can be marked on the outside of the tube with an indelible 
marker, using two lines drawn on a card as a template. First however, 
wipe the tube clean or the mark may float off in the electrode buffer, 
a difficulty that is not uncommon when sodium dodecyl sulphate is 
present. Then locate the interface between the stacking and the 
separating gels over one line and mark the position of the other on 
the tube. Finally, push the tubes, from below, into their rubber 
grommets in the upper electrode chamber. 

Transfer the prepared sample solutions onto the stacking gels with 
a fine pasteur pipette. Rinse the tube that contained the sample and 
the pipette with a small volume of the upper electrode buffer and layer 
it over the sample. The upper electrode buffer must been be carefully 
superimposed on this until the electrophoresis tube is full. It now only 
remains to fill the lower electrode chamber with buffer, put the upper 
chamber in place and fill it with buffer before starting the electropho- 
resis. In this last operation, be mindful that eddies in the buffer may 
cause the samples to swirl into the layers above them. This mischance 
can be avoided by pouring the buffer slowly and steadily through a 
large plastic funnel, the stem of which is cut off square and is held 
below the surface of the solution. 

After the electrophoresis, the gels must be extracted from their 
supporting tubes. Provided that the tubes were treated with Triton 
X100, this can easily be done with the aid of 21 gauge hypodermic 
needle that is attached to a syringe filled with water. Insert the needle 
between the gel and the glass and then carefully move it sideways 
around the surface of the tube while simultaneously injecting water. 
The detached gel can then be extruded by gently squeezing a rubber 
teat fitted over the end of the tube. Gels of more than 7% concen- 
tration will slide out easily, but those of less than 5% concentration 
are not so rigid and must be handled carefully to prevent them from 
breaking or from distorting. 
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5.5.2. Staining procedures 

Probably no other aspect of lipoprotein analysis is more bedevilled 
by lack of procedural uniformity than the staining of the lipoproteins 
and their application to the acrylamide gel. We shall therefore briefly 
discuss this topic before describing how the electrophoresis is carried 
out. 

Although it is possible to stain the lipoproteins after the analysis 
(Pratt and Dangerfield, 1969), as in paper electrophoresis, it is more 
usual to stain them beforehand with Sudan Black. This procedure 
dates from at least as early as 1955 and has been re-published in a 
bewildering number of modifications. In all of these it is the removal 
of the excess dye that is likely to prove the most tiresome problem. 
The stain consists of Sudan Black in an organic solvent and, when this 
is added to the plasma or lipoprotein solution, much of the dye is 
precipitated. If these particles are not removed, the lipoproteins will 
migrate through the gel in irregular, streaky bands. 

In the earliest procedures, the dye was dissolved in a solvent such 
as ethanol and this example was followed by Frings et al. (1971). 
However, fears that the solvent might cause damage to the lipopro- 
teins led McDonald and Ribeiro (1959) to recommend that propylene 
glycol or ethylene glycol should be used instead. This method, or the 
modification developed by Ressler et al. (1961), is now probably the 
most widely used of those available for pre-staining lipoproteins. 
Nonetheless, these two techniques differ considerably in their proce- 
dural details and there have been many other variants published since. 
McDonald and Ribeiro mixed plasma with a saturated solution of 
Sudan Black in glycol in the proportion 5:1 and allowed it to stand 
for 45 min at room temperature. Ressler et al. used the same stain 
solution but reduced the proportion of plasma to 2:l and stored the 
mixture for at least one day in the refrigerator before analysis. Others 
have raised the proportion of stain to even higher levels and have 
incubated the mixture for various times between 1 and 24 hours before 
removing the excess dye. It is not clear that any of these procedures 
is really superior to the others provided that sufficient time is allowed 
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for the relatively slow transfer of the stain to the lipoprotein. 
The conventional way of removing precipitated particles of dye is 

to subject the stained plasma to a brisk centrifugation before adding 
it to the acrylamide gel. However, Frings et al. (1971) simply added 
both dye and plasma to an activated acrylamide solution that was 
polymerised on top of the stacking gel. Staining therefore took place 
in the pores of the gel, where particles of excess dye were retained 
when the electrophoresis was begun. Subsequently, Naito et al. (1973) 
showed that this procedure could also be used with Sudan Black 
dissolved in ethylene glycol. The use of a sample gel in this way has 
the merit that it not only retains the excess dye, but also makes it 
impossible to disturb the sample layer by the clumsy addition of 
electrolyte. However, Narayan (1975) has pointed out that the pres- 
ence of substances such as glycol or Sudan Black can affect the 
polymerisation of the gel and he believes that more reproducible 
results are obtained when the density of the sample is raised by mixing 
it with a concentrated sucrose solution. In this context, it may be 
noted that the use of a linearly polymerised acrylamide as recom- 
mended by Pratt and Dangerfield (1969) appears to offer little advan- 
tage. 

In general, although there are several different ways of staining the 
lipoproteins with fat soluble dyes and of introducing them onto the 
gel, there seems to be little to choose between them if they are carried 
out with proper care and attention to detail. The procedures described 
in Appendix 4 are based on the technique of McDonald and Ribeiro 
(1959), for which there is evidence that it does not produce artefacts 
(Narayan, 1975). But it may be necessary for each laboratory to make 
adjustments in detail to compensate for variations between batches 
of stain and in local factors such as the average ambient temperature. 

It is worth reiterating however, that in contrast to the debate about 
staining procedures, there is one point in respect of which there can 
be no controversy: plasma samples must always be fresh. 
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5.5.3. Acrylamide gels for lipoprotein analysis 

Three different types of separating gel have been used for this pur- 
pose, namely: 

5.5.3.1. Gel of uniform pore size. This is essentially a 
straightforward application of the method of Davis (1964) with the 
concentration of the separating gel adjusted to take account of the 
large size of the lipoprotein particles. From their careful study of the 
technique, Naito et al. (1973) decided that 3.6% gel gave the best 
results but that concentrations between 3.0 and 4.0% would give an 
acceptable resolution. The procedure used by this group is very like 
the earlier one of Frings et al. (1971), on which our description is 
based. 

The resolution that can be obtained with this system is limited. Both 
Frings et al. (1971) and Naito et al. (1973) were able to separate the 
plasma lipoproteins into the three main classes, and some resolution 
of the B-lipoproteins was occasionally seen. For the analysis of the 
lipoproteins in native plasma therefore, this method has little more 
to offer than electrophoresis in agarose gel and is more tedious to do. 
This limitation arises from the fact that a gel that is permeable enough 
to allow large lipoproteins to penetrate, will not effectively sieve small 
ones. The greatest potential of this technique therefore seems to lie 
in the analysis of isolated lipoprotein fractions, for which the concen- 
tration of the separating gel can be adjusted to give the optimum 
resolution. Even so, although the a-lipoproteins (HDL) can be resolv- 
ed into several components on gels of about 7% acrylamide, it is not 
possible to make a gel that is fully permeable to VLDL. 

Reagents (see Table 5.2). Acrylamide and bisacrylamide should be 
kept in a cool, dry place and used within six months of opening. It 
is advisable to use the products that are specially purified for electro- 
phoresis (Sigma Chemical Co.; Bio-Rad Laboratories Inc.; Pharma- 
cia Fine Chemicals AB; BDH Chemicals Ltd.; Eastman Kodak Co.). 

Procedure. These directions assume the use of 7 mm x 75 mm gel 
tubes, which must be scrupulously clean and free from grease. Bring 
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TABLE 5.2 
Electrolyte solution: 6.0 g of Tris 

28.8 g of glycine 
Water to 1.0 litre. The pH should be 8.3 

~~~ ~ 

Gel reagents Solution 

Tris 
1.0 N HCl 
Acrylamide 
Bisacr ylamide 
TEMED a 

Riboflavin 
Ammonium persulphate 
Sucrose 
Water t o  (ml) 
PH 

~~ ~ ~ 

A B C D E F  G 

36.6 g 5.98 g 
48 ml 48 ml 

15.0 g 10.0 g 
0.4 g 2.5 g 

0.23 ml 0.46 ml 
8.0 mg 

0.14 g 
40 g 

200 100 100 100 100 100 100 
8.9 6.7 

- ~~ 

Solution G should be freshly prepared for each experiment, but the others can be stored 
for up to three months at 4 "C, in the dark. 
a TEMED, N,N,N,N-tetramethylethylenediamine. 

the gel reagents to room temperature. Close the bottom of each gel 
tube (Section 5.5.1) and fix the appropriate number in a stand, 
making certain that they are vertical. Then add the gel reagents as 
follows: 

Separating gel. Mix solutions A, C and G in the proportions 1 : 1 :2 
by volume in a tube or small flask that can be evacuated to a pressure 
of 10-15 mm Hg. Maintain the vacuum for 30-60 sec. Pipette 1.0 ml 
of the mixture into each tube and float a little water on the surface 
(Section 5.5.1). Do not allow droplets of the acrylamide solution to 
adhere to the upper part of the tube. Leave the tubes to stand 
undisturbed until polymerisation is complete and then remove the 
excess liquid (Section 5.5.1). 

Stacking gel. Mix solutions B, D, E and F in the ratio 1:2:1:4 by 
volume. Add 0.1 mi of this mixture to each electrophoresis tube and 
overlayer with water. Then expose to the light of a fluorescent tube 
until polymerisation is complete (Section 5.5.1). 
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Application of thesample. Add to the stained plasma or lipoprotein 
solution (Appendix 4), an equal volume of solution F. Transfer 50 pl 
of this mixture to the top of the gel and carefully layer electrolyte on 
the surface until the tube is full (Section 5.5.1). 

Alternatively, mix the stain prepared according to Naito et al. 
(Appendix 4) with solutions B, D and E in the respective proportions 
2:1:2:1 by volume. Add 0.2 ml of this mixture and 20 pl of plasma 
or lipoprotein solution to each tube and mix by inversion. Overlay 
with electrolyte buffer and expose to light until the gel has formed. 
According to Naito et al. (1973), the Sudan Black will precipitate from 
the reagent mixture if the glassware is not scrupulously clean. If this 
happens, the gel must be prepared again. These authors also believe 
that the separating gels should be used immediately after their prepa- 
ration if the best resolution is to be obtained. 

Finally, set up the apparatus (Section 5.5.1) and pass a current of 
3 mA/tube for 35-45 min. The a-lipoproteins will migrate to the 
bottom of the tube and the P-lipoproteins will move about 25% of 
this distance. The larger pre-P-lipoproteins will barely penetrate the 
separating gel, and chylomicrons will remain in the sample gel. 

5.5.3.2. Discontinuous separating gels. This method attempts 
to gain an improved resolution by the use of a separating gel that is 
made in two layers. The lower part has a relatively high concentration 
of acrylamide and is intended to resolve the HDL, while the top 
portion has a more permeable gel that will resolve the LDL. Despite 
its comparative simplicity, the method seems to have given rather 
variable results. Feliste et al. (1973) claim that the a-lipoproteins can 
be resolved into six fractions, the P-lipoproteins into three and the pre- 
@-lipoproteins into three or four, though the latter were mainly in the 
stacking gel which was of 3% concentration. On the other hand, 
Wollenweber and Kahlke (1970), who used what appears to have been 
an almost identical system, were able to resolve only two a-lipopro- 
teins and could not resolve the other classes at all. However, it must 
be said that neither of these groups described their procedures very 
clearly and their discordant results may have been due to undisclosed 
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differences in technique. However, Wada et al. (1973) who used a 
similar system in the form of a gel slab, could also resolve only two 
or three bands of a-lipoprotein. This may be explained by their use 
of a 5.6% gel instead of the 7% that was used by Feliste et al. (1973). 
But is seems less likely that the inability of Wada et al. to resolve the 
0-lipoproteins was due to their use of 3.75% instead of 3.5% acrylam- 
ide for the upper part of the separating gel. 

The method that follows is that of Feliste et al. (1973). 
Reagents: as in Section 5 S .3 .1 .  
Electrolyte solution. Use the buffer given in Section 5.5.3.1 but at 

twice that concentration. 
Gel reagents. All the solutions A to G are as described in Section 

5.5.3.1, except for solution C which should have the following com- 
position: 

28.0 g of acrylamide 
0.735 g of bisacrylamide 
Water to 100 ml 

Procedure. These directions should be read in conjunction with 
those given in Section 5.5.1 and 5.5.3.1. We shall assume that tubes 
7 mm x 75 mm will be used. 

Separating gel. Prepare the first layer of gel as follows: Mix 
solutions A, C and G with water in the proportions 1:2:4: 1 respective- 
ly, by volume. Add 1.2 ml of this mixture to each tube and carefully 
pipette 0.1-0.2 ml of water onto the surface. Set the tubes in a shaded 
place to polymerise. When the reaction is complete, remove the excess 
liquid. 

For the next layer of separating gel, mix solutions A, C and G with 
water in the proportions 3:2:8:3 by volume. Add 0.6 ml of this to each 
tube, layer with water and allow to polymerise. 

Stacking gel. Mix solutions B, D, E and F in the ratio 2:3:1:4 by 
volume. Put 0.3 ml of the mixture onto the separating gel and 
carefully overlay it with water. Polymerise by exposing to light and 
remove the excess liquid. 

Charging and running the gel: proceed as in Section 5.5.3.1. 
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5.5.3.3. Polyacrylamide gradient gels. In this method, which is 
due to Pratt and Dangerfield (1969), the concentration of acrylamide 
increases continuously down the length of the separating gel. The 
gradient can run from 2.5% to 8% and offers the best available 
resolution of those lipoproteins that are able to enter the gel. Howev- 
er, it is more difficult to prepare these gels reproducibly than, for 
example, the two-part discontinuous type. The method used by Pratt 
and Dangerfield (1969) is clearly incapable of giving strictly reprodu- 
cible, uniform gradients. The best technique is probably that of 
Melish and Waterhouse (1972)’ who used large glass tubes (12 
cm x 1.3 cm diam.) that could accommodate the entire contents of 
their gradient former. The special problems of making gradients in 
small tubes will be dealt with below. 

The final resolution that can be obtained is a function both of the 
gradient and of the length of the gel, for example, Melish and 
Waterhouse (1972) were able to resolve more components on a 
gradient 10.5 cm long than Pratt and Dangerfield (1969) could detect 
on a similar gradient only 5 cm long. Nonetheless, any gradient that 
is used for the analysis of the entire range of plasma lipoproteins will 
be a compromise that may not give the best resolution of a single class 
such as the a-lipoproteins. it may therefore be necessary to adjust the 
gradient to obtain the optimum resolution of particles of special 
interest, perhaps by the use of non-linear rather than the more usual 
linear gradients. 

Equipment. The apparatus used for conventional electrophoresis in 
polyacrylamide gels can also be used for gradient gels. The additional 
equipment needed to produce the gradients is as follows. Any gradient 
former of an appropriate size can be used, for example the type 
illustrated in Fig. 2.3. If the gels are to be cast in small tubes (e.g. 
75 mm x 7 mm), a device like that shown in Fig. 5.2 will be needed 
(Castle et al., 1975). Such ‘towers’ are commercially available but can 
easily be made from sheet acrylic plastic. It is even easier to make the 
apparatus from a large diameter acrylic tube, but this design suffers 
from the disadvantage that the middle of the chamber becomes 
overheated during the polymerisation, causing the gel in the central 
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Fig. 5.2. Device for filling tubes for gradient gel electrophoresis. Constructed of 
acrylic sheet, with a grid at the bottom to support the tubes, the width of the box should 
be such as to accept two electrophoresis tubes side-by-side. The distance from the grid 
to the overflow tube must be greater than the length of the tubes. The inlet tube at 
the bottom is connected by fine-bore plastic tubing to the gradient maker illustrated 

in Fig. 2.3. 

tubes to have different characteristics from that in the outer tubes. 
It is better therefore, to make the chamber rectangular, to hold not 
more than two ranks of tubes. If the cylindrical form is used, it is 
advisable to blank off the centre with a cylinder of plastic or a 
water-filled test-tube. No matter what the shape of the chamber, it 
is important that there should be an over-flow level with the top of 
the gel tubes, or that the height of the chamber should exceed the 
length of the gel tubes by enough to ensure that the volume above the 
tubes is at least equal to that of the funnel below them. 

Procedure. Connect the gradient maker to the polymerising cham- 
ber by means of a fine-bore tube (about 1.2 mm diam.) that can be 
closed with a clamp. The gradient maker must be at a slightly higher 
level than the chamber and must be equiped with an adequately 
vigorous stirrer. Fill the chamber with clean gel tubes. 
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TABLE 5.3 
Reagents 1.0 M H,PO, in addition to those listed in Section 5.5.3.1 
Cathodic electrolyte: 11.25 g of glycine 

0.4 g of NaOH 
Water to 1.0 litre: final pH 8.6 
18. i7  g of Tris 
5 ml of 1.0 N HCl 
Water to 1.0 litre: final pH 8.6 

Anodic electrolyte: 

Gel reagents Solution 

A B C D E 

Tris 35 g 
Acrylamide 19 g 
Bisacrylamide 
TEMED 1 ml 
Ammonium persulphate l g  

Water to (ml) 100 100 100 10 10 
Sucrose 50 g 

Solutions D and E should be prepared immediately before use. Do not make more than 
one week’s supply of A at a time. 

Prepare the following two mixtures immediately before use: 

‘Heavy’ solution ‘Light’ solution 

7.5 rnl of A 
2.5 ml of B 
2.5 rnl of C 
0.05 ml of D 
0.05 ml of E 
1.75 rnl of 1.0 N HCI 

2.5 ml of A 
0.75 ml of 1.0 N H,PO, 
0.05 rnl of D 
0.05 ml of E 

Dilute both solutions to 25 ml with water and de-aerate by suction at 
15-20 mm Hg for 1 min. These mixtures will make a gradient that 
is adequate for general use, i.e. it will resolve the &lipoproteins into 
about 6 bands, but the a-lipoproteins run fast and give only three 
bands. For better resolution of the a-lipoproteins (at the expense of 
that of the larger particles) use the following mixtures: 
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‘Heavy’solution. Substitute 10 ml of A, 0.08 ml of D and 0.08 ml 
of E for the quantities given in the first recipe. 

‘Light’ solution. Substitute 5 ml of A, 0.08 ml of D and 0.08 ml 
of E for the amounts quoted above. 

N.B. it is important that the polymerisation does not proceed too 
rapidly; the connecting tube between the gradient maker and the 
chamber must not become blocked, and the gel tubes must be com- 
pletely filled before gelling begins. 

Procedure. It is necessary to know in advance the volume of liquid 
needed to fill the polymerising chamber from the top of the ‘funnel’ 
to the top of the gel tubes, when the latter are in place. Let this be 
V ml. 

To prepare the gels, start by filling the ‘funnel’ at the bottom of 
the chamber and the tube that connects it to the gradient maker, with 
‘light’ solution. Clamp the tube and note the volume of the solution 
used, which we shall assume to be X ml. Fill the bore of the cock 
between the reservoirs of the gradient maker with ‘light’ solution and 
close it. Ensure that there are no bubbles in either the cock or the exit 
tube. Next, put equal weights of ‘light’ and ‘heavy’ solutions into the 
appropriate reservoirs (‘light’ nearest the exit tube). The total volume 
of these two solutions should be V ml but note that the volumes of 
each cannot be equal since the hydrostatic pressure in the two re- 
servoirs must be the same, although the densities of the solutions are 
different. Open the cock and switch on the stirrer. Open the exit tube 
and allow the contents of the gradient maker to flow into the polymer- 
isation chamber: clamp the tube again before air can enter it. It should 
take about 20 min to reach this stage, when the gel tubes should be 
full to the brim. Add a further 3 ml of ‘heavy’ solution to the gradient 
maker and allow it to enter the chamber. Finally, fill the exit tube and 
the ‘funnel’ with 50% sucrose solution (i.e. Xml). Allow the appara- 
tus to stand undisturbed until polymerisation is complete, which 
should be about 60 min after the tubes are filled. Remove the tubes 
from the chamber and mature the gels for 48 hours at 4 “C before use. 

The methods of staining and loading the lipoproteins onto the gel, 
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and of performing the electrophoresis are as described in Section 
5.5.3.1. 

5.6. Im m un oelectrophoresis 

The full potential of this useful technique cannot be exploited unless 
mono-specific antisera to all the apo-lipoproteins are available. How- 
ever, even with the limited number of commercial antisera, it can yield 
useful information on the cross-contamination of preparations of 
isolated lipoproteins and on their contamination with other plasma 
proteins. It is of little use for the routine analysis of plasma, although 
it may have some value for the detection of lipoprotein-)< as is 
discussed in Section 5.6.1. 

The procedure is essentially standard (Grabar and Williams, 1955). 
It is described in most manuals of immunological technique (e.g. 
Clausen, 1974) or of electrophoresis (e.g. Smith, 1976), and is specifi- 
cally dealt with by Weeke (1973). Detailed working instructions are 
also given with the Gelman equipment (Gelman Sciences Inc.). 

The equipment and materials are essentially those required for 
electrophoresis in agarose gel (Section 5.4) and for immunodiffusion 
(Section 6.5). 

Procedure. If the samples to be examined are isolated lipoprotein 
fractions, dialyse them against the electrolyte buffer for 24 hours 
before the gels are prepared. 

Prepare gels of agarose on microscope slides, exactly as described 
in Section 5.4, and punch two 3-mm wells across the slide about 20 
mm from the cathodal end (Fig. 5.3a). Some laboratories make the 
gels in electrolyte buffer which is 50% of the concentration used for 
simple agarose electrophoresis, since this has the effect of making the 
migration of the lipoproteins more rapid. Under these conditions, 
care must be taken that the slides do not overheat during the run. 

In order to minimise the handling of the loaded gels and to to ensure 
prompt starting of the run after loading, it is advisable to instal the 
slides in the electrophoresis tank before filling the sample wells. Under 
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Fig. 5 . 3 .  The disposition of the wells used for immuno-electrophoresis in agarose gel. 

these circumstances, the wells can be filled directly with the liquid 
samples. If the gels are loaded on the bench, use a mixture of equal 
volumes of sample and agarose as described in Section 5.4. When all 
the slides are prepared, close the tank and pass a current of 2-3 
mA/cm width of gel for 60-90 min. At the end of the run, switch off 
the power, remove the slides and cut a trough for antiserum between 
each pair of wells (Fig. 5.3b). This should be 1 mm or 2 mm wide and 
should be filled with from 50 to 150 p1 of antiserum according to its 
titre and the nature of the sample being examined. Place the slides in 
a closed humid chamber and allow diffusion to take place at 4 "C for 
at least three days, with periodic inspections. The slides can then be 
processed as for immunodiffusion (Section 6.5). 

5.6. I .  Electrophoresis of lipoprotein-X (LP-X) 

This lipoprotein can easily be distinguished from those usually present 
in the plasma because it moves towards the cathode during electro- 
phoresis in agar gel (Fig. 5.4). This analysis is potentially valuable 
because the presence of LP-X has been said to be diagnostic for 
obstructive liver disease (Seidel et al., 1969, 1970). In practice, it has 
given erratic results because the nature of the agar affects both the 
extent of the cathodic migration and the sensitivity of the detection 
method. The published reports have not sufficiently emphasised that 
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Fig. 5.4. The electrophoretic migration of LP-X in agar gel. Upper well, normal 
plasma. Lower well, plasma from a patient with obstructive jaundice. Trough, antise- 

rum to  LP-x. 

different batches of agar do not all perform equally well, although 
Seidel et al. (1970) do point out that the characteristic migration of 
LP-X does not occur in purified agar and recommend the use of Difco 
Bacto Agar. In later work on the quantitative estimation of LP-X, 
Magnani and Alaupovic (1972) used Difco Special Agar Noble and 
remarked that it was necessary to select batches that were satisfactory. 
It is significant that the laboratories that have found the highest 
correlation between cholestasis and the presence of LP-X have almost 
invariably used a commercial electrophoresis kit (‘Rapidophor all in 
for LP-X’; Immuno AG). Those who have prepared their own gels 
have generally obtained less impressive results. In our experience, it 
is extremely difficult to find, among the products of laboratory 
suppliers, a batch of agar that will reproduce the results that are 
claimed by the chief protagonists of this method. It is possible 
however, to modify the properties of the agar so that the results 
approach those described in the more optimistic reports. Nonetheless, 
the fact that the results of the test are dependent on undefined 
technical parameters that must be carefully tuned to give the ‘correct’ 
result must seriously reduce the level of confidence in their reliability. 
It is unfortunate that the method has not been the subject of published 
systematic examination and development. 

Materials. Plasma must be fresh and on no account be frozen, as 
this can bring about gross changes in the properties of the LP-X. 
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Agar ‘suitable for LP-X determination’ can be obtained from 
Hoechst AG, but we shall describe a way of preparing a modified agar 
in the laboratory. This has two ingredients, a conventional agar such 
as Difco Noble Agar and an unpurified agar that is used as a modifier. 
In England, a suitable material for the latter purpose is to be found 
in health-food shops, which supply it as a substitute for gelatine in 
vegetarian cuisine. It is produced by Cadbury-Schweppes Ltd., and 
forms a cloudy gel of low strength. 

The following reagents are also needed to detect the presence of 
LP-X after electrophoresis. Two procedures are available: 

(a) Immuno-precipitation with anti-serum to LP-X. This is the 
more specific method, since it detects the presence of the characteristic 
apo-lipoprotein C in an anomalous position on the cathode side of 
the origin. Anti-LP-X serum can be obtained commercially (Immuno 
AG; Hoechst AG) but can be made, if need be, by isolating LP-X 
from the blood of a patient with cholestatic jaundice (Section 2.5.2) 
and injecting this into rabbits in the conventional way (Clausen, 
1974). 

(b) Precipitation with polyanions. This is somewhat less specific 
than (a) since there may be other proteins that migrate towards the 
cathode and also react with these reagents. In practice, this does not 
seem to be a significant defect. The reagents are closely akin to those 
used for the preparative precipitation of lipoproteins (Section 2.2.3) 
and are prepared as follows: 

(I) 0.02 g sodium heparin (160-170 unitdmg) 
0.20 g MgCI2.6H2O 
0.10 g NaCl 
Water to 10 ml 

0.12 g CaCI, 
Water to 10 ml 

or (11) 0.06 g dextran sulphate 

Note that heparin for injection may be used for this reagent but that 
dextran sulphate must be of high molecular weight (ca. 500000). 

Procedure. Prepare 1% solutions of Difco Noble Agar and of the 
unpurified agar in electrolyte buffer (Section 5.4). These stock sol- 
utions can be cooled and re-melted again as required. Mix 9 parts of 
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Noble agar with 1 part of the unpurified agar and use this solution 
to prepare gels on 7.5 cm x 2.5 cm microscope slides as described in 
Section 5.4. Note that the proportions of this mixture may need 
adjustment if different preparations of agar are used, and that albu- 
min should not be added. (If unmodified Bacto-Agar is used, it may 
be advantageous to prepare a 1.5% gel and to pour it to twice the 
normal thickness.) 

Punch two pairs of 3 mm wells on each slide as shown in Fig. 5.5a 
(with care, three wells can be made as in Fig. 5.5b). Put 8 pl of sample 
into each well, set the slides in the electrophoresis chamber and pass 
a current of 2 mA per slide for 60-90 min. Note that the run must 
not be continued for too long or the anodically migrating components 
of one sample may mix with the cathodically moving substances from 
its neighbour. 

If the sample contains a high concentration of LP-X, it can often 
be detected as a crescent shaped, transparent area in the agar. This 
may be as much as 10 mm from the well. Smaller amounts of LP-X 
cannot be seen in this way but must be precipitated with antiserum 
or with polyanion. The reaction is then usually nearer to the origin. 
If antiserum is used as the reagent, punch a new well 7.5 mm to the 
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FIZ. 5 . 5 .  Alternative arrangement of the wells for immuno-electrophoresis of LP-X in 
agar gel. Sample wells 3 mm in diam. can be set in pairs (A) or in threes (B). Two such 
arrays can be made 4.5 cm apart on a 7.5 cm x 2.5 cm gel slide. After the electrophore- 
sis, wells for the antiserum can be punched 7.5 to 10 rnm on the cathode side of the 

sample wells, as in C and D. 
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Fig. 5.6. Electrophoresis of LP-X in agar gel. Upper well, plasma from a patient 
with obstructive jaundice. Lower well, normal plasma. Right-hand well, antiserum 

to LP-x. 

cathode side of each pair of sample wells, as shown in Fig. 5 .5~.  Fill 
this with the antiserum and stand the slides in a humid chamber at 
room temperature. Examine them carefully for the formation of an 
immunoprecipitate like the typical positive reaction shown in Fig. 5.6. 

A modification of this procedure that is even more economical of 
antiserum was described by Seidel et al. (1973). In this case, do not 
punch wells for the antiserum, but apply 10 pl directly to the surface 
of the gel about 5 mm to the cathode side of the origin. Incubate the 
slide in a humid chamber at 37 "C for 5 hours to develop the precipitin 
reaction. Its originators claim that this method has the special merit 
that it avoids the possibility of an excess of antibody when testing 
weakly positive samples. 

A somewhat similar procedure is used with the polyanion precipi- 
tants. For example, a few drops of the heparin-MgC12 reagent can 
be put on to the slide and spread across it with the side of a pasteur 
pipette. The reaction will be complete in a few minutes. As can be seen 
in the example of Fig. 5.7, a diffuse precipitate sometimes forms on 
the cathode side of the well but this will wash out in 1% NaCl and 
does not indicate the presence of LP-X. 

The exact function of the impurities in the agar that seem to be 
necessary for the working of this analysis is not clear. They indubit- 
ably lead to an increased electroendosmosis which contributes to the 
cathodic migration of the LP-X. This consequence of raising the 
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t-12. 5.7. The detection of LP-X with the heparin-manganese reagent: electrophoresis 
in agar gel Wells a ,  d and f contained LP-X positive sera. Wells b, c and e: normal 

sera. 

proportion of ‘impurity’ can be seen in Fig. 5.8, which also shows that 
the intensity of the precipitin reaction is greater in the doctored gels. 
This enhancement may allow LP-X to be detected even in a sample 
that does not give a positive reaction in normal agar. However, if the 
doctoring is carried too far, confusing non-specific precipitates may 
form, particularly when the polyanion reagents are used. It is there- 
fore advisable to titrate each new batch of normal agar to find the 
proportion of ‘impure’ agar that must be added to give the best 
results. 

According to Neubeck and Seidel (1975), native LP-X in plasma 
and the isolated lipoprotein both migrate in the same direction on 
electrophoresis in agar. However, this is not always true, as Fig. 5.9 
shows. The reason for this discordancy is not known but may be at 
least partly related to the quality of the agar. However, if the isolated 
LP-X is mixed with lipoprotein-free plasma, its ‘normal’ electropho- 
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Fig. 5 . 8 .  Slide A, gel composition 90% Noble agar + 10% crude agar. Slide B, gel 
composition 80% Noble agar + 20% crude agar. The same sera were used on both 
slides. Left-hand wells: top, weakly positive LP-X serum; centre, strongly positive 
LP-X serum; bottom, LP-X negative serum. All right-hand wells contained antiserum 

to LP-x. 

retic properties are restored, presumably because the LP-X has be- 
come re-associated with another constituent of the plasma. This is, 
in some respects, like the effect of albumin on the bile lipoprotein that 
was described by Manzato et al. (1976), although this lipoprotein 

Fig. 5.9. Upper well, LP-X positive serum. Lower well, isolated LP-X. Trough, 
antiserum to LP-X. 



210 A GUIDEBOOK TO LIPOPROTEIN TECHNlQUE 

Fig. 5.10. Well (a), LP-X. Well (c ) ,  LP-X + bovine serum albumin. Wells (b) and (d), 
normal serum. All right-hand wells contained antiserum to LP-X. 

differs from LP-X in several important points. Moreover, both the 
cathodic migration and the precipitin reaction of LP-X can be increas- 
ed if bovine serum albumin is added to the sample before the 
electrophoresis (Fig. 5.10). It is prudent therefore, to check the 
behaviour of the electrophoretic system before analysing samples of 
isolated LP-X and to add bovine serum albumin if necessary (mix 5 
pl of the sample with 5 pl of 10% albumin and transfer to the sample 
well). 

5.7. Two-dimensional irnmuno-electrophoresis 

This is an extremely powerful technique which has a potential for 
lipoprotein analysis that has not yet been fully exploited. Unfortu- 
nately, although the method has been successfully used to quantify 
proteins, it has proved to be difficult to estimate lipoproteins in this 
way. In any event, it is easier to do a quantitative immunoassay by 
the one-dimensional ‘rocket’ technique that is described in Section 
8.9.3. Nonetheless, the two-dimensional method is valuable because 
it can distinguish lipoproteins according to the nature of their protein 
moieties and can show how these are distributed among particles of 
different electrophoretic behaviour. The kind of results that may be 
obtained are exemplified in Fig. 5.11, which shows (a) a serum in 
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Fig. 5.1 1. Two different sera analysed by two-dimensional immuno-electrophoresis. 
(a) First dimension, migration left to right; second dimension, migration into a mixture 
of antisera to apoliproteins A and B. (b) First dimension, migration right to left; second 

dimension, migration into a mixture of antisera to apolipoproteins B and C. 
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Fig. 5.12. Three stages in the immuno-electrophoretic analysis of the lipoproteins in 
a hypertriglyceridaemic serum: migration in the first dimension is from right to left. 
In all three examples, the second electrophoresis was into a mixture of antisera to 
apo-lipoproteins B and C .  In (a), there was no antiserum in the first gel. In (b) and 

(c) the first gel contained antiserum to apo-lipoprotein B (c>b). 
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which there is substantial level of apo-lipoprotein A in the P-lipopro- 
tein and, (b) the distribution of apo-lipoprotein B and apo-lipoprotein 
C in a lipaemic serum. By modifying the procedure slightly, it is 
possible to carry the analysis of the lipaemic serum a stage further, 
as shown in the example of Fig. 5.12. Here, the gel used for the first 
electrophoresis contains antiserum to apo-lipoprotein B, which pre- 
vents the migration of lipoproteins in which the B protein is a 
significant constituent. The gel for the second electrophoresis 
contains antisera to both the B and the C apo-lipoproteins and it can 
be seen that the latter are not affected by the presence of anti-apolipo- 
protein B in the first stage. Once the migration of the B-containing 
lipoproteins has been completely suppressed, the distribution of the 
C-containing particles can be seen. Note however that the precipitin 
line formed by reaction with anti-apolipoprotein C does not cross that 
formed by anti-apolipoprotein B. Under the conditions that normally 
exist in the gel, it therefore appears that these two species of lipopro- 

Fig. 5.13. Analysis of LDL by two-dimensional immuno-electrophoresis. Equal 
amounts of the same LDL were applied to each of three gels. The gels used for the 
first stage electrophoresis contained anti-serum to apo-lipoprotein C in increasing 
concentration (a=O). Migration in the second dimension is, in each case, into the same 
mixture of antisera to apo-lipoproteins B and C. The C-containing particles can be 
completely precipitated in the first stage without affecting the subsequent migration 

of the B-containing particles. 
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tein particle migrate as a loose complex that is only split up when the 
B-containing lipoproteins are precipitated. 

This co-migration of ‘B’ and ‘C’ particles apparently does not occur 
with the smaller lipoproteins. In LDL for example (Fig. 5.13), the two 
classes seem to react independently against the relevant antisera. 
However, whereas the C-containing lipoproteins can be completely 
precipated without affecting the migration of the B-containing par- 
ticles (Fig. 5.13c), absorption with anti-apolipoprotein B also removes 
the C-containing lipoproteins (Fig. 5.14). The reason for this is not 
understood. 

A detailed analysis of the identifiable apo-lipoproteins that are 
present in a sample and the way that they are distributed between the 
a-, p- and pre- P-lipoproteins requires the use of monospecific anti- 
sera to all the apo-lipoproteins. As in the case of simple immuno-elec- 

Fig. 5.14. This analysis of LDL differs from that shown in Fig. 5.13 only insofar as 
antiserum to apo-lipoprotein B was substituted for antiserum to apo-lipoprotein C in 

the first stage gel. 
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trophoresis, this imposes a strict limit to the full use of the two- 
dimensional technique in many laboratories. 

When preparing gels for this method, do not use mixtures of agar 
and agarose that contain more than 20% agar. This is particularly 
important in the first stage electrophoresis, since too much agar can 
distort the distribution paCtandkudio&e 4kmationofprHecipitin 
lines that cross even though the antiserum is mono-specific (Fig. 5.15). 
The inclusion of agar in the second stage gel does not alter the shape 
of the pattern, or change the number of ‘components’ that are 
detected, but it causes the peaks to become smaller and to have a 
crisper outline. Cmsequently, although it may be desirable to use 
pure agarose for the first stage, it is probably an advantage to include 
a small proportion of agar in the gel for the second stage. The exact 
amount must be determined by experiment. 

Fig. 5.16 shows an apparent splitting of the peak of the precipitin 
line which suggests the presence of two components with partial 
immunochemical identity. This is not related to the composition of 
the gel but is an artifact that arises when the plane of precipitation 

Fig. 5.15. The effect of an excess of agar on the pattern produced by two-dimensional 
electrophoretic analysis. In this example, the gels used for both dimensions contained 
25% agar. The antiserum used in the second dimension was against apo-lipoprotein 
B. An asymmetric precipitin curve was produced which gives the appearance of having 
more than one component. This should be compared with the analysis of the same 

serum which i s  &own ia Fig. 5.16. 
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Fig. 5.16. In this analysis the conditions were identical to those used for Fig. 5.15 
except for the use of 100% agarose for the first stage gel. Note that the precipitin curve 
is symmetrical and appears to  be homogeneous. The double line around the edge of 
the curve is not the result of heterogeneity but is because the plane in which the 

immuno-precipitation took place was not perpendicular to the plane of the slide. 

is not vertical. When this is the case, the upper and lower edges of 
the zone of precipitation do not superimpose when the gel is dried and 
this gives the false impression that two lines have been formed. This 
obliquity of the front can be reduced by using thin gels and by 
ensuring that the run is carried out under equilibrium conditions, i.e. 
at a low current, to reduce heating, and in a draught-free environment 
of uniform temperature. 

The technique of two-dimensional (or ‘crossed’) immunoelectro- 
phoresis has been described in detail by Ganrot (1972) and by Weeke 
(1973), and the following procedure differs from these only in minor 
respects. 

Equipment and materials. These are as used for electrophoresis in 
agarose gel, on microscope slides (Section 5.4). In addition, square 
slides are needed for the second electrophoresis. The method we shall 
describe makes uses of 50 mm x 50 mm slides which are economical 
in the consumption of antiserum. If these are too small to bridge the 
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gap between the electrolyte reservoirs in the electrophoresis tank, 
support them on a larger glass or plastic plate. 

The antisera used should be of the highest titre available and as 
nearly monospecific as possible. The two-dimensional technique is an 
excellent way of detecting heterogeneity in an antiserum and if spu- 
rious precipitin lines are present in the lipoprotein analysis, the 
patterns can be very difficult to interpret. The amount of antiserum 
that must be added to the agarose for the second stage of the 
electrophoresis will depend on the purpose of the experiment and on 
the titre of the antiserum. Whenever a new batch of antiserum is 
brought into use, an approximate value for the working concentration 
must be determined before the analyses can be begun. The easiest way 
of doing this is to run a series of one-dimensional 'rocket' analyses 
(Section 8.9.3) on a standard serum. Although the titre of antiserum 
that gives a satisfactory result in this system will be slightly greater 
than the optimum for the two-dimensional technique, the additional 
dilution required should be only about two-fold, and can be precisely 
determined by trial. 

Procedure. The technique is, in general, the same as that used for 
simple electrophoresis in agarose (Section 5.4), 

Begin by pre-coating all the slides to be used with 0.5% agarose 
before the running gel is prepared. The latter is a 1% solution of 
agarose-agar mixture (4:l by wt.) in electrolyte buffer to which 0.5% 
bovine serum albumin is added. Pipette 2.5 ml of this warm mixture 
on to each 75 mm x 25 mm microscope slide, and make a slot 20 
mm x 1.5 mm parallel to, and 20 mm from what is to be the cathodal 
end. Leave the matured slides to equilibrate in the closed electrophor- 
esis tank, without passing a current, while the samples are prepared. 
Dilute plasma, or its equivalent in a solution of isolated lipoprotein, 
with an equal volume of warm agarose-agar solution (Section 5.4), 
and pipette 25 PI into the slot in the gel slide. When all the slides are 
loaded, pass a current of 2 mA/slide for 2 hours. 

Shortly before this first run is completed, make enough agarose- 
agar-albumin solution to coat the required number of 50 mm x 50 
mm slides with 3.5 ml each. Keep this mixture at 45 "C in a water bath. 
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Put the appropriate antiserum into a tube and set this also at 45 "C. 
Immediately before use, add to the agarose solution sufficient of the 
antiserum to give the final dilution that was pre-determined to be the 
optimum. This may range from 1:50 to 1:lOOO according to the titre 
of the antiserum and the concentration of the lipoproteins in the 
sample. 

End the first electrophoretic analysis when the albumin has moved 
about 40 mm. This can be judged by including a marker of bromophe- 
no1 blue on one slide. Switch off the current and remove one slide 
from the tank, leaving the remainder in place in the closed chamber. 
Use a trough cutter (e.g. Gelman Sciences Inc.) to cut a filament 1 
mm wide from the middle of the slide. Carefully pick it up with a 
lightly greased gel knife or microspatula and transfer it to a 50 
mm x 50 mm photographic projector cover glass that is on a level 
surface. Trim off the filament that was on the cathode side of the 
sample slot and discard it. Position the larger portion parallel to, and 
10 mm away from what will be the cathodal edge of the square slide 

_ _ _ _ - - -  
A 

10 mm 
v _ _ -  - --- 

Fig. 5.1'7. Two-dimensional immuno-electrophoresis as  performed on  a 5 cm x 5 cm 
glass slide. A filament 1 mm wide is cut from the first stage gel and positioned along 
a line parallel to, and 10 mm above the lower edge of the slide. After the surface has 
been covered with 3.5 mi of molten agarose which contains antiserum, the current is 

passed in the direction shown. 
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(Fig. 5.17). Then, without disturbing the filament, cover the slide with 
3.5 ml of the agarose-antiserum mixture and allow it to set. 

Up to three filaments can be cut from each 75 mm x 25 mm gel, 
but they must be kept well within the extremities of thesample trough, 
where the migration of the lipoproteins is likely to be distorted. These 
three filaments can either be rtt~ as replicates, or against different 
antisera, or against different dilutions of the same antiserum. 

When all second-stage gels have been prepared, position the slides 
in the electrophoresis tank and apply 50 mrn wicks soaked in electro- 
lyte to establish electrical continuity with the reservairs. These wicks 
must not ovedap the gel by more than 8 mm. Close the tank and pass 
a current of 0.5 mA per slide overnight or, less satisfactorily, 4 mA 
per slide for 2 hours. Meanwhile, fix what remains of the first 
electrophoresis gels in 2% trichloracetic acid for at least 2 hours and 
then wash them in water for 24 hours. 

When the second electrophoresis is completed, switch off the cur- 
rent, remove the slides from the tank and soak them for at least 48 
hours in a large volume of 1070 NaCl solution. Next, cut a 2 mm slot 
just below the filament that was the origin for the second stage and 
insert into it a 2 mm strip cut from the corresponding first stage gel. 
This strip must correspond as nearly as possible with the original 
filament and can be fixed in place with a drop or two of warm agarose. 
Finally, process the slides for staining as in Section 6.5. 

5.8. Isoelectric focussing 

This technique has been little used for the analysis of lipoproteins, 
despite optimistic reports by Kostner et al. (1969, 1972), who claimed 
that it was capable of distinguishing eight lipoproteins in plasma. 
Since at least some of these substances were said to contain only one 
apolipoprotein (by immunological analysis), it may be thought sur- 
prising that the method has not received more active attention. 
Godolphin and Stinson (1974) suggested that it was a good way of 
diagnosing Type I11 hyperlipqgwtcimaempcoCeiaaeeLnia but even this limited 
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application does not seem to have found favour. In a later report 
Emes et al. (1976) described the analysis of plasma lipoproteins by a 
two-dimensional technique in which electrofocussing along the X-axis 
was followed by polyacrylamide gel electrophoresis in the Y-direction. 
However, this does not seem to yield enough additional information 
to warrant the considerable extra labour involved. 

In the method developed by Kostner et al. (1969) the solution of 
ampholytes also contained 33% ethylene glycol and it is not clear to 
what extent this may have modified the electrical properties of the 
lipoproteins. If it can be shown that the fractions produced are not 
artefacts, this technique may deserve further examination. 



CHAPTER 6 

The chemical characterisation of lipoproteins 

This chapter is concerned with the determination of the fourth of the 
parameters mentioned at the beginning of Chapter 3. However, since 
methods for the estimation of lipids and protein are readily available 
in many textbooks and reviews (Kates, 1972; Dittmer and Wells, 1969; 
Perkins, 1975), it will be largely confined to those matters of tech- 
nique that are particularly relevant to the analysis of lipoproteins. 

At the outset it should be said that the literature relating to 
lipoproteins contains many references to useless partial analyses. A 
quantitative chemical analysis is a classical way of defining a sub- 
stance and an incomplete analysis would normally be regarded as 
unacceptable. Why a partial analysis should be thought to be satisfac- 
tory in the case of lipoproteins is not clear. While it is admittedly 
laborious to determine all five of the different molecules that are 
normally the major components of a lipoprotein, it must be remem- 
bered that the time spent in measuring any fewer is time wasted. It 
is also normal analytical practice to begin with a known weight of 
sample and to check that this is equaled by the total of the estimated 
weights of each component. That this is rarely done for a lipoprotein 
preparation leaves the analysis unsubstantiated by any kind of check 
on its reliability. Moreover, it assumes that the qualitative compo- 
sition of the lipoprotein is known, without providing any means of 
checking that this is true. The second criticism may be relatively 
unimportant in the case of lipoproteins from man and other mammals 
but, in those of more primitive animals, partial glycerides, monoal- 
kyldiacylglycerols, hydrocarbons or wax esters may be present in 
appreciable amounts. The composition of any lipoprotein of unusual 

22 1 
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provenance should therefore be confirmed by exhaustive qualitative 
analysis before quantitative studies are begun. 

Aside from the avoidable errors and uncertainties that can arise 
from perfunctory analytical practice, the accuracy of the analysis can 
be degraded by the chemical heterogeneity of the lipoproteins. This 
exists at two levels and may be impossible, or at least impracticable 
to overcome. Not only do the proportions of the major constituents 
of the lipoprotein vary but, with the exception of unesterified choles- 
terol, each of these is itself heterogeneous. For example, the relative 
proportions of the fatty acids that compose the phospholipids, trigly- 
cerides and cholesteryl esters may vary considerably from sample to 
sample. But, because it is often difficult to determine these substances 
gravimetrically, they are frequently estimated by the determination of 
a single parameter (e.g. cholesterol) which is converted to the ‘weight’ 
of ester on the assumption that a single fatty acid is present. A better 
estimate can be made if the real distribution of fatty acids in the lipid 
is also determined. Their mean molecular weight can then be calculat- 
ed. In man, this usually differs but little from the value for a C18 acid 
but in other animals, the differences can be significant. 

An additional uncertainty is introduced into the estimation of total 
phospholipid by the common procedure of measuring the lipid phos- 
phorus and multiplying the result by 25. This assumes that lecithin 
is the only phospholipid present and a better estimate may result if 
each phospholipid is determined separately. Fortunately, lecithin (for 
which the factor is close to 25) usually accounts for about 65% of the 
phospholipid, and sphingomyelin (factor about 23) for approximately 
25%. In practice therefore, the use of the factor 25 leads to a variable 
error that probably amounts to an overestimate of about 2%. 

To summarise, care must be taken, when designing a study of 
lipoproteins, to ensure that it gets the quality of analytical work that 
it deserves. 

In general, the first step in the analysis of a lipoprotein is the 
separation of the proteins from the lipids, followed by the analysis 
of these two fractions according to the scheme summarised in Table 
6.1. However, the newly developing technique of quantitative micro- 
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scale thin-layer chromatography allows all the components of the 
lipoprotein to be determined without the preliminary extraction of the 
lipids, and this is described in Section 6.7. 

6.1. Estimation of total lipoprotein 

The only accurate way of estimating the total lipoprotein content of 
a purified preparation is by weighing. The method is simple and 
requires no special equipment, but it is time-consuming and requires 
several milligrams of lipoprotein that are denatured by the drying 
process. There is also the technical difficulty that lipoproteins are not 
soluble in pure water. Moreover, the concentration of salt in the 
solution is often high e.g. up to 20% in a sample prepared by 
ultracentrifugation. When this is the case, it is not permissible to 
deduct the dry weight of the solvent from that of an equal volume 
of solution unless a correction is made for the partial volume of the 
lipoproteins. The condition for this correction to become negligible 
depends (a) on the desired accuracy of the result and (b) on the 
concentration of the lipoproteins but, if it is assumed that the weight 
of the lipoprotein is to be determined to better than 0.1%, the salt 
concentration must not exceed 20 mM NaCl or its mass equivalent. 
In some experiments, it may be possible to reduce the concentration 
of salt below this limit by dialysis. If the weight ratio of salt to water 
in the solvent (R)  is known, the amount of salt present in the solution 
may then be estimated as WR, where W is loss of weight on drying. 
However, because dialysis usually results in a change of volume and 
is a difficult technique to perform quantitatively, this operation must 
be done before aliquots are taken for analysis. Even then, there is the 
likelihood of variable errors due to the leaching of material from the 
membrane into the interior of the bag. 

For more accurate work, it is necessary to adopt a procedure like 
that used by Hanig and Shainoff (1955). in this, the amount of NaCl 
in the solution is estimated by titration and subtracted from the total 
solids obtained by weighing. More recently, Harvie (1973) suggested 
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that it would be simpler to dialyse the lipoprotein solution against 
water in a pre-weighed dialysis bag, then to dry the bag with its 
contents and subtract from this the weight of the empty bag. Howev- 
er , material continues to leach from the semi-permeable membrane 
for a considerable time, making it difficult to maintain accuracy and 
precision when using this technique. 

As with other protein dry-weight determinations, it is sometimes 
difficult to decide on the best way to dry the specimen. Hanig and 
Shainoff (1956) lyophilised their samples at - 50 "C and then heated 
them at 57 "C in vacuo over PzOs for 12 hours. However, the fluffy 
material that results from freeze-drying is easily disturbed, and Harvie 
(1973) found it impossible to use this method to dry lipoprotein 
solutions in open weighing bottles because they became electrically 
charged. She therefore dried the specimens at 110 "C for 48 hours. 
But this procedure is contrary to the experience of Armstrong et al. 
(1947) who found that heating at 110 "C caused very large losses in 
the weight of lipoprotein preparations. After comparing the behav- 
iour of both proteins and lipoproteins under different conditions, 
these authors concluded that lipoproteins should be dried at between 
50 and 80 "C in vacuo, over P20,. In our laboratory it has also proved 
to be possible to dry small, thinly spread samples in a vacuum 
desiccator over P2Os at room temperature. From the evidence avail- 
able, the method of Armstrong et al. appears to be the most reliable 
for general use but, whatever procedure is adopted, it is important 
that drying is continued to constant weight. 

One of the least precise aspects of any of these procedures is the 
measurement of the small volumes that are usually involved. This is 
preferably done with a micrometer syringe which, for the most 
accurate work, should be calibrated for the temperature of use. 

The weighings should be performed on a properly maintained 
balance capable of working to at least 0.01 mg. Moreover, the 
weighing bottles should be handled with tongs and must be in thermal 
equilibrium at the time of weighing. 
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6. I .  1. Estimation of lipoprotein by refractometry 

If a less accurate estimate of the total lipoprotein concentration can 
be tolerated, it can be obtained by refractometry. This procedure was 
developed by Lindgren et al. (1 964) and requires the measurement of 
the refractive index of the lipoproteins solution and that of the solvent 
by means of a precision refractometer. The specification of the 
instrument and its method of use are described in Section 2.1.2.5. The 
technique requires only a small sample and is a convenient way of 
monitoring the concentration of lipoproteins during the process of 
their isolation, provided that a sample of the solvent (e.g. a dialysate) 
is available. However, the refractometry of lipoproteins is subject to 
two potential sources of uncertainty: 

(1) the apparent refractive index of a homogeneous particle in 
solution depends on the size of the particle. 

(2) the lipoproteins are not homogeneous particles and, since the 
refractive index of lipid (1.45-1.50) is less than that of protein (ca. 
1.6), their index is composition dependent. 

Studies on polymer latices (Heller and Pugh, 1957) suggest that the 
size effect may be negligible for lipoproteins that are less than about 
400 nm in diameter and is therefore probably of little practical 
consequence. However, since the composition of lipoprotein particles 
is related to their size, the apparent refractive index of a given sample 
will depend both on the size distribution of its particles and on the 
extent to which their mean protein:lipid ratio may differ from the 
‘normal’ for that particular fraction. Lipoprotein concentrations that 
are determined by refractometry are consequently always subject to 
an uncertainty through the use of average values of the refractive 
increment that do not take account of these sources of variance. 
Unfortunately, the specific refractive increment (An) for lipoproteins 
has not been studied systematically and determinations are both 
sparse and imprecise. Moreover, these measurements have been made 
in only a few salt solutions and it may often be found that the 
refractive increment appropriate io the solvent in use is not known. 
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Under these circumstances, an approximate value can be obtained by 
means of the equation: 

dn 3n1 (m2-1) 

dc W (m2+2) 

where D is the density of the anhydrous lipoprotein, nl the refractive 
index of the solvent and m is the ratio of the refractive index of the 
lipoprotein to nl. A measured value of the refractive increment can 
be used to calculate a value for the refractive index of the lipoprotein, 
but an uncertainty of unknown magnitude will attach both to this and 
to the value of D. 

Lindgren et al. (1966) summarised the data for An which were then 
available and which are reproduced in Table 6.2.  

Note that the values for HDL were considered to be insufficiently 
accurate to be worthy of correction to a wavelength of 589 nm. 
Subsequently, the value of An for an LDL fraction of density 
1 .ON-1.054 g/ml was determined in our laboratory, with results that 
are slightly higher than those quoted in Table 6.2, i.e. 

An = 0.173 f 0.0054 at 589 nm in NaCl of density 1.007 g/ml 
and An = 0.159 k 0.0055 at 589 nm in NaCl of density 1.063 g/ml. 

Note that all these determinations were made at 26 "C. 
Procedure. Dialyse the lipoprotein to equilibrium with a salt so- 

- - _  

TABLE 6.2 

Lipoprotein Solvent An/g/ml Wavelength 
(nm) 

VLDL 0.199 molal NaCl 0.158 (meas.) 589 

1.745 molal NaCl 0.154 (meas.) 589 

0.199 molal NaCl 0.166 (calc.) 589 

0.199 molal NaCl+ 0.149 (meas.) 546 

LDL 

2.771 molal NaBr 

0.199 molal NaCl 0.173 (calc.) 546 



228 A GUIDEBOOK TO LIPOPROTEIN TECHNIQUE 

lution of known concentration. Determine the refractive index of both 
solutions as described in Section 2.1.2.5. The concentration of the 
lipoprotein in mg/ml can then be calculated from the relation: 

100 (n2 - n1) 
C =  

An 

where n, and n2 are the refractive indexes of solvent and lipoprotein 
solution respectively. 

Practical details of the refractometric determination are given in 
Section 7.1.  

6.2. Separation of the lipid and protein moieties 

This is dealt with in detail in Appendix 3. Once the lipids have been 
extracted, they should be analysed as soon as possible. If a delay is 
unavoidable, the extract should be evaporated to dryness at low 
temperature under a stream of nitrogen and stored as described in 
Appendix 3. Equally, lipids that have been isolated during the analysis 
of the extract should be determined immediately. If, for some unfore- 
seen reason, this is found to be impossible, the fractions should also 
be dried and stored with the precautions used for the original mixture. 

6.3. Analysis of the lipid moiety 

There is a confusing multiplicity of methods available for the determi- 
nation of lipids, and particularly of cholesterol. To some extent, the 
choice must be guided by the sensitivity that is required. Highly 
sensitive enzymatic methods of estimating cholesterol and triglyceride 
are now available in kit form from several manufacturers (e.g. 
Boehringer Mannheim GmbH; BDH Chemicals Ltd.; E. Merck). 
These are provided with full working instructions that make it unnec- 
essary to describe them in detail here. However, these methods may 
not be suitable for the analysis of lipoproteins that have been prepared 
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by methods that involve precipitation with divalent cations (Section 
2.2.3) unless care has been taken to ensure that these have been 
removed (Steele et al., 1976). 

So far as the traditional methods of analysis are concerned, there 
may be little to choose between one and another when they are 
working well. However, some are easier to set up than others and 
many factors, including the skill and temperament of the analyst, will 
decide the final choice, For example, it might be unwise to pick on 
the Liebermann-Burchard reaction for the determination of choleste- 
rol in a laboratory where the ambient temperature is high. The analyst 
should therefore look for the method that gives the best performance 
in his hands, under the local conditions, and should keep to it, not 
forgetting to make regular checks that he is maintaining his perform- 
ance. 

The classical procedure for the chemical analysis of a lipoprotein 
depends on the fact that the four classes of lipid that are normally 
present can be determined by specific reactions and therefore need not 
be completely separated. This procedure may not be applicable if 
other lipids are present, for example the hydrocarbons or glyceryl 
ethers that are found in some fish lipoproteins. This deficiency, 
coupled with the need for relatively large amounts of material has led 
to the replacement of this technique by methods in which the lipids 
are completely separated before they are estimated. 

6.3.1. Chromatographic separation of lipids 

This can be done either by thin-layer chromatography, or on columns. 
The former has the advantage of good resolution and is well suited 
to the analysis of small samples. Moreover, it also provides visual 
evidence for the presence of each component, which is a partial 
assurance that no unusual lipids are present. On the other hand, the 
process of estimation is more tedious and possibly less precise than 
when column chromatography is used, since each component must be 
recovered from the thin-layer plate and extracted from the adsorbent 
before it can be determined. If substances such as squalene, glyceryl 
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ethers or partial glycerides are present, it may be difficult to establish 
conditions under which these are completely separated on a column. 
It may then be more satisfactory to isolate groups of lipids on a 
column and to resolve these by thin-layer chromatography. 

Detailed descriptions of these methods are given elsewhere (e.g. 
Dittmer and Wells, 1969; Kates, 1975). However, these systems are 
sensitive to the source and treatment of the adsorbent, and to the 
purity and dryness of the solvents used. It is therefore important to 
confirm each one one with authentic lipids and to make such adjust- 
ments as may be necessary to suit local circumstances. In this context, 
it is worth noting the value of thin-layer chromatography (particularly 
on microscope slides) as a way of monitoring the efficiency of 
separations on columns. 

6.3. l .  l .  Chromatography on columns of silicic acid The sepa- 
ration of lipids in this system reached a high state of efficiency as a 
result of the work of Borgstrom (1952) and of Hirsch and Ahrens 
(1958). Subsequently, several variations on this theme have been 
described, a number of which have been reviewed by Kates (1972). 
The method we shall describe is derived from that of Hirsch and 
Ahrens (1958). 

Materials. Silicic acid; Bio-Sil HA (325 mesh) (Bio-Rad Labora- 
tories Inc.). Similar products are available from other manufacturers 
but these may have slightly different properties which may require the 
procedure to be modified. Activate the silicic acid by heating at 110 "C 
for 18 hours and store it in a desiccator over phosphorus pentoxide. 
Do not activate a large amount at a time. 

Solvents. Petroleum ether (boiling range 40-60 "C), benzene, chlo- 
roform and methanol, all of analytical grade. Distill all the solvents 
before use and dry the benzene over sodium. 

Method. Note that, in this system, free fatty acids will elute with 
the triglycerides and are best removed by a preliminary extraction, as 
follows: 

Dissolve the lipoprotein extract in about 5 ml of petroleum ether 
and extract four times with 1 ml of 4% aqueous sodium carbonate. 
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Wash the combined extracts twice with 2 ml of diethyl ether and return 
these washings to the original solution. Then acidify the sodium 
carbonate solution with 2 N sulphuric acid and extract the fatty acids 
with three washes of about 2 ml of petroleum ether. Finally, remove 
any traces of mineral acid from these combined extracts by washing 
them three times with 1 ml of water. Evaporate both the extracted 
lipids and the free fatty acids to dryness at low temperature, under 
a stream of nitrogen. 

To prepare the column, slurry 1 g of activated silicic acid in a 
solution of 5% benzene in petroleum ether and pour it into a chroma- 
tography column about 15 cm long by 0.7 em diameter. Dissolve 2-3 
mg of the lipoprotein extract in 0.5-0.75 ml of 5 %  benzene-petroleum 
ether and apply this carefully to the column. Elute the lipids from the 
silicic acid according to the scheme shown in Table 6.3. A flow rate 
of about 2 ml/min can be achieved by applying nitrogen to the top 
of the column at a pressure of 0.15-0.3 kg/cm2. Evaporate the 
fractions to dryness without delay, under nitrogen at 50"C, and 
estimate the lipids as in Section 6.3.2. 

6.3.1.2. Thin-layer chromatography Separation of neutral li- 
pids. Any system that gives the required resolution can be used, and 
several are reviewed by Skipski and Barclay (1969) and by Kates 
(1975). The system devised by Mangold and Malins (1960), which is 
briefly described below, is satisfactory for the analysis of the lipids 
that are found in mammalian lipoproteins. When additional classes 
are present, as in some of the more primitive animals, extra stages of 
chromatography may be needed. These are briefly reviewed at the end 
of this section. 

Materials. Silica gel G. Diethyl ether, acetic acid and petroleum 
ether (boiling range 60-80 "C), all of analytical grade. A solution of 
0.2 g of 2',7'-diclorofluorescein in 100 ml of 95% ethanol. Authentic 
lipid standards (Sigma Chemical Co.; Supelco Inc.; Applied Science 
Laboratories Inc.). Glass plates approximately 20 cm x 20 cm. 

Method. Weigh out an amount of silica gel equal to 7 g for each 
plate to be covered, and suspend it in about twice its weight of distilled 
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TABLE 6.3 
Scheme for the elution of lipids from a 1 g silicic acid column ;P 

0 c 
i% 
8 

Fraction Lipid constituents Eluent Volume (ml) 

I Hydrocarbons 5 %  benzene in petroleum ether 100 

I1 

111 

IV 

V 

VI 

Cholesteryl esters and waxes 40% benzene in petroleum ether 20 

Triacylglycerols, alkyldiacylglycerols 80% benzene in petroleum ether 100 
and free fatty acids 

Cholesterol 100% benzene 50 

Diglycerides and monoglycerides Chloroform 50 

Phospholipids Methano1:chloroform:water 
(87:10:3 v/v/v) 

40 

8 
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water. Spread the plates with a layer 0.25 mm thick in the usual way. 
Several plates can be spread at once and kept over calcium chloride 
in a closed cabinet until required. Before use, activate the silica gel 
by heating the plates at 110 "C for 30 min. Apply the mixtures of lipids 
along a line about 2.5 cm from the lower edge of the plate, at the rate 
of 50-100 pg on a single spot. Keep the size of each spot as small as 
possible. Develop the plates in a mixture of petroleum ether-diethyl 
ether-acetic acid (90: 10: 1 by volume) and then allow them to dry at 
room temperature for 20-30 min. Locate the spots of resolved lipids 
by spraying with dichlorofluorescein and viewing in ultraviolet light. 
This method will not detect phospholipids, which should be located 
by putting the plate into a closed container filled with the vapour from 
a few iodine crystals. Mark the positions of the spots and scrape off 
the adsorbent from each into separate stoppered tubes. Also take an 
equivalent area from an unused part of the plate as a control for each 
lipid. 

To elute triglycerides, diglycerides or glyceryl ethers, add 10 ml of 
diethyl ether to the tube and shake for 10 min. Centrifuge and pipette 
off the ether into a second tube. Repeat this procedure twice with 5 
ml of ether. Combine the ether eluates and evaporate them to dryness 
under nitrogen. 

To elute cholesteryl esters, unesterified cholesterol and 
monoglycerides, add 10 ml of chloroform-methanol (4:l v/v) and 
shake in a water bath at 40 "C for 10 min. After centrifuging down 
the silica, pipette off the eluate and repeat the process twice, with 5 
ml of the solvent. Combine the eluates and evaporate to dryness under 
nitrogen at a temperature below 50 "C.  

Separation of phospholipids. This method is described in great 
detail by Skipski and Barclay (1969), to whose paper reference should 
be made. 

Materials. Silica gel H. 1.0 mM sodium carbonate. Chloroform, 
methanol and acetic acid, all of analytical grade. Authentic phospho- 
lipid standards as 0.02% solution in chloroform-methanol (2: 1 v/v). 
1.0 N HCl in methanol. 

Method. Slurry 40 g of silica gel in about 90 ml of 1 .O mM Na2C03 
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and spread a 0.5 mm layer on 20 cm x 20 cm glass plates. This will 
make about 5 plates, which should be allowed to dry at room 
temperature and can then be stored for several days in a cabinet with 
precautions to prevent their contamination. Activate the plates by 
heating for one hour at 110°C before use. 

Evaporate a sample of the phospholipid mixture, equivalent to 
about 20 pg of phsophorus, to dryness under nitrogen. Dissolve the 
residue in 50 pl of chloroform-methanol (2:l v/v) and apply it as a 
streak to the chromatoplate. Wash the tube twice with 50 p1 of solvent 
and apply these washings to the streak. Also apply appropriate 
standards to a near-by section of the plate. Develop the chromato- 
gram with chloroform-methanol-acetic acid-water (25: 15:4:2 by vol- 
ume). It may be necessary to adjust the proportions of this solvent 
slightly to achieve the required separation. When the solvent front is 
1-2 cm from the top, remove the plate from the tank and allow it to 
dry at room temperature for 20 min. Locate the phospholipids by 
standing the plate in a tank of iodine vapour, and circle them with 
a needle. Also mark equivalent areas from a blank part of the plate. 
Then keep the plate at room temperature until the iodine has evapo- 
rated, when each marked area can be carefully scraped into a separate 
stoppered tube. Add 3 ml of 1 .O N HCI in methanol to each tube, mix 
thoroughly and then shake for 15 min in a water bath at 40°C. 
Centrifuge the tubes for 10 min at 500 g and aspirate the solvent layers 
into separate tubes. Repeat this procedure twice more, combining the 
supernatants from each sample of silica. Evaporate these eluates to 
dryness under nitrogen at 50 "C and determine the phosphorus in the 
residue (Section 6.3.2.3). 

The separation of unusual lipids. Hydrocarbons, wax esters, 
glyceryl ethers and partial glycerides are said to be present in trace 
amounts in the lipoproteins of mammals, and form a high proportion 
of the plasma lipids in some more primitive animals. To resolve these 
substances it will be necessary to make a preliminary fractionation by 
one of the methods already described, and then to subject the appro- 
priate fraction to further analysis by one of the methods which are 
briefly summarised as follows: 
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(a) Cholesteryl esters can be separated from wax esters on silica gel 
G in n-hexane-diethyl ether (955 v/v) (Nicolaides et al., 1970). But, 
note that the cholesteryl esters of the very long chain, highly unsatu- 
rated fatty acids that are found in fish, are also resolved from the 
esters of the C16 and C18 acids. The longer chain esters run in the 
same position as wax esters and confirmatory tests should be made 
on any material which occupies the position normally characteristic 
of the waxes (Mills et al., 1977). 

(b) Triglycerides can be resolved from alkyl-diacylglycerols 
(Fraction 111, Table 6.3) by the system petroleum ether: diethyl ether: 
acetic acid (90:lO:l by volume) on silica gel (Malins et al. 1965). 

(c) Partial glycerides (Fraction V, Table 6.3) can be separated on 
silica gel G, using the solvent diethyl ether:benzene:ethanol:acetic 
acid (40:50:2:0.2 by volume) (Freeman and West, 1966). 

6.3.1.3. Gas chromatography This technique offers the at- 
tractions of high resolving power coupled with a highly sensitive 
method of quantification, and the ability to carry out an analysis 
comparatively quickly. However, these are partially offset by the 
difficulty of working with substances of low volatility, particularly the 
phospholipids, the need to use internal standards, and the non-speci- 
fic nature of the detector. Perhaps the most useful procedure of this 
kind that is available at present, was developed by Kuksis et al. (1975). 
In this, the phospholipids are first hydrolysed to partial glycerides and 
ceramides with phospholipase C .  The resulting mixture of neutral 
lipids is then silylated with hexamethyldisilazane-trimethylchlorosil- 
ane-pyridine (cf. Section 6.6) and analysed by gas chromatography 
on a temperature-programmed column of 3% OV-1 on Gas Chrom 
Q. Tridecanoylglycerol is used as an internal standard. 

Triglycerides and cholesteryl esters of different molecular weights 
can be resolved on this system, as can the partial glycerides that are 
derived from phospholipids. Moreover, if the phospholipids are re- 
moved from the original mixture at the outset, partial glycerides that 
are native to the lipoprotein can be estimated. However, this is a 
technically exacting technique which requires an extensive use of. 
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correction factors. The ability to resolve, at least partially, some of 
the lipid esters may be useful under some circumstances but the 
unequivocal identification of the chromatographic peaks may also be 
difficult. Furthermore, it may often be possible to obtain information 
of similar value from an analysis of the fatty acids that are liberated 
by saponification of the esters (Section 6.3.2.4). 

At this stage in its development, it appears that the gas-chromato- 
graphic analysis of lipids may be of value for the study of large 
numbers of samples, or of very small quantities of material, but it also 
seems unlikely that many laboratories will be able to make full use 
of its potential. 

6.3.2. Estimation of lipids 

Saponification. The following procedure can be used to liberate 
the fatty acids from acylglycerols, cholesteryl esters or phospholipids 
prior to their analysis by gas chromatography. The cholesterol set free 
can be measured, and triglycerides can also be estimated by the 
titration of the liberated fatty acids. The method is essentially that of 
Albrink (1959) and is capable of hydrolysing the phospholipids that 
are present in plasma lipoproteins. Less vigorous conditions will 
suffice for the saponification of the triglycerides. 

Evaporate a sample of the lipid solution to dryness in a stoppered 
tube, under a stream of nitrogen at 50 "C. As soon as it is dry, add 
5 mi of alcoholic KOH (made by adding 6 ml of 33% aqueous KOH 
to 94 ml of ethanol) and heat the mixture in a water bath at 70-80 "C 
for 1 h (30 min for triglycerides or cholesteryl esters). Next add 5 ml 
of water to the tube and heat it for 10 min more in the water bath, 
before cooling it to toom temperature. To recover cholesterol, extract 
the alkaline solution twice with 5 ml portions of hexane, which should 
be combined and evaporated under nitrogen. 

To recover the tiberated fatty acids, re-heat the tube in the water 
bath and acidify with 1 ml of 1.8 N HCl (or H2S04). Mix the contents 
of the tube thoroughly and cool to room temperature. Then extract 



Ch. 6 CHEMICAL CHARACTERISATION OF LIPOPROTEINS 231 

the precipitated acids by washing twice with 5 ml portions of hexane, 
which are combined and dried under nitrogen. 

6.3.2.1. Cholesterol The isolation and determination of cho- 
lesterol was reviewed by Kabara (1962). The method of estimation 
which follows is substantially that of Bloor (1916), which is based on 
the Liebermann-Burchard reaction (see Kenny, 1952, for a valuable 
study of the method). The more recently developed methods that use 
ferric chloride as the chromogen are favoured by some, and may be 
superior under certain conditions (Kates, 1975). 

Reagents. Chloroform, acetic anhydride and sulphuric acid, all of 
analytical grade. A standard solution containing 1 mg/ml of pure, dry 
cholesterol in chloroform is also needed. Store this in the dark at 4 " C ,  
in a tightly stoppered bottle, and dilute it 10-fold to give the working 
standard as required. Suitable standard solutions are available com- 
mercially and these save the considerable trouble that is involved in 
preparing them in the laboratory. If the latter course is unavoidable, 
the cholesterol should first be purified via the dibromide (Fieser, 1963) 
and subsequently stored, closely stoppered, in the deep-freeze. Note 
that crystalline cholesterol deteriorates on storage and it is therefore 
unwise to keep a large stock of it. Gross deterioration is easily detected 
by smell, pure cholesterol being almost odourless. Suspect material 
may be re-crystallised from ethanol. Do not crystallise from glacial 
acetic acid, since the product is sometimes prone to particularly rapid 
deterioration. The stock solution in chloroform is stable for a period 
of months in the refrigerator, but may slowly become more concen- 
trated through evaporation of the solvent. 

Method. Run all samples at least in duplicate. 
Cholesteryl esters should be hydrolysed and the liberated sterol 

extracted as in Section 6.3.2. 
Set up at least four cholesterol standards in the range from 25 to 

300 pg by pipetting appropriate amounts of the working standard into 
clean test tubes, likewise take replicate aliquots of each sample to be 
assayed. Evaporate all the solutions to dryness under nitrogen at 
50 "C. Cool the tubes and add 4 ml of chloroform, followed by 1.6 
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ml of acetic anhydride. Mix thoroughly. The next operation should 
be timed with a stop-clock: add 0.1 ml of concentrated sulphuric acid 
to each tube, with an interval of 2 min between each, and mixing after 
each addition. Observe the rate at which the colour develops in the 
first tube, by spectrophotometry at 620 nm. The time at which the 
maximum intensity is reached will depend on the ambient temperature 
and may be between 5 and 12 min after the addition of the sulphuric 
acid. Each subsequent tube should then be read at this same time 
interval. Do not attempt to deal with more than 6-12 tubes at a sitting 
lest the timing of the readings gets out of phase. If the temperature 
of the laboratory is high or is liable to fluctuate considerably, the 
kinetics of the colour development can be stabilised by incubating the 
tubes in a constant temperature bath at about 20°C. 

Note that the colour produced should be a clear, bright green, with 
no trace of yellow. ‘Muddiness’ of the colour shows that the proce- 
dure is at fault, for example that the sample contains an excess of salt, 
or is wet, or that the quality of the sulphuric acid has deteriorated. 
Under these circumstances, abandon the assay. 

A calibration curve should be plotted for each set of determi- 
nations. This allows a check to be made on the reproducibility of the 
procedure and on the integrity of the standard. 

Where the cholesterol has been obtained by hydrolysis of a human 
ester fraction, the weight of the original esters can be estimated by 
multiplying the amount of cholesterol by 1.67. This factor will need 
adjustment if the distribution of fatty acids in the esters differs 
appreciably from that in man. 

6.3.2.2. Glycerides These can be estimated by determining 
either the glycerol or the fatty acids that are liberated by hydrolysis. 
The determination of glycerol (Van Handel and Zilversmit, 1957; 
Carlson, 1963; Dittmer and Wells, 1969; Kates, 1972) is the more 
precise and sensitive method, but the measurement of fatty acids is 
technically simpler and can also be used to estimate free fatty acids, 
or monoalkyldiacyl glycerols. 

Estimation of glyceride via glycerol (Carlson 1963): 
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Reagents. 0.7 M sulphuric acid. 0.02 M sodium periodate (store in the cold) 
Ethanolic KOH: 1 ml of 2.5% aqueous KOH 

19 ml of ethanol 
Sodium arsenite: 0.9 g of NaOH 

2.0 g of As,O, 
Water to 100 ml 

Chromotropic acid (4,5-dihydroxynaphthalene-2,7-disulphonic 
acid disodium salt): first dilute 150 ml of concentrated sulphuric acid 
with 75 ml of distilled water. When this is cold, add to it 0.5 g of 
chromotropic acid dissolved in 50 ml of water. The reagent may be 
stored in a dark bottle for up to two weeks. 

Glycerol standard: Weigh out 800 mg of analytical grade anhydrous 
glycerol and make it up to 100 ml with water. Dilute this to give 
working standards that contain 80, 40 and 20 pg of glycerol/ml. 
(Glycerol can be dehydrated by heating slowly to 175 "C.) Carlson 
(1963) recommends the use of tripalmitin as a standard, but this 
requires careful purification by chromatography first. 

Procedure. Pipette into a stoppered tube (in replicate) an amount 
of the triglyceride to be analysed that is equivalent to about 60 pg of 
glycerol, and evaporate to dryness under nitrogen at 50 "C. Similarly, 
pipette out 0.25 ml of each working standard and dry in an oven or 
a vacuum desiccator. Add 1 ml of ethanolic KOH to all the tubes, 
stopper loosely and heat for 30 min at 60 "C. Cool to room tempera- 
ture and add 0.8 ml of 0.7 M sulphuric acid, followed by 4 ml of 
diethyl ether. Shake well and remove the ether layer. Pipette 0.25 ml 
of the aqueous phase (which amounts to 1 .O ml) into a tube and add 
0.1 ml of 0.02 M sodium periodate. After 10 min add 0.1 ml of 0.2 
M sodium arsenite and mix. Stand for at least 5 min, then add 2.8 
ml of the chromotropic acid reagent. This, and the subsequent oper- 
ations should be done in a shaded place. Heat the tubes in a boiling 
water bath for 30 min and read the colour at 570 nm. 

A close approximation to the weight of triglyceride in the original 
sample can be found by multiplying the total weight of glycerol by 
9.39. This factor is derived from the average distribution of fatty acids 
in human plasma triglyceride, as determined by gas chromatography. 

Estimation of glyceride via fatty acids (Albrink 1959): 



240 A GUIDEBOOK TO LIPOPROTEIN TECHNIQUE 

Reagents. Hexane. 1.8 N HCI. Standardised 0.01 N NaOH. Ethanolic KOH (prepared 
as required, Section 6.2.2). 

Nile Blue indicator: 0.02% Nile Blue in water. Wash this solution four times with 
hexane and then dilute 1 : l O  with absolute ethanol. The nitrogen that is used for purging 
the titration mixture must be freed from carbon dioxide by passing it through a soda 
lime tube. 

Procedure. Saponify the triglyceride as in Section 6.2.2. Transfer 
3 ml of the hexane solution of fatty acids to a tube that contains 3 
ml of Nile Blue solution. Pass a stream of nitrogen through the 
mixture for 1 min before, and also during the titration. Add 0.01 N 
NaOH from a microburette or from a micrometer syringe (e.g. Agla, 
Wellcome Reagents Ltd.), through a very narrow bore plastic tube 
(0.25-0.50 mm) that dips below the surface of the fatty acid solution. 
Be sure that this tube is completely filled with NaOH before the 
titration is begun. The end point is shown by a change in colour from 
blue to the first perceptible shade of pink, and it is advisable to use 
one of the control tubes as a standard of comparison for those that 
follow. 

The weight of triglyceride in the sample, in mg, can be closely 
approximated by multiplying the total amount of fatty acid present, 
expressed in milli-equivalents, by the factor 288. 

6.3.2.3. Phosphorus 
Allen (1940). 
Reagents. 72% perchloric acid. 8.5% ammonium molybdate in water 

This is a modification of the method of 

Stannous chloride: 0.25 ml of 40% SnCI, in concentrated HCI; Water to 50 ml 
Standard phosphate solution: 0.8776 g of KH,PO, in 100 ml of water. Dilute this 

10-fold to give a working standard that contains 20 pg P/ml. 

Procedure. The reaction is performed in a 20 ml tube that is 
calibrated with a mark at 10 ml. Transfer samples of phospholipid 
solution (equivalent to 5-10 wg P) in replicate to tubes that have been 
thoroughly cleaned with chromic acid. Evaporate to dryness under 
nitrogen at 50°C and add 0.8 ml of 72% perchloric acid. Heat at 
180-190 "C for 45 min, when the liquid should be clear and colourless. 
When the tubes are cold, wash down the sides with 5 ml of water. 
Prepare a suitable range of standard and control tubes, to which 0.8 
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ml of perchloric acid and 5 ml of water are added. Finally, add 0.5 
ml of ammonium molybdate and 0.5 ml of stannous chloride to each 
tube. Make up to 10 ml with water and mix by inversion. Allow the 
colour to develop for 10 min and then read the optical density at 680 
nm. 

It is customary to estimate the weight of total phospholipid in the 
sample by multiplying the weight of phosphorus by 25. For individual 
phospholipids that have been isolated by chromatography, the ratio 
appropriate to the specific substance should be used. 

6.3.2.4. Fatty acid analysis The total amount of fatty acid that 
is liberated by saponifaction of the lipid esters, or is extracted as free 
fatty acid from the lipoprotein, can be determined by titration as 
described above. The individual acids present can be identified, and 
estimated quantitatively if an internal standard is added, by gas 
chromatography of their methyl esters. Various methods of esterifi- 
cation are available, but the rapidity and smoothness of the reaction 
with diazomethane goes far to outweigh the need to prepare and 
handle this highly toxic substance with care. Although diazomethane 
can be prepared without undue hazard if the procedure is carried out 
correctly, it is prudent to take strict precautions during the operation. 
Set up the equipment in an efficient fume cupboard and wear a visor 
or use a shatter-proof screen as protection in the event of an ex- 
plosion. Do not inhale the vapour. 

Procedure. Assemble an all-glass distillation apparatus, with a 
flask of 50 ml capacity connected to an efficient condenser. The 
receiver should have a volume of about 15 ml and should be cooled 
at least to 0 " C .  Lightly lubricate all joints with silicone grease, and 
keep the dead space in the apparatus as small as possible. 

Weigh 1.1 g of N-methyl-toluene-p-sulphonyl nitrosamide into the 
distilling flask and dissolve it in 15 ml of dry ether. Add to this a 
solution of 0.2 g of KOH in 20 ml of methanol. Mix, and immediately 
connect the flask to the still and fit the thermometer. Warm the flask 
with a water bath at 45-50°C and collect the distillate until it runs 
colourless (about 10 ml). Keep the dark yellow solution in a tightly 
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stoppered tube in the deep-freeze, where it will be stable for some 
weeks. Prolonged storage, particularly at higher temperatures, will 
lead to the production of spurious peaks on the gas chromatogram. 

To esterify the fatty acids, dry off the sample in a small tube and 
add the ethereal solution of diazomethane dropwise, until a slight 
permanent yellow colour is present. Evaporate the solvent and excess 
reagent under a stream of nitrogen and transfer an appropriate 
amount of the methyl esters to the gas chromatograph in the usual 
way (Kates, 1975). For many purposes a 2 metre column of 20% 
diethyleneglycol succinate on Chromosorb W (80-100 mesh) run at 
160-170 "C will give satisfactory results. The individual components 
of the mixture can be identified by reference to authentic standards 
and quantified in the conventional way. 

6.3.2.5. Determination of unusual components The unequivo- 
cal identification of hydrocarbons may be difficult unless there is 
sufficient material for several physical and chemical tests. Infrared 
spectroscopy may be valuable in this context, and useful information 
can be obtained by gas chromatography on a column of silicone SE 
30 (2.5% on Chromosorb AW-DMDC, 60-80 mesh) with a program- 
med increase in temperature from 170 to 260°C at the rate of 
1.5 "C/min. Total hydrocarbons can be quantitatively estimated grav- 
imetrically on the eluate from a silicic acid column (Section 6.3.1.1). 

Monoalkyl diacylglycerols can also be determined gravimetrically 
(Thompson and Kapoulas, 1969), or by methods analogous to those 
used for triglycerides (Kates, 1975; Section 6.3.2.2). The ethers liber- 
ated by hydrolysis can be identified by gas chromatography of their 
isopropylidene derivatives (Hanahan et al., 1963; Thompson and 
Kapoulas, 1969). 

6.4. Analysis of the protein moiety 

The final stage in the chemical characterisation of a lipoprotein is the 
identification and estimation of the apo-lipoproteins that are present. 
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Unfortunately, this is also the most difficult of lipoprotein analyses, 
(1) because it is technically exacting and (2) because there is no clear 
definition of exactly what an apo-lipoprotein is. The latter compli- 
cation was discussed in Chapter 1, where the accepted apo-lipopro- 
teins were listed. The known physico-chemical properties of these 
proteins, by which they may in principle be characterised, are given 
in Table 6.4. A second list of proteins that have been reported to be 
minor constituents of lipoproteins, is given in Table 6.5. The evidence 
that these are genuine apo-lipoproteins is often flimsy and their 
physico-chemical characterisation is sometimes poor. Despite their 
controversial role however, it is undeniable that these substances may 
sometimes be found in a lipoprotein preparation, to the perplexity of 
the analyst. 

At present, the only practical way of unequivocally identifying the 
apo-lipoproteins on a micro-scale is by reaction with mono-specific 
antisera. This has the advantage that both qualitative and quantitative 
analyses can be done without the need to separate the proteins first. 
Indeed, this is the simplest way of identifying apo-lipoprotein B, 
which cannot easily be re-dissolved once it has been freed of lipid. 
However, this procedural simplicity is counter-balanced by the fact 
that many of the antisera are not readily available, thanks to the 
difficulty of isolating the relevant purified apo-lipoproteins. A com- 
plete immuno-chemical analysis of the apo-lipoprotein distribution 
may therefore be impracticable in many laboratories. 

The conventional alternative of isolating each protein and then 
identifying, or estimating them chemically also presents problems 
which stem mainly from the strong tendency of the apo-lipoproteins 
to form intermolecular complexes, or to be adsorbed at surfaces. Thus 
chromatographic methods of analysis are unsatisfactory because they 
give low recoveries and poor resolution. At the time of writing, there 
is some evidence that reversed-phase high-performance liquid chro- 
matography (HPLC) may be more satisfactory but the application of 
this technique to apo-lipoproteins is not yet fully developed and, in 
any event, it requires the use of expensive equipment. The technique 
that is most commonly used for the rapid qualitative micro-analysis 



TABLE 6.4 
Physico-chemical characteristics of the major apo-lipoproteins 

Apo- Synonyms Mol. Wt. Polymorphs lsoelectric point Number of Terminal Aminoacids Carbohydrates Reference to 
lipo- (M,) (PO aminoacid aminoacids absent present aminoacid 
protein residues composition 

C N  

A-1 

A-II 

A-IV 

B 

c-I 
c-I1 

c-Ill 

D 

E 

Apo-Gln-1 
R-Thr 

Apo-Gln-II 
R-Gin 

- 

Apo-Ser 

R-Ser 

R-Glu 

R-Ala 

A-Ill 
‘thin-line 
peptide’ 

Arginine- 
rich 

28 145 

17400 

46 OOO 

? 

6631 

8 837 

8 764 

22 loo 

35 Cm- 
39 ooo 

A-I, 
A-1, 
A-1, 
A-I, 5.36 

ref. 2 

- 5.10 ref. 2 

- 5.05 ref. I 

? ? 

- 6.5 ref. 3 

- 5.0 ref. 3 
4.78 ref. 4 

c-I l l ,  ::?:I ref. 4 
c-111, 

c-111, 4.54 

- 7 

E- 1 5.7 \ 
E-2 5.8 
E-3 
E-4 6.0 
E-5 6.2 1 

243 Gln 

7 7 x 2  Gln 

? ? 

? 

57 Ser 

78 Clu 

79 Ala 

7 

? Ala 

Asp 

PCA 

Gin 

? 

Thr 

Thr 

Ser 

? 

LYS 

Ile. cys  

His, Arg. Trp 

CYS 

His, Tyr. Cys 

His, Cys 

Ile, Cys 

E-4 lacks 
CYS 

Man, Gal, GluNH, 
Fuc. sialic acid 

Gal, GalNH, 
sialic acid 

Gal, Glu, GluNH, 
Man, sialic acid 

Gal, Glu, Man, 
GluNH,. GalNH, 
sialic acid 
(ref. 5 )  

6, 7 

8 

9 

10 

11. 12 

13 

14 

15, 16 

Abbreviurionst PCA, pyrrolidone carboxylic acid; Gal, galactose: Glu, glucose; Fuc, fucose; GalNH,, galactosamine; GluNH,, glucosamine. 
References: (1) Beisiegel, 1979. (2) Nestruck et al., 1980. (3) Marcel et al., 1979. (4) Catapano et al., 1978. (5) Jain and Quarfordt, 1979. (6) Brewer et al., 1978. (7) Baker 
et d., 1974. (8) Brewer et al., 1972. (9) Uterman and Beisiegel, 1979. (10) Lee and Alaupovic, 1974. (11) Schulman et al., 1975. (12) Jackson et al., 1974. (13) Jackson et 
al., 1977. (14) Brewer et al., 1974. (15) Weisgraber et al., 1980. (16) Weisgraber et al., 1981. 



Apo-lipo- Synonyms Mol. Wt. Poly- Isoelectric point Terminal Aminoacids Reference to 9 
protein (MA morphs (Pl) aminoacids absent aminoacid ch 

compn. 
C N 

F 

H P*-glYCo- 
protein-1 

Threonine- 
poor 

D-2 

Serum 
Amyloid-A 
proteins 

28000 - 3.7 ref. 1 ? 

::q ref. 2 ? 
54000 1 

2 
3 6.2 

z:!] ref. 3 ? 
11000 - 
44 OOO 

7000 - ? Ser Leu 

t:f ] cys 4, 7 
t:z:;J ref. 4 

11300- 1 
11900 2 

4 ? Tyr Arg 
5 ? Tyr Ser 

‘SV-D’ 8000-  2 6.85 
proteins 11000 3 6.55 

4 6.10 
5 5.70 
6 5.20 
7 5.0 

Ser 

Arg 
Ser 

6 

With the exception of apo-lipoprotein F and (3,-glycoprotein-l, the proteins listed in this table have only been isolated from the 
plasma lipoproteins of pathological cases. In addition, a trace of ‘proline-rich’ protein (M, 74000) has been detected in chylomicrons, 
but is said to be absent from other lipoproteins (Sata et al., 1976). Lp(a) is also said to contain a specific apo-lipoprotein but this 
appears not to have been characterised. 
References: (1) Olofsson et al., 1978. (2) Polz et al., 1981. (3) Shore et al., 1978. (4) Eriksen and Benditt, 1980. (5) Malmendier 
et al., 1979. (6) Malmendier et al., 1980. (7) Parmelee et al., 1982. 
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of apo-lipoproteins is that of electrophoresis in polyacrylamide gel. 
This uses simple apparatus but is less sensitive than the immunochemi- 
cal method, and is not free from the objection that each protein band 
is contaminated with smaller amounts of other components of the 
mixture. Moreover, electrophoresis suffers from the handicap that the 
proteins are identified only by their rates of migration, which can be 
an uncertain criterion, particularly in inexperienced hands. However, 
a considerable degree of flexibility can be achieved by making adjust- 
ments to the concentration of the polyacrylamide gel, or by the use 
of acid, alkaline or detergent-containing buffers. Moreover, the iso- 
electric focussing technique is valuable for distinguishing between the 
so-called isoforms or polymorphs of which some apo-lipoproteins are 
composed. The identification of a particular protein can therefore be 
made more certain by observing its behaviour in more than one 
system. Where a limited catalogue of antisera is available, the identity 
of at least some of the proteins can be confirmed by immunochemical 
challenge of bands that are dissected from the gel (Section 6.5). 

Because of the difficulty of making a complete analysis of the 
apo-lipoproteins, many laboratories will be forced to adopt a com- 
promise procedure such as the following: 

(a) Determine the total protein content of the lipoprotein (Section 
6.4.1) and also the proportion that is precipitable with tetramethyl- 
urea (Section 6.4.1.2). 

(b) Determine the qualitative distribution of the apo-lipoproteins 
by polyacrylamide gel electrophoresis, with confirmatory immuno- 
logical analyses with such antisera as are commercially available or 
are easily made. 

(c) Make immunological estimations of those apo-lipoproteins for 
which antisera are available, or determine (albeit only semi-quantita- 
tively) the relative proportions of the proteins soluble in tetramethyl- 
urea, by densitometric scanning of electrophoresis gels. 

6.4.1. Quantitative estimation of total apo-lipoproteins 

This section will deal with the estimation of the total amount of 
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apo-lipoprotein present in a lipoprotein preparation, and with the 
estimation of the relative proportions of apo-lipoprotein B and the 
‘soluble’ proteins A, C, D and E. 

6.4.1.1. Total protein The ‘Lowry’ method (Lowry et al., 
1951) is by far the most widely used procedure for the estimation of 
total apo-lipoprotein, although gravimetric analysis, the classical 
nitrogen determination, or total aminoacid analysis have also been 
used. However, there is some uncertainty attached to the choice of 
the standard protein. Human or bovine albumin is commonly used 
and these seem to have a specific chromogenicity that is indistinguish- 
able from that of the soluble apo-lipoproteins, although Curry et al. 
(1976a) have some evidence that apo-lipoprotein A-I gives 5% less 
colour than albumin. By contrast, it seems certain that apo-lipopro- 
tein B is less chromogenic than albumin, although the magnitude of 
the difference is controversial. According to Margolis and Langdon 
(1966) 77 pg of bovine serum albumin are equivalent to 100 pg of 
protein from LDL. However, this would have been a mixture of 
apo-lipoprotein B with small amounts of other apo-lipoproteins. A 
slightly higher ratio (82:lOO) was found by Albers et al. (1975), while 
values of 0.90 and 0.92 have been quoted by Alaupovic and his 
collaborators (Curry et al., 1978; Lee and Alaupovic, 1974). Since the 
latter estimates were made with purified apo-lipoprotein By they 
would appear to be the more reliable but it is clear that this needs to 
be confirmed by further studies. Although albumin may therefore be 
used as a standard for the estimation of apo-HDL, it is plain that no 
single protein can serve as a perfectly satisfactory standard for LDL 
and VLDL, which contain varying proportions of apo-lipoprotein B. 

The Lowry procedure can be applied directly to a solution of native 
lipoprotein but the presence of lipids will cause the reaction mixture 
to become opalescent. This must either be cleared by extraction with 
ether or hexane, or prevented by the addition of sodium dodecyl 
sulphate to the reagents. Alternatively, the lipid can be extracted from 
the protein as described in Appendix 3 and the residue used for the 
protein determination. This technique may require a higher level of 
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analytical expertise than the first, and would be difficult to use on a 
very small sample. 

The calibration curves for both albumin and apo-lipoprotein con- 
sist of two intersecting straight lines. Since the disjunction may not 
occur at the same point on the two curves, it is important to ensure 
that the correct part of the standard curve is used for the determi- 
nation. This effect is slearly shown by van der Bijl and van Gent 
(1979, who also discuss the effect of sodium chloride on the develop- 
ment of the colour. It is also worth noting that the subject of 
interference in the Lowry assay has been given detailed attention in 
a review by Peterson (1979). 

Reagents 
Solution A: 2% Na,CO, in 0.1 N NaOH. 

B: A freshly prepared mixture of equal volumes of solutions of 1 Vo copper 
sulphate and 2% sodium potassium tartrate. 
C: I ml of B mixed with 50 rnl of A immediately before use. 
D: 10 rnl of Folin-Ciocalteu reagent (available commercially) diluted with 
13.6 ml of water; this solution is 1 N with respect to the phosphomolyb- 
dic-phosphotungstic acid reagent and must be prepared immediately before 
use. 
E: A standard solution of protein (human or bovine serum albumin) that 
contains 100 vg/ml in 0.1 N NaOH. Ash and moisture determinations should 
be carried out on the protein used and the standard corrected accordingly. 

Method. Dissolve the protein obtained by extraction of the lipo- 
protein in 0.1 M NaOH. If the protein is wet with ether it usually 
dissolves without difficulty. 

Carry out the estimation in replicate as follows: Pipette into a series 
of scrupulously clean test tubes, volumes of the solution to be assayed 
that are equivalent to various amounts of protein up to 100 pg. Add 
water to each tube to give a total volume of 1 .O ml. Prepare dilutions 
of the standard protein solution in the same way. Add 4 ml of reagent 
C to each tube, mix and stand for 10 min. Then add 0.5 ml of D, mix 
vigorously, stand for 30 min and read the optical density at 660 nm 
against a reagent blank prepared with 0.1 N NaOH instead of the 
protein standard. 

If the estimation is to be made on the intact lipoprotein, substitute 
this solution for the re-dissolved protein in the fore-going method. 
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The turbidity that results from the presence of the lipid can be cleared 
by washing the final reaction mixture twice with 10 ml of diethyl ether 
or hexane, after the development of the colour is complete. Treat the 
standards in the same way. Alternatively, the turbidity can be sup- 
pressed by the addition of sodium dodecyl sulphate (Curry et al., 
1978; Markwell et al., 1981) as follows. 
Reagents (Markwell et al. 1981) 
Solution A: 2% N%CO,, 0.16% sodium tartrate and 1% sodium dodecyl sulphate in 

0.1 N NaOH. 
B: 4% copper sulphate. 
C: 1 ml of B mixed with 100 ml of A immediately before use. 
D: Dilute Folin-Ciocalteu reagent to half-strength with distilled water im- 
mediately before use. 
E: 100 pg of bovine serum albumin/ml in distilled water. 

Note that sodium tartrate is used in reagent A because potassium 
dodecyl sulphate is sparingly soluble. In any event, the detergent may 
precipitate at temperatures below 20 "C but can be redissolved by 
gentle warming. 

Procedure. Prepare dilutions of the standard and of the specimens 
to be assayed, as above. Add 3 ml of reagent C to each tube, mix and 
stand at room temperature for at least 10 min. Then add 0.3 ml of 
D, mix vigorously, stand at room temperature for 45 min and read 
at 660 nm against a reagent blank. The colour is stable for at least 
40 min. 

The foregoing methods can be used to determine protein in 
amounts down to about 5 pg. When the quantity is smaller than this, 
the assay volume can be scaled down by 10 or 20-fold if micro-cuvettes 
are available. Alternatively, the optical density can be read at 750 nm 
(Markwell et al., 1981). 

6.4.1.2. Chemical estimation of apo-lipoprotein B The most 
sensitive and specific methods of estimating apo-lipoprotein B are 
immuno-chemical (Section 8.9) but there are also simpler chemical 
methods of making an assay of this protein. One is to dissolve the 
mixture of apo-lipoproteins in 2 mM sodium decyl sulphate, separate 
the B protein by chromatography on Sephadex G150 and then to 
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estimate it by the Lowry method (Brown et al., 1969). However, this 
is a tedious procedure that is not well adapted to the micro-scale. 
Several laboratories have therefore been led to investigate methods in 
which the apo-lipoprotein B is precipitated by an organic solvent in 
which the other apo-lipoproteins are soluble. It is difficult to be 
certain that these methods are strictly quantitative but, despite this, 
they can be of value. The most widely used procedure is that due to 
Kane (1973, 1975), in which apo-lipoprotein B is precipitated, togeth- 
er with the lipids, by the addition of 1,1,3,3-tetramethyl urea (TMU) 
to a concentration of 4.2 M (i.e. 50% TMU in water). Both the soluble 
and the insoluble proteins can then be estimated by the Lowry 
method. The technique requires less than 1 mg of protein but the 
reagent is both unstable and unpleasant. Moreover, even if 4.2 M 
TMU is the optimum concentration for the separation of the human 
apo-lipoproteins (which has been questioned), this may not be true 
for the apo-lipoproteins of other animals. It has been claimed that 
some of the disadvantages of TMU can be overcome by the use of 
iso-propanol (Holmquist et al. 1978) but this has yet to be substantiat- 
ed. 

Reagents. 0.15 M NaCl. 1,1,3,3-Tetramethyl urea (Burdick and 
Jackson; Sigma; Merck): this should be re-distilled (175.5-176.5 "C) 
and kept in a closely sealed bottle in the dark. Since this reagent slowly 
oxidises it is imprudent to re-distil large amounts at a time. 

Procedure. Adjust the concentration of the lipoprotein solution to 
be equivalent to about 0.6 mg of protein/ml, in a buffer of ionic 
strength not less than 0.05 and pH 6.0-9.0. Warm both this solution 
and the TMU separately to 37 "C in a water bath. Add 0.25 ml of 
TMU to 0.25 ml of sample in a small tube, mix thoroughly and keep 
at 37 "C for 30 min. Then centrifuge at 2000 g for 10 min at room 
temperature. The mixture of lipid and apo-lipoproteins B that is 
precipitated from VLDL usually forms a floating pellicle on a clear 
infranatant. If the tube is tilted, the pellicle can be induced to stick 
to the side of the tube, leaving a clear surface through which to insert 
a pipette. The precipitate from LDL is more dense and is sometimes 
difficult to sediment even with a brisker centrifugation. Withdraw 0.1 
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ml of the liquid phase and add it to 0.4 ml of 0.15 M NaC1. Mix well 
and take samples of this solution for protein estimation by the Lowry 
method (Section 6.4.1.1). Because TMU affects the colour reaction, 
the protein standard must be made up in 10% TMU. 

This procedure estimates the amount of soluble apo-lipoprotein, 
which must be subtracted from the total protein to obtain the quantity 
of the apo-lipoprotein B. In a modification of the method, Reichl et 
al. (1977) filtered off the precipitated protein and measured it directly. 
This is a useful technique where a low-density lipoprotein has been 
radioactively labelled and the specific activity of the label in the 
apo-lipoprotein B is required. The lower limit of the method appears 
to be of the order of 1 vg of protein but this, like the precision, is 
not well established. 

Materials. 0.15 M NaCI. Chloroform. Methanol. Re-distilled 
TMU. Whatman glass-fibre filter discs (type GF/C), 2.5 cm diam. 
Millipore Pyrex Microanalysis Filter Holder (XX 10-02500) and a 
matching Buchner flask. 

Procedure. To 0.5 ml of the lipoprotein solution, add an equal 
volume of TMU and stand the mixture at room temperature for 2 
hours. Collect the precipitate under gentle suction, on a glass-fibre 
filter in the filter holder. Wash the reaction tube with 1 ml of 4.2 M 
TMU followed by 1 mi of 0.15 M NaCI, and add these washings to 
the filter. Then wash the filter successively with 10 ml of a mixture 
of TMU with 0.15 M NaCl (l:l, v/v), 5 ml of distilled water and 5 
ml of chloroform-methanol (l:l,  v/v). In the case of radioactive 
samples, the washed filter can be transferred to a tube for radioassay, 
after which the protein can be recovered for estimation by the follow- 
ing modification of the Lowry procedure (Section 6.4.1.1). 

Transfer the filter disc to a 5 ml test tube, add 0.2 ml of 2 M NaOH, 
which must entirely soak the filter, and stand overnight at room 
temperature. Then add 2 ml of a solution containing 1 .O% CuS04 and 
2.0% sodium potassium tartrate. Stand for 10 min at room tempera- 
ture and then add 0.2 ml of 1.0 M H2S04, followed by 0.2 ml of 
Folin-Ciocalteu reagent that has been diluted to 0.5 M. Mix 
thoroughly and centrifuge for 5 min at 2000 g to remove fragments 
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of glass fibre. Read the optical density of the supernatant solution at 
660 nm, 30 min after adding the reagent. Calibrate the method by 
performing the entire procedure on samples of LDL of known protein 
content. 

6.4.2. Electrophoretic analysis of apo-lipoproteins 

The techniques used are derived from that of Davis (1964), in which 
the stabilising agent is polyacrylamide gel (Section 5.5).  Because of 
the tendency of the isolated apo-lipoproteins to aggregate, a dissociat- 
ing agent such as urea, or sodium dodecyl sulphate (SDS) must be 
present in the gel. However, apo-lipoprotein B is almost insoluble 
even in 8 M urea and for this protein it is necessary to use gels 
containing SDS. It is important to note that urea hydrolyses in 
aqueous solutions to form cyanate (Marier and Rose, 1964), which 
will carbamylate the amino groups of the proteins and give rise to 
spurious bands on electrophoresis. It is therefore best, albeit expen- 
sive, to prepare the gels with ultra-pure urea, or with analytical grade 
urea that has been treated with an ion-exchange resin (e.g. Amberlite 
MB-1) immediately before use. Using this grade of urea, it is possible 
to make up stock gel reagents in 8 M urea and to keep these solutions 
for up to 7 days in the dark at 4 "C (Shore et al., 1980). In practice 
however, good results can be obtained with analytical grade urea 
provided that it is not added to the gel reagents until immediately 
before they are used. Likewise, urea should not be added to the 
protein sample until it is about to be put onto the gel. 

The properties of the polyacrylamide gel and thus of the resolution 
obtained are critically dependent on the quality and the relative 
proportions of the reagents. To ensure that the analyses are reproduci- 
ble, both within a run and from day to day, it is important to use the 
best quality materials. The acrylamide should either be the commer- 
cial product that is specially prepared for electrophoresis, or should 
be re-crystallised from chloroform and ethyl acetate (Maurer, 1971). 
The preparation of the reagents, the samples and the buffers should 
all be carried out with great care, and it is also important to control 



Ch. 6 CHEMICAL. CHARACTERISATION OF LIPOPROTEINS 253 

the presence of oxygen or of other substances e.g. mercaptoethanol, 
that inhibit the polymerisation. 

The staining of the apo-lipoproteins after the electrophoresis also 
needs close attention. The proteins do not all bind the dye equally 
strongly, for example apo-lipoproteins A-I and A-I1 will stain well 
under conditions which leave apo-lipoprotein C-I only weakly colour- 
ed (Shore et al., 1980). In addition, some of the proteins are more 
difficult to fix than others. Consequently, if the pattern of apo-lipo- 
proteins that is revealed by the electrophoretic analysis is to reflect 
accurately the real composition of the sample, the staining procedure 
itself must be consistent and reproducible. 

6.4.2.1. Techniques for staining gels The method used for 
staining the proteins will depend on the purpose for which the 
electrophoresis was carried out. 

(a) The most usual purpose is the qualitative analysis of the apo- 
lipoproteins, for which the stain should be capable of detecting 
components that account for not more than 2% of the total protein 
when the gel is adequately loaded. In the past, Amido Black (also 
called Buffalo Black or Amido Schwartz) was widely used but this has 
now been largely supplanted by Coomassie Blue R250, which is much 
more sensitive. Moreover, this dye can be used to stain the proteins 
in a simple one-step procedure in which fixing and staining take place 
at the same time. This technique depends on the fact that a colloidal 
suspension of the dye is formed when an aqueous solution of 
Coomassie Blue is added to 10% trichloracetic acid, in which the dye 
is insoluble. If the gel to be stained is immersed in this solution, the 
dye is taken up by the proteins and, if its initial concentration is not 
too great, there will be insufficient left to colour the background. 
Thus there is little need to de-stain the gel. The process may take up 
to 48 hours at room temperature but can be completed in one hour 
in a water bath at 60 "C. However, some de-staining is usually needed 
after this hot process. 

Procedure. This technique can be used with acidic or basic gels that 
contain urea, or with gels that contain sodium dodecyl sulphate. 
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Stir 0.1 g of Coomassie Blue R250 in 5 ml of water continuously 
until it is completely dissolved. Then slowly mix this solution into 100 
ml of 10% trichloracetic acid, stirring continuously. It is important 
to add the dye to the acid: the reverse procedure frequently causes the 
dye to precipitate and the product is useless as a stain for polyacrylam- 
ide gels. The colloidal suspension may slowly aggregate and form a 
precipitate that can be filtered off (Whatman No. 1 paper), but this 
may leave the stain too dilute for use. 

Immediately after each gel has been removed from its electropho- 
resis tube, immerse it completely in a test-tube filled with the stain. 
This tube may be inverted occasionally to re-mix the buffer that 
diffuses out of the gel. On no account should the tubes be 'topped-up' 
with fresh stain, for dye may then precipitate on the surface of the 
gel. When the proteins have stained to the desired intensity, transfer 
the gel to a clean, screw-capped tube that is completely filled with 
water, in which it may be photographed. If it is thought necessary to 
preserve the gel for a short time, the tube should be filled with 7% 
acetic acid. 

With this technique there is usually no need to de-stain the gels but, 
if this should become necessary, they can be soaked in a mixture of 
methano1:acetic acid:water in the proportions 40: 1050 by volume. 

The above process may take a considerable time to complete but, 
if need be, the staining can be made more rapid by placing the tube 
containing the gel and the stain in a water-bath at 60 "C for 1 h. After 
this treatment, de-staining is essential. The methano1:acetic acid:wa- 
ter mixture can be used for acidic or basic gels that contain urea, but 
it is better to use isopropano1:acetic acid:water (10: 10530 by vol.) for 
gels that contain sodium dodecyl sulphate. 

When the routine de-staining of large numbers of gels is necessary, 
it may be advantageous to use a continuously stirred bath (Edelstein 
and Scanu, 1980; Shore et al., 1980). In this easily constructed 
equipment, the gels are put into rimmed plastic tubes in which holes 
have been drilled. These tubes are then supported by their rims in 
holes that are drilled in a plastic plate that fits the top of a large 
beaker. The latter is filled with the de-staining solution and stands on 
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a magnetic stirrer. If the solution is changed occasionally, this ar- 
rangement allows the de-staining process to be appreciably shortened. 

(b) It should be noted that the foregoing method generally gives 
unsatisfactory results when used on isoelectric focussing gels because 
Coomassie Blue R250 is taken up by the ampholytes and is conse- 
quently difficult to de-stain. Shore et al. (1980) also find that the 
stained apo-lipoproteins are easily washed out of gels that contain 
ampholytes. To overcome this, they first remove some of the ampho- 
lytes by a preliminary fixation and washing. They then carry out both 
the staining and the de-staining operations in reagents that tend to 
promote the denaturation of the proteins. However, good results with 
isoelectric focussing gels, or with paper prints taken from them, can 
be obtained by the following simpler method. 

Procedure. Prepare a concentrated solution of trichloracetic acid 
by dissolving 1 kg in sufficient water to give a final volume of 1 litre. 
To make the stain solution, dissolve 0.75 g of Coomassie Blue R250 
in 225 ml of methanol by stirring for 10 min. Pour this solution into 
465 ml of water while mixing thoroughly. Continue to stir, and add 
22.5 g of sulphosalicylic acid. When this has dissolved, slowly add 75 
ml of the trichloracetic acid solution. The final volume is about 690 
ml. Any insoluble residue should be removed by filtration through a 
Whatman 111 paper. 

Stain the gels in this solution until the proteins have become 
adequately visible, but do not continue for more than 5 or 6 hours 
or the de-staining time will be impracticably long. To de-stain, trans- 
fer the gels to a mixture of ethano1:acetic acid:water (3:1:8 by vol.) 
at room temperature. After several hours, the background intensity 
should reach an acceptably low level and the gels can be transferred 
to water. 

Note that method (c) below can also be used for isoelectric focuss- 
ing gels. 

(c) The object of the staining may be to mark the position of 
proteins that are to be excised from a duplicate gel that has been run 
in parallel with the one that is stained. In experiments of this kind the 
sample load is usually comparatively heavy and a highly sensitive stain 
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may not be necessary. But it must be quick-acting, or there will be 
loss of resolution in the unstained gel through diffusion of the 
proteins. A suitable combination of these attributes is offered by the 
Coomassie Blue G-perchloric acid system (Reisner et al., 1975). This 
procedure also has the advantage that de-staining is not required, even 
in the case of isoelectric focussing gels, since ampholytes do not take 
up this dye. Note however, that it is not suitable for gels that contain 
sodium dodecyl sulphate. 

Procedure. Dissolve 0.04 g of Coomassie Blue G250 in 100 ml of 
3.5% (w/v) perchloric acid, with stirring, at room temperature. After 
1 h, filter through a Whatman No. 1 paper. The resulting solution is 
stable at room temperature. 

The procedure for staining the gels in this solution is the same as 
that described for Coomassie Blue R250, but major proteins will 
become visible as blue bands against a pale orange background after 
about 5 min. Staining should be adequate after 30 min, but the 
intensity will increase overnight without any change in background. 
The gels may be transferred to a solution of 0.005% Coomassie Blue 
G250 in 3.5% perchloric acid for photography. This technique can 
also be used for isoelectric focussing gels, and will give good results 
with paper absorption prints taken from preparative flat-bed gels. 

When the stained gel is to be used as a marker, it can be set alongside 
a duplicate that was run in parallel with it, from which the unstained 
proteins can be sliced out before appreciable diffusion as taken place. 
If this cannot be done immediately, the gels can be frozen at - 20 "C, 
to be cut up later. 

(d) It is possible to test for the presence of glycoproteins by the 
chromogenic reaction of their carbohydrate residues with Schiff rea- 
gent after oxidation with periodic acid. This test can be used as 
supporting evidence for the identity of those apo-lipoproteins that 
contain carbohydrate residues (Table 6.4), although it is not so 
satisfactory as the identification and estimation of these carbohy- 
drates. Because the carbohydrate amounts to only a small fraction of 
the apo-lipoprotein, this is a relatively insensitive method of staining 
and the loading of the gel must be several times greater than would 
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be sufficient if the proteins were to be stained with Coomassie Blue. 
Procedure A.  For polyacrylamide-urea gels (from Kapitany and 

Zebrowski, 1973). Schiff's reagent is prepared as in Appendix 4. 
Immediately after the electrophoresis is completed, soak the gel in 

12.5% trichloracetic acid at room temperature for 1 h to fix the 
proteins. Transfer the gel to a 0.2% solution of periodic acid in a clean 
tube and allow oxidation to proceed at 4 ° C  for 45-60 min. 

Pour off the periodic acid from the gel, immediately refill the tube 
with cold Schiff reagent and store for 45 min at 4°C.  

At this stage, the whole gel will be stained pink and must be 
de-stained to develop the contrast between the background and the 
stained proteins. However, the proteins also become less intensely 
coloured and the gel must be carefully observed during the de-staining 
in order to record the pattern when the contrast is greatest. To 
de-stain, soak the gel in several changes of 10% acetic acid at room 
temperature. The life-time of the stained bands can be prolonged by 
storing the gel in 10% acetic acid at 4 "C but, if necessary, the proteins 
can be re-stained by passing the gel through periodic acid and Schiff 
a second time. 

Note that light should be excluded from all these staining and 
washing procedures. 

Procedure B. For gels that contain sodium dodecyl sulphate 
(Glossmann and Neville, 1971). 

Procedure A may be unsatisfactory if the gels contain SDS, which 
can lead to the production of artifacts. In the following procedure 
therefore, the preliminary fixation is carried out in a medium that will 
extract the SDS. It is desirable that these washings are performed in 
a continuously stirred bath. 

Immediately after the electrophoresis, wash the gel for 24 h in at 
least two changes of 7% acetic acid in 40% methanol (Glossmann and 
Neville recommend 2.5 litres for 12 gels). Transfer each washed gel 
to a clean tube that contains 1'70 periodic acid in 7% acetic acid and 
stand for 1 h in the refrigerator. After the oxidation, wash out the 
periodic acid by soaking for 24 h in two changes of 7% acetic acid, 
transfer the gels to separate tubes that contain Schiff reagent and 
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stand them in the refrigerator for 1 h. Finally, wash each gel 3-4 times 
with 1 Yo sodium metabisulphite in 0.1 N HCl, in which they can also 
be stored. 

(e) Stained gels can also be used for the semi-quantitative analysis 
of an apo-lipoprotein mixture by densitometric scanning. This tech- 
nique is discussed in detail in Section 8.9.1, together with methods for 
the quantitative analysis of apo-lipoproteins. 

As a general appendix to the foregoing methods it may be said that 
de-staining by electrophoresis is not generally necessary and may be 
best avoided for apo-lipoproteins. If large volumes of de-staining 
solutions are used, it may be economical to re-use them several times 
instead of discarding them after a single use. The dyes that are leached 
out of the stained gels can be adsorbed out of the de-staining solution 
with charcoal. However, urea, SDS and buffer salts that are also 
extracted, will accumulate with each use, while the acetic acid, ethanol 
or methanol that was originally present will become progressively 
more dilute. It is these factors that will ultimately determine the 
number of times the de-staining solution can be reused. The simplest 
way to adsorb dye out of a de-staining solution is to pour it into a 
filter funnel that is fitted with a filter paper, into which several 
spoonfulls of activated charcoal powder have been put. This funnel 
and charcoal can be kept in use until it no longer yields a colourless 
filtrate. 

6.4.2.2. Recording the electrophoretic patterns Since it is im- 
practicable to store stained gels, it is necessary to make a permanent 
record of their appearance in some other form. This can be done in 
three ways: 

(1) By making a pencil drawing of the pattern. This is difficult to 
make convincingly representational and to do accurately. 

(2) By photography. The speed and reliability with which the 
details of the electrophoretic pattern can be recorded by modern 
automatic cameras, in an easily recognisable form, have made this the 
method of choice. Procedural details are given in Appendix 5 .  

(3) By optical scanning densitometry, the results of which are 
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plotted on a chart recorder. This relatively expensive teehaique can 
give an objective estimate of the position of a protein band- can 
lead to a better measurement of its relative mobility. In this respect, 
the method has some value as a complement to photographk record- 
ing, particularly when the photograph and the densitomeQie trace can 
be mounted in register. Scanning densitometry can ako b used to 
make a semi-quantitative estimate of the relative proportias of the 
apo-lipoproteins in a mixture, or to determine whether an uRidentified 
protein and an authentic apo-lipoprotein will co-electrophorese with 
the same mobility (Section 6.4.3). 

6.4.2.3. The polyacrylamide gel-urea system This is a simple 
and rapid way of separating the apo-lipoproteins on a micro-scale 
through their differing electrophoretic mobilities in polyacrylamide 
gel. Unfortunately, mobility is a complex function of the electrical 
and morphological properties of a protein which it is not easy to 
measure reproducibly. In itself therefore, the method is not well suited 
to the unequivocal identification of an individual apo-lipoprotein. 
Despite this, it can play a valuable role in the preliminary analysis of 
the different apo-lipoprotein mixtures that are found, for example, 
in the fractions collected from chromatography columns. Moreover, 
when used in conjunction with other electrophoretic and immunologi- 
cal techniques, it forms an important part of the system of qualitative 
analysis by which apo-lipoproteins may be fully identified (Section 
6.4.3). In this context, note that, although the electrophoresis is 
usually performed at an alkaline pH, valuable information on the 
identity of some apo-lipoproteins can be obtained from experiments 
at an acid pH. Directions for both systems are given below. 

Although it is possible to carry out the electrophoresis in thin slabs 
of gel, it is far more common to prepare separate gels in glass tubes 
as described by Davis (1964). The necessary equipment can be obtain- 
ed from many manufacturers and can also be used for electrophoresis 
in gels that contain sodium dodecyl sulphate (some are also designed 
for use with the isoelectric focussing technique (Section 6.4.2.6). It 
is highly desirable that the apparatus incorporates effective provision 
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for cooling the gels during the run, since higher current densities can 
then be used without damaging the gels. Although the principles on 
which the method operates are as described by Ornstein (1964), there 
are many minor variations in the practice of the technique to be found 
in the literature. It is not often clear what advantages these variants 
have to offer. The procedure we shall describe for electrophoresis in 
alkaline gels is based on that of Kane (1973), while that for acidic gels 
is adapted from Reisfeld et al. (1962). We shall assume the use of gel 
tubes 145 mm long by 6 mm bore, but smaller tubes can be used 
without significant change to the technique. The construction of the 
gels is shown diagrammatically in Fig. 6.1. 

EL E C TR OPHOR E S IS ' ~ \ ~ \ E ~ ~ l \ ~ c  
I I1 I11 I V  V 

ELECTRUDE - 
5 Upper electrode 

buffer - 
4 Sample washing- 
3 Sample .---+ 

2 Stacking gel - 

1 Separating gel - 

3 

13 11.5 
c m  

+ - ELECTRODE + - + +  - 
6 rnm 6 rnm 

Fig. 6.1. The construction of the composite gels used for the different techniques of 
electrophoresis in polyacrylamide gel. (I) alkaline-urea gel (Section 6.4.2.3). (11) 
acidic-urea gel (Section 6.4.2.3). (111) sodium dodecyl sulphate gel: Weber and Osborne 
method (Section 6.4.2.4). (IV) sodium dodecyl sulphate gel: Neville's method (Section 
6.4.2.4). (V) analytical isoelectric focussing (Section 6.4.2.6). The order in which the 
component gels are added to the tubes is shown by the adjoining numerical key: 4b 
is the layer of ampholyte solution placed over the sample in isoelectric focussing. 
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TABLE 6.6 
Electrophoresis in alkaline gels (Kane, 1973) 

Composition of reagents for alkaline polyacrylamide gel 

Solution 

A B C D E F G 

Tris base 

Acrylamide 

Bisacr ylamide 

TEMED 

Riboflavin 

Ammonium 
persulphate 

Adjust to pH 
with ( ) 

24.23 g 2.907 g 

40 g 13.3 g 

1.1 g 1.1 g 

0.30 ml 0.13 ml 

2.7 mg 

103 mg 143 mg 

9.1 6.7 
(HCl) (H,PO,) 

Make all these solutions up to 100 ml with distilled water 

Solutions C, F and G must be freshly made. All the other reagents may be kept for 
up to 7 days in the refrigerator. 
Electrode buffers: 
Cathode solution (upper compartment): 2.574 g of Tris base 

1.745 g of glycine 
Water to 500 ml. Adjust to pH 8.91 
7.268 g of Tris base 
Water to 500 ml 
Adjust to pH 8.07 with HCl 

Anode solution (lower compartment): 

Note that when proteins are te be eluted from the gel for aminoacid analysis, it is 
important to avoid contamination with glycine. It is then better to use a cathode buffer 
made as follows: dissolve 2.574 g of Tris base in 500 ml of water and adjust to pH 
8.91 with boric acid. 

Procedure. The sequence of operations is as described in Section 
5.5.1. 

Separating gel. Use analytical grade urea to prepare the following 
two solutions immediately before the gels are to be made (Table 6.6). 
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(1) 10 ml of soh. A + 10 ml of soln. B + 12.8 g of urea 
(2 )  20 ml of soh. C + 12.8 g of urea 

When the urea is completely dissolved, filter each solution through 
a fine paper, or a coarse membrane filter (approx. 1 pm pore size; 
a Millipore Millex filter may be convenient for small volumes). Mix 
the two solutions in a flask, degas by suction, and pipette 2.5 ml into 
each prepared 6 mm by 145 mm gel tube. 

Stacking gel. While the separating gel is polymerising, prepare the 
following solutions. 

(3) 1 ml of soh. D + 1 ml of soin. E + 1.28 g of urea 
(4) 1 ml of soln. F + 1 ml of soh. G + 1.28 g of urea 

When the separating gels are ready (Section 5.5.1), filter, degas and 
mix solutions 3 and 4. Pipette 0.3 ml of the mixture onto each gel, 
overlayer with water and polymerise under UV light (Section 5.5.1). 
Be sure to allow ample time for the reaction to go to completion (e.g. 
30 min): a detectable scattering of light in the solution does not mark 
the end of the polymerisation. 

Preparation of the sample. The sample should be in a solution of 
about pH 8 and of low ionic strength. The amount of protein required 
will depend on the nature and complexity of the mixture to be 
analysed. About 5 pg of an isolated apo-lipoprotein should be suf- 
ficient, but 40-50 pg of apo-HDL will be needed, or up to 100 pg of 
apo-LDL. The sample may be dissolved in from 10 to 100 p1 of solvent 
but the optimum volume is about 50 pl. 

For the electrophoretic characterisation of the soluble apo-lipopro- 
teins on the micro-scale, it is often convenient to use tetramethylurea 
(TMU) to remove the lipid and the apo-lipoprotein B (Kane, 1973). 
As in the method of analysis described in Section 6.4.1.2, the TMU 
must be re-distilled at regular intervals (e.g. once month) and stored 
in the refrigerator, in a dark bottle. It is also important that the 
lipoprotein solution should be adjusted to have a pH between 6 and 
9, and an ionic strength between 0.05 and 0.15. Mix from 50 to 200 
pl of the lipoprotein solution with an equal volume of TMU in a small 
tube (4 mm by 50 mm) and stand at room temperature for 30 min. 
If a large proportion of lipid is present, the precipitate may cause the 
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protein bands to be distorted and it is expedient to centrifuge the 
mixture. Recover the clear aqueous TMU solution and transfer an 
appropriate amount to the top of the acrylamide gel. With care, the 
electrolyte buffer can be layered directly onto the sample solution but, 
if need be, sucrose or urea can be added to increase its density. Kane 
(1973) recommends the use of one tenth volume of 80% sucrose. 

As an alternative to this procedure, the precipitation with TMU can 
be carried out in the gel tube itself. This is convenient if the sample 
of lipoprotein is small but carries some risk that the proteins may not 
migrate evenly. Care must be taken to ensure that the sample and the 
reagent are properly mixed. 

Adequate results can also be obtained by adding urea at the rate 
of 30-35 mg/50 ~1 to a solution of the lipoprotein in an alkaline 
buffer, the mixture then being transferred to the top of the polyacryl- 
amide gel. On passing the current, all the apo-lipoproteins with the 
exception of B will migrate into the gel. The simplicity of this 
procedure is attractive when many samples must be analysed, but 
there seems to be little real evidence that the distribution obtained is 
quantitatively correct. 

Apo-lipoproteins that have been isolated by conventional ‘delipid- 
ation’ (Appendix 3), or have been partially purified, can be dissolved 
in a buffered urea solution and applied to the gel in the conventional 
way (Section 5.5.1; Davis, 1964). Cathode buffer to which urea has 
been added (750 mg/ml) is a suitable solvent which wP1 readily 
dissolve apo-HDL or isolated apo-lipoproteins of low molecular 
weight. However, apo-lipoprotein B is virtually insoluble in this 
solvent and samples of apo-LDL or apo-VLDL must be subjected to 
a prolonged extraction. Under no circumstances should tbese apo- 
lipoprotein mixtures be allowed to dry after they have been wetted 
with water, for they will then form a horny mass that is h o s t  
impossible to deal with. Concentrated solutions of LDL or VLDL 
may be either freeze-dried and then extracted with solvents, or they 
may be extracted directly from the aqueous solution after dialysis. 
Both procedures are described in Appendix 3. When the €ipicts have 
been completely removed, the finely divided protein residue can be 
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suspended in buffered urea and allowed to incubate for several hours 
at room temperature before the supernatant is transferred to the gel. 

Loading the gel (cf. Section 5.5.1). Insert the gel tubes into the 
grommets of the upper electrolyte reservoir before loading them with 
the protein solutions. If this reservoir is of the usual cylindrical form, 
the assembly can be conveniently supported on the base of an upturn- 
ed beaker during the loading procedure. Add the appropriate volume 
of sample to each gel and carefully overlay it with the cathode buffer 
to fill the tube. When all the tubes are filled, mount the assembly over 
the reservoir of anode buffer and check that there are no air bubbles 
in the ends of the tubes. Finally, fill the upper reservoir with cathode 
buffer into which 0.2 ml of 0.1% bromophenol blue is well mixed. 

Electrophoresis. Connect the upper electrode to the negative pole 
of the power supply and pass a constant current of 2-4 mA/gel until 
the band of bromophenol blue tracking dye has entered the separating 
gel. Then increase the current to 4-8 mA/gel until the dye has reached 
the pre-determined mark at the end of the tube (Section 5.5.1). Note 
however, that the maximum acceptable current will be limited by the 
efficiency with which the tubes can be cooled during the run. Unless 
the cooling bath can be kept below 20°C,  the gels are likely to be 
damaged through over-heating, In any event, it is a prudent rule not 
to exceed a current density of 30 mA/sq. cm., i.e., 4 mA for a gel 
4 mm in diameter, or 8 mA for a gel 6 mm in diameter. Since the gels 
do not all run at the same rate, it will be necessary to stop each one 
as the tracking dye reaches the end marker. To do this, switch off the 
power supply, lift the upper reservoir and push the relevant tube up 
through its grommet until the top is above the level of the electrolyte. 
Then replace the reservoir and continue the run, remembering to 
reduce the total current flow to maintain the current per tube at its 
original value. Repeat this operation for each tube as it becomes 
necessary. 

When the run is completed, switch off the power, extract the gels 
from their tubes (Section 5.5.1) and stain them by the method (a) of 
Section 6.4.2.1. 

Electrophoresis in acidic gels (adapted from Reisfeld et al., 1962). 
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The procedures for assembling the gels is essentially the same as that 

Separating gel. Prepare the following mixtures with analytical 
for the alkaline gels described above. 

grade urea, immediately before they are required (Table 6.7). 

When all the urea has dissolved, mix the two solutions and degas by 
suction. Without delay, pipette 2.5 ml of this mixture into each 
prepared 6 mm x 145 mm glass gel tube and overlayer with water. 

(1) 5 ml of soln. H + 10 ml of soln. I + 9.25 g of urea 
(2) 17 ml of soh. J + 10.5 g of urea 

Stacking gel. Prepare the following two solutions. 
(3) 1 ml of soh. K + 2 ml of soh. L + 1.85 g of urea 
(4) 4 ml of soh. M + 1 ml of water + 3.1 g of urea 

TABLE 6.7 
Composition of reagents for acidic polyacrylamide gel 

Solution 

H I J K L M 

Potassium 337 mg 337 mg 
hydroxide 

Acetic acid 2.14 ml 0.36 ml 

Acrylamide 30 g 18 g 

Bisacrylamide 0.8 g 0.47 g 

TEMED 0.46 ml 0.46 ml 

Ammonium 
persulphate 

164 mg 140 mg 

Adjust to pH 4.3 6.8 

Make all these solutions up to 100 ml with distilled water 

Solutions J and M must be freshly made. 
Electrode buffer: the following solution is used for both the anode and the cathode 
compartments: 31.2 g of p-alanine, 8.0 ml of glacial acetic acid, Water to lo00 ml. 
Adjust to pH 4.5. 
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When the urea has dissolved and the separating gels have polymerised, 
mix these two solutions and de-gas by sunction. While this operation 
is proceeding, remove the fluid from the top of the separating gels 
(Section 5.5.1). As soon as the de-aeration is complete, pipette 0.3 ml 
of the reagent mixture onto each gel, overlayer with water and allow 
to polymeiise for 35-45 min. 

Preporation and loading of sample. Proceed as described for the 
alkaline gels, but add 5 pl of 0.5% Basic Fuchsin as tracking dye. 

Electrophoresis. At this low pH, the proteins will migrate towards 
the cathode and care must be taken that it is the lower electrode that 
is connected to the negative pole of the power supply. The conditions 
that determine the permissible current density in acidic gels are the 
same as for alkaline gels and the same values may be used. When the 
run is completed, extract the gels and stain them by the method (a) 
of Section 6.4.2.1. 

6.4.2.4. The polyacrylamide gel-sodium dodecyl sulphate (SDS) sys- 
tem. Proteins that are fully complexed with SDS have an elec- 
trophoretic mobility in polyacrylamide gel that is inversely related to 
the logarithm of their molecular weight and is largely independent of 
their isoelectric point. For this relationship to hold, it is important 
that the formation of the complex is allowed to go to completion and 
the sample should be incubated with SDS, either overnight at room 
temperature, or for 2 h at 37 "C,  or for 2-3 min at 100 "C before it 
is put into the electrophoresis tube. Mercaptoethanol may also be 
included in the incubation mixture if it is thought desirable to reduce 
such dieulphide bonds as may be present. At least one standard 
protein mixture must be run with each batch of apo-lipoprotein 
analyses, to calibrate the gel. Suitable standards are now so readily 
available from laboratory suppliers that it is rarely worth-while to 
prepare them in the laboratory. 

The conventional apparatus is generally used for this method of 
analysis, the most widely adopted technique being that of Weber and 
Osborne (1969). No stacking gel is used in this procedure, which will 
satisfactoriiy resolve proteins of 15 o00-100 000 dalton in a separating 
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gel of 10% acrylamide. This operational range can be increased to 
50000-250000 dalton by reducing the gel concentration to 3.3% The 
more recentty developed method of Neville (1971) uses both stacking 
and separating gels and offers a rather better resolution than the single 
gel system. The concentration of the separating gel can be varied from 
5 to 25% acrylarnide, as appropriate, but a value of 15-20% is 
generally satisfactory for most apo-lipoprotein mixtures. Despite this 
relatively high gel concentration, the mobility of the proteins is 
advantageoudy rapid. 

TABLE 6.8 
Composition of reagents for polyacrylamide gels 

that contain sodium dodecyl sulphate 

Solution 

S T u v  P Q R  

Tris base 

1.0 N HCI 

1.0 M H2S0, 

NaH,PO,. H,O 

Na,HPO, * 7H,O 

Sodium dodecyl 
sulphate 

Acrylamide 22.2 g 

Bisacrylamide 0.6 g 

Ammonium persulphate 

Water to (ml) 100 

20.68 g 2.62 g 

12.3 ml 

10.7 ml 

7.8 g 

38.6 g 

2.0 g 

60 g 12.0 g 

0.4 g 0.8 g 

150 mg 

1000 100 100 100 100 100 

Solutions P, S and T should be filtered before use, and may be stored in the dark, at 
4 "C for up to 7 days. Solution R must be freshly made. The final pH of solutions U 
and V should be 9.18 and 6.14 respectively. 
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Method of Weber and Osborne (1969) 

and use this in both of the anode and the cathode compartments. 
Electrode buffer. Dilute solution Q with an equal volume of water 

Separating gel. To make 10 gels of 10% acrylamide concentration, 
prepare the following mixtures, 

(1) 
(2) 

13.5 ml of soln. P + 15 ml of soh. Q 
1.5 ml of soln. R + 45 pl of TEMED 

De-aerate both reagents by suction, then mix thoroughly together and 
pipette 3 ml into each prepared 6 mm by 145 mm gel tube. Overlay 
each tube with a layer of water and allow to stand undisturbed until 
polymerisation is complete. This will take at least 30 min. 

To make 10 gels of 3.3% concentration for the analysis of proteins 
of molecular weight in the range 50oo(r250000, prepare the follow- 
ing solutions 

(1) 4.5 mi of soln. P + 15 ml of soln. Q 
(2) 1.5 ml of soln. R + 45 p1 of TEMED + 9 ml of water 

Then proceed as for the 10% gels. 

Preparation of sample. Make up the solvent buffer by dissolving 
0.8 g of SDS in 100 ml of solution Q. 

The amount of protein that is required for each gel is approximately 
the same as for the urea-gel system. For SDS-gels however, the TMU 
procedure is inappropriate and the proteins should be extracted with 
conventional solvent mixtures (Appendix 3). Dissolve the lipid-free 
protein in the solvent buffer to give a sample volume of 50-100 p1, 
observing the precautions mentioned in Section 6.4.2.3. When the 
protein is dispersed, heat the solution for 3 min in a water-bath at 
90°C. If it is intended to reduce the disulphide bonds, add 5 p1 of 
mercaptoethanol before this incubation. It is then wise to perform the 
operation in a screw-capped vial that can be flushed with nitrogen. 
When the denaturation is complete, add 50 p1 of glycerol, 3 p1 of 
0.05% Bromophenol Blue, and load the mixture onto the gel as in 
Section 6.4.2.3. 

If the proteins are already dissolved in a buffer that does not 
contain SDS, modify the procedure as follows. Make up a 4% 
solution of SDS by dissolving 3.8 g of SDS in 100 ml of solution Q. 
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Add one volume of this to three volumes of the protein solution and 
then proceed as above. 

If a quantitative estimate of molecular weight is to be made from 
the experiment (Section 6.4.2.5), samples of the standard protein 
mixture should be treated in the same way as the apo-lipoproteins. 

Electrophoresis. Connect the lower electrode to the positive pole of 
the power supply and pass a current of 8 mA/gel of 6 mm diameter 
until the marker dye has reached the predetermined point (Sections 
5.5.1 and 6.4.2.3). Note that it may be necessary to run at a lower 
current density if the equipment is not efficiently cooled. 

When the run is completed, switch off the power and remove the 
gels from their tubes. The 3.3% gels must be handled with care, since 
they are fragile and can easily be distorted. Stain the proteins by 
method (a) of Section 6.4.2.1. Because the tracking dye disappears 
during the staining process and yet the position of the front must be 
well defined if measurements of mobility are to be accurate, it is 
recommended that its position is permanently marked before staining 
is begun. This can easily be done by sticking a needle dipped in India 
ink through the gel at the dye front (Edelstein and Scahu, 1980; Shore 
et al., 1980). 

Method of Neville (1971) 
Electrode buffers. Cathode solution (upper compartment): 2.47 g 

of boric acid, 4.92 g of Tris base, 1.0 g of sodium dodecyl sulphate, 
Water to 1 litre. Adjust to pH 8.64. Anode solution (lower compart- 
ment): 51.7 g of Tris base, 15.4 ml of 2 M HCl, Water to 1 litre. Adjust 
to pH 9.5. 

Separating gel. The following mixture is sufficient for twelve 15% 
gels. Stronger gels can be made by appropriately adjusting the pro- 
portions of solutions S and U. 

De-aerate both these reagents, then mix them together and immediate- 
ly pipette 3 ml into each of the prepared glass tubes (Section 5.5.1) 
and overlayer with 0.1-0.15 ml of isobutanol (cf. Neville, 1971). 

(1) 10 ml of soln. S + 10 ml of soln. U 
(2) 10 mi of soln. V + 60 ~1 of TEMED + 10 ml of water 
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These strong gels polymerise very rapidly, and there must be no delay 
in filling the tubes once the reagents are mixed. After the polymeri- 
sation is complete, wash the top of the gel with water before casting 
the stacking gel. 

Stacking gel. This is made from the following two reagents: 
(1)  2.5 ml of soh. T + 2.5 ml of soln. V 
(2) 1.3 ml of soln. R + 10 pl of TEMED + 3.7 ml of water 

De-aerate both reagents by suction, then mix and pipette 0.3 ml onto 
each separating gel. Overlay with isobutanol, which must be washed 
away with water after the gel has formed. 

Preparation of sample. Refer to the method of Weber and Osborne 
above, but use a solvent made by dissolving 0.9 g of SDS in 100 ml 
of the Tris-boric acid cathode buffer just described. 

Electrophoresis. As for the method of Weber and Osborne, but 
pass a current of 1.5 mA/gel until the tracking dye has entered the 
separating gel and then increase it to 2.5 mA/gel. Some difficulty may 
be experienced when it comes to removing these rigid gels from the 
glass tubes. If they have been made in laboratory tubing, it may be 
as well to smash the glass with a hammer, or with one of the 
commercial devices made for the purpose, and to wash away the 
fragments before transferring the gel to its test-tube of stain (method 
a of Section 6.4.2.1). 

6.4.2.5. Estimation of mobility and molecular weight by SDS-gel 
electrophoresis. Electrophoresis in the presence of sodium dodecyl 
sulphate is useful, not only as a means of evaluating the heterogeneity 
of an apo-lipoprotein preparation, but as a way of characterising 
them by an estimation of molecular weight. The technique is most 
likely to be used for the study of the ‘soluble’ apo-lipoproteins that 
range in molecular weight from about 6OOO to 5 0 0 0 0  dalton. The 
mixture of standard proteins that is used to calibrate the gel must 
therefore cover approximately the same range. Since apo-lipoprotein 
B is much larger, with components up to 250000 dalton, standards 
of an appropriately higher molecular weight must be used if this 
apo-lipoprotein is present. It should be noted however, that the 
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apparent molecular weight of apo-lipoprotein B is dependent on the 
concentration of the acrylamide gel and is therefore not an estimate 
of the true molecular weight. There is also some evidence that the 
mobility of apo-lipoprotein A1 in this system increases as the load that 
is applied to the gel is increased. 

Two types of standard protein mixture can be used, both of which 
are available commercially, for example from Bio-Rad Laboratories 
and BDH Ltd. The first consists of a mixture of purified, well 
characterised proteins such as serum albumin, ovalbumin, myoglobin 
and cytochrome C. Other suitable proteins are listed by Weber and 
Osborne (1969). This type of standard may be the simplest to prepare 
in the laboratory, although if it is necessary to buy the individual 
proteins, why not buy them ready mixed? The second type of standard 
is a mixture of oligomers of a single protein, for example BDH Ltd. 
prepare a standard containing a protein of M, 14300 together with 
dimers, trimers and tetramers of the same protein. This is supplied 
as a lyophilised powder which can be dissolved in the sample, or in 
the sample solvent. The re-dissolved protein can be stored in the 
refrigerator but must be warmed before use, to dissolve the SDS, 
which precipitates at 4 "C. The same supplier also offers a mixture 
of oligomers of a protein of monomeric molecular weight 56 OOO that 
is useful with 3.3% gels, and a mixture of CNBr fragments of horse 
heart myoglobin (M, 2512-16 949) that can be used to calibrate 22.5% 
gels. 

If an acceptable estimate of molecular weight is to be made from 
an electrophoresis in SDS-gel, it is important, because of the variation 
between batches, that (1) each gel should be run at least in duplicate; 
(2) the apo-lipoprotein and the standard mixture should be run 
separately and also when mixed together; (3) these runs should be 
concurrent and in gels that are prepared from the same reagents, at 
the same time; (4) the stained protein bands are sharp and undistorted. 

After the electrophoresis, the mobility of the proteins must be 
estimated by measuring the distance both they and the tracking dye 
have moved from the top of the separating gel. This can be done with 
a centimetre scale, working either with the gel itself or, perhaps with 
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greater objectivity, from a densitometric scan. Unfortunately, during 
the staining of the gel, the tracking dye diffuses away and the gels also 
change in length. Thus, there may be an uncertainty in the measure- 
ments which can be reduced in two ways: 

(a) The simplest procedure is to cut each gel transversely through 
the middle of the band of tracking dye, immediately after extruding 
the gel from its electrophoresis tube. The cut lengths of gel can then 
be stained. After de-staining, the distance from the top of the separat- 
ing gel to the cut surface corresponds to the distance the electrophoret- 
ic front has migrated. At the same time as this length is measured, 
also determine the distance from the top of the separating gel to the 
middle of each band of protein, to the nearest 0.5 mm. The relative 
mobility (R) of each protein is then given by 

R = m/f 

where m is the distance migrated by the protein and f is the migration 
of the front. 

(b) The following procedure is derived from that originally used by 
Weber and Osborne (1969). At the end of the electrophoresis, measure 
the total length of the separating gel (u) and the distance (b) from the 
top of the separating gel to the middle of the band of tracking dye. 
After the gel has been stained, measure the total length of the 
separating gel (s) and the distance (m) that each protein has migrated. 
The migration of the electrophoretic front can then be estimated as 

and the relative mobility of the protein is given by 

R = m/f  

Plot the mean mobility of each protein of the standard mixture against 
the logarithm of its molecular weight, on semi-logarithmic paper. 
Linear interpolation on this curve allows the molecular weights of the 
apo-lipoproteins to be estimated, with care, with an accuracy of 
within about 10% for proteins of molecular weight about 1-70 x lo3. 
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6.4.2.6. Isoelectric focussing (IEF) in polyacrylamide gel. The 
ability of the IEF technique to resolve proteins that differ in isoelectric 
point by as little as 0.01 pH units makes it a powerful tool for the 
analysis of apo-lipoproteins, particularly those like A-I and E which 
are electrically diversiform. Moreover, the isoelectric point that can 
be determined by this method is a valuable physical characteristic of 
the apo-lipoprotein, especially when taken in conjunction with the 
molecular weight that can be estimated by SDS-gel electrophoresis. 

The detailed principles and practice of the technique are described 
in many authoritative laboratory manuals (e.g. Smith, 1976; Righetti, 
1983) and we shall not pursue them here. Like conventional electro- 
phoresis, IEF can be performed either in cylinders or in slabs of gel 
but, for the analysis of apo-lipoproteins, the former appears to be the 
more popular of the two. However, as Righetti (1983) has pointed out, 
apparatus that is designed for conventional electrophoresis may not 
always be ideally suited to IEF, notably in the configuration of the 
electrode compartments and in the efficiency of the cooling system. 

For the IEF of apo-lipoproteins, the production of the pH gradient 
is achieved by the use of carrier ampholytes in the usual way, but it 
is necessary for the gel to contain 6-8 M urea as well. The sample, 
which must also contain urea, is usually put on top of the separating 
gel and is then overlayered with a solution of ampholyte to separate 
it from the strongly acid cathode solution. As with conventional gel 
electrophoresis, there are many variants of the same general tech- 
nique. The one that follows is a modification of the method of Pagnan 
et al. (1977) in which the analysis is performed in a 7.5% acrylamide 
gel that contains 6 M urea. 

Electrode buffers. Cathode solution (upper compartment): dissolve 
7.5 g of glycine in 1 litre of water and adjust to pH 7.0. Anode solution 
(lower compartment): dissolve 2.38 g of N-2-hydroxyethylpiperazine- 
N-Zethane sulphonic acid (HEPES) in 1 litre of water and adjust to 
pH 3.5. 

The pH of these solutions should be adjusted with HCI or NaOH 
as appropriate, to be just beyond the extreme p l  values of the 
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TABLE 6.9 
Composition of reagents for IEF in polyacrylamide gels 

Solution 

W X Y z 

Urea 22.9 g 36 g 

Ethylmorpholine 

Sucrose 

Ampholytes (40% s o h )  3.0 ml 

0.25 ml 

Acrylamide 4.5 g 

Bisacrylamide 0.12 g 

TEMED (5% in water) 

Ammonium persulphate 375 mg 

0.06 ml 

Water to (ml) 60 10 100 

Ampholytes are obtainable from a number of sources e.g. LKB Produkter, Bio-Rad 
Laboratories, Pharmacia. Shore et al. (1980) recommend that, if the nature of the 
apo-lipoprotein sample is unknown, a preliminary analysis should be made in ampho- 
iytes of wide pH range. If necessary, a suitable ampholyte can be made by mixing equal 
quantities of two of the narrow range examples. 
Solution Y must be freshly prepared. Solutions W, X and Z should be filtered and 
preferably used at once but, if need be, they may be stored for up to 7 days at 4°C. 

ampholyte. This will ensure that the maximum length of gel is 
available for isoelectric focussing to take place. 

Separating gel. Mix together the 60 ml of soh .  W and the 3.06 ml 
of soln. X, and de-aerate by suction. Then add 0.5 ml of soln. Y, 
briefly de-gas once more and immediately pipette 3 ml of the mixture 
into each ready-prepared precision-bore glass tube (6 mm x 130 mm). 
Overlay with water to a depth of about 3 mm and stand undisturbed 
until the gel has formed (ca. 45 min). 

Preparation of sample (cf. Section 6.4.2.3). From 100-150 pg of 
a crude ‘delipidised’ apo-lipoprotein mixture (Appendix 3) will be 
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needed, but substantially less of an isolated apo-lipoprotein can be 
used. Dissolve the appropriate amount of protein in solution Z, to 
give a sample volume of 50-75 pl. Transfer this amount to the top 
of the separating gel and carefully overlay with a solution made by 
diluting 0.5 ml of 40% (w/v) ampholyte with 10 ml of 5 %  sucrose. 
This in turn must be overlayered with the cathode buffer. Also 
prepare control gels, for which the sample contains no protein, on 
which to determine the shape of the pH gradient. Finally, assemble 
the apparatus and pass cooling water to maintain the temperature at 
10 "C. 

Electrophoresis. When the power is switched on, a comparatively 
high current will pass until the carrier ampholytes have focussed to 
form the pH gradient. As this equilibrium is established, the electrical 
conductivity of the gel decreases and overheating may occur if too 
high a potential is applied. To avoid this misfortune, limit the power 
dissipation per gel to about 1.5 W. The most convenient way of doing 
this is to use a power supply that will operate in a constant power 
mode. However, if equipment of this kind is not available, a constant 
voltage power supply can also be used. Connect the upper electrode 
of the electrophoresis cell to the negative pole of the supply and pass 
a current of 1 mA/gel until the potential reaches 400 V, at which value 
it should be maintained for 5.5 h. When the run is completed, switch 
off the power, extract the gels from their tubes and stain those in 
which proteins have been focussed by method (b) of Section 6.4.2.1. 

Because the focussing of apo-lipoproteins is carried out in concen- 
trated urea solution, in which the p l  of both the proteins and the 
ampholytes differs from their values in dilute salt solution, it is 
important to determine the configuration of the pH gradient in the 
gel whenever the p l  of the apo-lipoproteins is to be measured. This 
can be done in several ways: (1) Proteins of known p l  can be run in 
parallel with the apo-lipoproteins. (2) Cut serial sections 2.5 mm thick 
along the length of the control gels. Macerate each one with 0.2 ml 
of freshly boiled water and measure the pH of the extract. For the 
highest accuracy, the measurement should be made at the temperature 
at which the focussing was performed. Note that this procedure 
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assumes the use of a micro-electrode for the pH determination. If this 
type is not available, the thickness of the gel section and the volume 
of the eluate may be slightly increased, but this is undesirable since 
it leads to a loss of resolution. (3) A combined micro-electrode which 
is specially designed to be applied to the surface of the gel (e.g. 
Bio-Rad Laboratories) can be used to measure the pH directly. 

From the data obtained by one of these methods, plot a curve to 
relate pH with distance along the gel, expressed as a fraction of the 
total length of the gel. This will eliminate the differences that will arise 
from the varying shrinkage of the gels during the staining process. The 
position of an apo-lipoprotein in the gel can then be measured with 
a scale and the pZ interpolated from the calibration curve. 

6.4.3. The identification of apo-lipoproteins by electrophoretic anal- 
ysis 

The strategies for the qualitative analysis of the apo-lipoproteins were 
outlined in Section 6.4, where it was pointed out that, in many 
laboratories, this depends heavily on the comparison of their relative 
positions after electrophoresis in several different systems. The bands 
of apo-lipoprotein appear on the gels in a more or less reproducible 
order which is shown in the generdised sketches of Fig. 6.2, 6.5 and 
6.6. However, whereas the relative retention times of peaks on a gas 
chromatogram are often sufficiently reproducible to be used as an 
identifying characteristic of a substance, the mobilities of the apo- 
lipoproteins during gel electrophoresis are too variable to be used in 
this way. An example of this variation in relative mobility is shown 
in the middle photographs of Fig. 6.3, which are the result of running 
un-reduced apo-HDL on gels prepared at different times. Differences 
of this magnitude can easily be confusing if there are only one or two 
proteins in the sample, or if extra bands are present, either in the form 
of unusual ‘apo-lipoproteins’ (Table 6.5), or because of contami- 
nation with plasma proteins. There can also be marked differences in 
the relative proportions of the apo-lipoproteins from different indi- 
viduals. An example of this can be seen by comparing the C-I, C-I1 
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SV-D2 
SV-D3 

SV-D4 

SV-D5 

SV-D6 
SV-D7 

Fig. 6.2 .  A schematic representation of the relative mobilities of apo-lipoproteins 
during electrophoresis in alkaline-urea gel. The major apo-lipoproteins are shown in 
sketches (a) and (b) which illustrate the approximate quantitative distribution to be 
expected in apo-HDL and apo-VLDL respectively. The relative positions of minor 
proteins and those which have been reported in unusual pathological conditions are 
shown in (c). Abbreviations: 8-G-1, B,-glycoprotein-l. Tpp, threonine-poor protein. 

SAA, serum amyloid A protein. SV-D, Sephadex-fraction V-D. 

and C-I11 bands in the middle two gels of Fig. 6.3. An unusual protein 
distribution is also shown in the first gel of the series, which is of 
apo-VLDL. Although from a hypertriglyceridaemic subject, there is 
little of the C-I and E apo-lipoproteins, but a protein with the mobility 
of A-I is present. 

The determination of apparent p I  by electrofocussing is also open 
to uncertainties, as can be seen from a study of the published values 
for the ‘polymorphs’ of apo-lipoprotein E. There are at least four of 
these, with isoelectric points that fall within a range that has been 
variously stated to be 5.3-5.55 (Utermann, 1975), 5.26-5.75 (Beisie- 
gel, 1979), 5.97-6.03 (Pagnan et al., 1977) or 5.7-6.2 (Marcel et al., 
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VLDL 

J‘ 
-I 

HDL HDL 
reduced 

E 
A-I V 
A-I 
A-I I 
D 
c-I1 
c-I11 

dimer 
monomer 

t-is. 6 . 3 .  apo-VLDL xnci apo-HDL analysrd b! electropho1-r~i5 i n  alkaline-urea gel 
(Section 6.1.17.3) and stained with Coomassie Blue R250. The lipoprotein fractions used 
\\at: VLDL 1.019 g/ml and HDL 1.07&1.210g/’ml. A load of 100 wg of protein was 
applied to each gel. The t w o  gels to the right shon  the same preparation with and 
\ \ i thout  the addition of P-mercaptoethanol. The increased mobility of A-I1 in the 

presence of the reducing agent can be seen in the rightmost gel. 

1974). Clearly, by this criterion alone, at least some of the proteins 
studied by Utermann and Beisiegel would not be regarded as apo-lipo- 
protein E by the other investigators. 
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An unequivocal identification of the apo-lipoproteins by electro- 
phoresis therefore requires the following precautions to be taken: (1) 
The sample must be analysed at least in duplicate, in at least two 
different systems. (2) At least two control samples of fresh apo-HDL 
or apo-VLDL must be run in parallel with the unknown. (3) All the 
gels must be prepared from the same reagents, at the same time. 

For a more positive identification still, it may be advantageous to 
co-electrophorese the sample with an authentic apo-lipoprotein (if this 
can be obtained), or to fix the positions of those apo-lipoproteins that 
contain carbohydrate by staining with Schiff reagent (Appendix 4). 
The latter can provide a useful confirmation of the identification 
made by electrophoretic mobility, but has the disadvantage that the 
method is comparatively insensitive. For the most certain confir- 
mation however, it may still be necessary to resort to immunochemical 
analysis (Section 6.5). 

If the apo-lipoprotein of interest is one that has been substantially 
purified, it may be possible to observe its behaviour in the different 
electrophoretic systems without difficulty. To follow one protein in 
the mixture that constitutes apo-HDL, for example, may be more of 
a problem and may require the protein to be eluted from one gel and 
then run in a second. This can be done by cutting out the relevant slice 
of the first gel, chopping it up and steeping it in about 0.2 ml of the 
solvent to be used for the next electrophoresis. In view of the undesir- 
able reaction that may occur between the protein and urea during the 
process, it should be performed at 4 "C for the shortest practicable 
time, and for no longer than overnight. For the same reason, it is 
prudent to run urea-gels before SDS-gels, if possible. After the 
maceration, transfer both the original slice of gel and its extract onto 
the gel to be used for the next stage of the analysis. 

Proteins can also be recovered from slices of gel by electrophoresis 
in the apparatus described by Allington et al. (1978), which is sold by 
the Instrumentation Specialities Co. Alternatively, the pieces of gel 
can be supported on a porous plug in a glass or plastic tube that has 
a dialysis membrane fixed over the bottom end (Fig. 6.4). The whole 
is filled with electrolyte and inserted into the disc electrophoresis 
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rubber sleeve 

membrane 

Fig. 6.1. Sketch of an apparatus for reco\ering apo-lipoproteins from plugs of poly- 
acr!larnide gel b! electrophoresis. 

apparatus. In this way, the apo-lipoproteins can be recovered quite 
expeditiously, but low yields have been reported by some laboratories. 
There may be two reasons for this varied experience. Firstly, it is 
desirable that the electrolyte that surrounds the pieces of gel should 
be of slightly lower concentration (conductivity) than that within the 
gel. Secondly, the apo-lipoproteins may be adsorbed by the gel to an 
extent that varies with the source of the monomer. In this context, 
the product marketed by Bio-Rad Laboratories has been found to be 
one of the most satisfactory. 

Procedure 
A-1 . Add an equal volume of tetramethylurea (TMU) to a solution 

of the lipoprotein, as for electrophoresis in alkaline-urea gel (Section 
6.4.2.3). After incubating for 30 min, remove the precipitate by 
centrifugation. This may contain apo-lipoprotein B and should be 
examined as in B-1 below. 

Complete the electrophoresis of the TMU-soluble fraction in repli- 
cate, with at least two parallel samples of authentic apo-HDL or 
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apo-VLDL. These reference samples should give rise to a pattern of 
bands like those illustrated schematically in Fig. 6.2 (a) or (b). Note 
however that the relative positions of the bands may differ slightly 
from those because of local variations in technique. This will be the 
more likely if the procedure used is not that described in Section 
6.4.2.3. In addition, the pattern actually observed may include traces 
of plasma proteins, or the minor ‘apo-lipoproteins’ that are shown 
in Fig. 6.2 (c). These are unlikely to be present in significant amounts 
in reference samples of apo-HDL or apo-VLDL that have been 
carefully prepared from normal plasma, but may become concentrat- 
ed in sub-fractions, or be present in preparations from pathological 
sera. 

From the electrophoretic patterns obtained, make a preliminary 
identification of the proteins present in the unknown sample, bearing 
in mind the following: 

(1) The impurity that is most likely to be present is serum albumin, 
which runs slightly faster than apo-lipoprotein A-I. 

(2) There is sometimes a partial resolution of the ‘polymorphs’ of 
apo-lipoprotein A-I in this system, which may add to the difficulty 
of interpretation. 

(3) Additional evidence for the identity of apo-lipoprotein A-I1 . 
may be obtained by reducing the sample to be analysed with f3-mer- 
captoethanol. This yields the monomeric form of A-11, which has a 
slightly greater mobility than the native dimer. 

(4) Since apo-lipoproteins B, D, E and C-111 contain carbohydrate 
components, they can be differentiated by their ability to react with 
the Schiff reagent (Section 6.4.2.1). However, we have already 
pointed out that this test is relatively insensitive and it is therefore 
likely to be of practical value only when the protein in question is 
partially purified and can be applied to the gel at a comparatively high 
concentration. 

Having made a provisional identification of the proteins that are 
found by this electrophoresis, it remains to confirm (a) that the 
identification is correct, and (b) that each band in the gel corresponds 
to a single protein only. 
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The latter is important, for example, in the case of apo-lipoproteins 
F and D which are difficult to resolve in alkaline-urea gel. 

The most satisfactory confirmation of identity is immunochemical, 
using the technique of immunodiffusion that is described in Section 
6.5. This can be especially useful for the detection of albumin and 
/32-glycoprotein-l, for both of which commercial antisera are readily 
available. However, it can still be difficult to make a confident 
identification if several proteins run close together, since the apparent 
resolution that is obtained by immunochemical detection is often less 
than that given by the less sensitive staining technique. Under these 
circumstances, it may be necessary to cut out the band of interest and 
to electrophorese it a second time before the immunodiffusion. 

When authentic antisera are not available, confirmatory evidence 
must take the form of estimates of molecular weight and isoelectric 
point (pl), as follows: 

A-2. Electrophoresis in SDS-gel (Section 6.4.2.4). 
Since the analyses must be run in duplicate, both with and without 

reduction by /3-mercaptoethanol, four alkaline-urea gels will usually 
be needed to provide the material for this stage. Cut out the bands 
of interest and macerate each slice of gel overnight in 0.2 ml of 1 %  
SDS buffer (with 5 ~1 of mercaptoethanol when the protein is to be 
reduced) at 4°C. Then heat the mixture to 90°C for 3 min and 
transfer it to the top of the SDS-gel for electrophoresis in the usual 
way. At the same time, analyse an appropriate mixture of reference 
proteins, also in duplicate. 

Determine the M, of the apo-lipoproteins as described in Section 
6.4.2.5, and identify them by reference to Table 6.4 and Fig. 6.5. As 
the figure indicates, the resolution of the major apo-lipoproteins in this 
system is such that most of them can be distinguished, although it may 
be difficult to separate the low-molecular weight C proteins. It should 
also be noted that F cannot be resolved from A-I and that superpo- 
sition of bands may occur if ‘apo-lipoproteins’ from pathological sera 
are present. 
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Fig. 6.5. Schematic representation of the relative mobilities of apo-lipoproteins during 
electrophoresis in SDS-gel. Abbreviations as in Fig. 6.2. In the presence of (3-mer- 
captoethanol, A-I1 and Tpp are reduced to monomers that run with the mobilities 
indicated. Band (a) represents the S P A  proteins and some of the SV fractions. Band 

(b) represents smaller proteins of the SV group. 

A-3. Isoelectric focussing (Section 6.4.2.6). 
In contrast to the SDS-gel system, IEF gives rise to a pattern of 

bands (Fig. 6.6) in which there is much superposition of proteins, and 
which is complicated by the overlapping of the 'polymorphic' forms 
of different apo-lipoproteins. In general, the resolution given by a pH 
gradient from 4 to 8 is adequate and there is probably little to be 
gained from the use of a shallower gradient except, perhaps, for the 
more acidic proteins. For these, a gradient of pH 4-6 may offer some 
advantages but, in most cases, a confident identification is only 
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Fig. 6.6 .  A schematic summary of the isoelectric points of the apo-lipoproteins as 
found by analytical isoelectric focussing. Abbreviations as in Fig. 6 . 2 .  Because many 
of the apo-lipoproteins are superimposed, or lie close together o n  the gradient, they 
are illustrated here in four groups. For the same reason, i t  may be necessary to isolate 
a protein of intereSt by a preliminary separation, using electrophoresis in alkaline-urea 
gel. N.B. the p l  of apo-lipoprotein F is 3.7 and this prorein can not be observed on 

the pH gradient illustrated. 

possible when a single protein has been applied to the IEF gel. Note 
however that apo-lipoprotein F is said to be highly acidic and its PI 
must be estimated on a gradient of pH 3-5. 

Macerate the appropriate slices of gel from an alkaline-urea electro- 
phoresis in 0.2 ml of buffer Z (Table 6.9) at 4 "C, for a period not 
exceeding 18 hours. Transfer the whole mixture to the prepared IEF 
gels, carry out the electrophoresis and estimate the pZ of each protein 
band in the normal manner. 

The combined evidence of relative mobility in alkaline-urea gel, 
relative molecular weight and pZ will usually allow an unequivocal 
identification of the important apo-lipoproteins but, in view of the 
uncertainty attached to the published estimates of pZ, added confi- 
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dence will result if the unknown protein can be focussed concurrently 
with an authentic sample. In general, the technique of isoelectric 
focussing will provide better evidence of identity than can be obtained 
by electrophoresis in acid-urea gels, and the latter are not now much 
used for the characterisation of apo-lipoproteins. Nonetheless, they 
may be of some value for the identification of apo-lipoprotein C-I, 
which has a low mobility in alkaline-urea gel but is the fastest moving 
protein in acidic gels (Section 6.4.2.3). 

Under certain circumstances, it may also be possible to obtain 
chemical evidence to support an identification by electrophoretic 
analysis. We have already commented on the use of the Schiff reaction 
as a means of confirming the identity of those apo-lipoproteins that 
contain carbohydrate, e.g. C-111, E and D. Additional evidence can 
be obtained by treating the protein with neuraminidase. By removing 
sialic acid residues, this will lower the pIof the protein and thus reduce 
its mobility in alkaline-urea electrophoresis. Perhaps the most useful 
application of the technique is as a means of confirming the identity 
of the polymorphs of C-111. Since C-IIII and C-II12 contain one and 
two residues of sialic acid respectively, treatment with neuraminidase 
will convert these glycoproteins into C-IIIo, which is not normally 
prominent among the plasma apo-lipoproteins. 

A-4. Digestion with neuraminidase. 
In the process we shall describe, the substrate is the native lipopro- 

tein but the technique can be applied to an isolated apo-lipoprotein 
if it is available in sufficient quantity (250-500 pg). 

Materials. Protease-free neuraminidase (ex. Clostridium perfrin- 
gens) that is co-valently bound to agarose (Sigma Chemical Co.). 

Incubation buffer: 6.8 g of sodium acetate trihydrate; 9.0 g of 
sodium chloride; 0.1 g of EDTA; Water to 100 ml; adjust to pH 5.0. 

Procedure. Transfer an amount of the agarose-neuraminidase 
equivalent to 0.04 units/l mg of apo-lipoprotein to a small centrifuge 
tube and wash twice by centrifugation with a 1:lO dilution of the 
incubation buffer. To the washed agarose in the centrifuge tube, add 
1 ml of the lipoprotein solution containing at least 1 mg of protein 
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and 0.1 ml of the concentrated incubation buffer. Shake gently to 
re-suspend the agarose and incubate at 37 "C. Every 15 min, centri- 
fuge the tube and remove a sample of the supernatant equivalent to 
100-200 pg of protein, then re-suspend the agarose and return the 
tube to the incubator. Continue until four samples have been collect- 
ed, agitating the tube periodically between-times. Store the first three 
samples in an ice-bath until the last one has been collected. Finally, 
analyse each sample, in parallel with a specimen of the undigested 
lipoprotein, by electrophoresis in alkaline-urea gel (Section 6.4.2.3). 
Stain the gels with Coomassie Blue R250 and compare them visually, 
or densitometrically. The bands due to susceptible glycoproteins will 
progressively dwindle in intensity as the digestion progresses, to be 
replaced by others of lower mobility. 

If the apo-lipoprotein under investigation has been purified, further 
chemical evidence of its identity can be obtained from aminoacid 
and/or end-group determinations. Modern aminoacid analysers do 
not require unrealistic amounts of sample, and it is even possible to 
recover sufficient material for an analysis from slices of polyacrylam- 
ide gel, if the eluates from several gels are combined. However, it may 
be difficult to ensure that these eluates are not contaminated with, for 
example, glycine derived from the electrophoresis buffer. (In this 
case, the best solution may be to substitute P-alanine.) The aminoacid 
composition of many of the major apo-lipoproteins is now well 
established (and for several of them is made more certain by a 
knowledge of the sequence), but an analysis is probably most useful 
when the protein of interest lacks a particular aminoacid or combi- 
nation of acids (Table 6.4). However, because the method is not of 
wide application and the details of the analytical procedures are easily 
available (e.g. Allen, 1981), we shall not describe them here. 

B-1. The identification of apo-lipoprotein B. 
Because apo-lipoprotein B is insoluble in all but the most powerful 

solvents, it is inaccessible to most physico-chemical methods of identi- 
fication. The easiest and most satisfactory way of detecting it is 
therefore by immuno-analysis of the native lipoprotein (Section 6.5). 
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It is fortunate, in this context, that good quality antisera to LDL react 
only with apo-lipoprotein B, and are readily available commercially 
(Hoechst AG; Nordic Immunological Laboratories). However, the B 
protein is soluble in sodium dodecyl sulphate solution (SDS), in which 
it is dissociated into components of characteristically high molecular 
weight. Evidence for the presence of apo-lipoprotein B may therefore 
be obtained by electrophoresis in the SDS-gel system. At the same 
time, it may be noted that the smaller components of the B complex 
(which may actually be artifacts that result from mishandling of the 
preparation) are slightly soluble in 8 M urea solution and may appear 
at the junction of the stacking and running gels in urea-gel electro- 
phoresis (Fig. 6.2 b). 

1 
M, (thous) 

318 
2 76 
234 
184 
151 

Fig. 6.7 .  The analysis of the protein components of apo-lipoprotein B by electrophor- 
esis in SDS-gel. 
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Although it is, in principle, possible to take the TMU precipitate 
from stage A-1 , extract the lipids with ethanol-ether and dissolve the 
protein residue in SDS solution, this can be a delicate manipulation 
if the amount of protein is small, as in a VLDL for example. It may 
therefore be simpler, if there is sufficient material available, to take 
a fresh portion of the lipoprotein and to extract it with ethanol-ether 
in the conventional way (Appendix 3). The protein having been 
isolated by one of these methods, it can be dissolved in the SDS 
solution and subjected to electrophoresis in a 3.3% polyacrylamide 
gel by the method of Weber and Osborne (Section 6.4.2.4). Under 
these conditions, undegraded apo-lipoprotein B yields five compon- 
ents which range in molecular weight from 150000 to 320000 (Fig. 
6.7). Of these, the two of lowest mobility (M, 275 000 and 320000) 
form the greater part of the mixture. 

If the attempt is made to obtain confirmatory evidence in the form 
of end-group or aminoacid analyses, note that the apo-lipoprotein B 
must first be purified by electrophoresis or filtration chromatography 
in SDS solution (Herbert et al., 1974). Equally, the reference analysis 
must be that of apo-lipoprotein B and not of apo-LDL. Probably the 
most reliable analyses of the B protein that are at present available 
are those of Lee and Alaupovic (1974). 

6.5. Qualitative analysis of apo-lipoproteins by imrnu- 
nodi ffusion 

This technique can be used to detect the presence of a specific 
apo-lipoprotein either in the native lipoprotein, or in the protein 
residue after the lipids have been extracted. The experimental proce- 
dures are essentially standard (Ouchterlony, 1953) and details will be 
found, for example, in Clausen (1974). Detailed working instructions 
are also given with the Gelman equipment (Gelman Sciences Inc.). We 
shall confine ourselves here mainly to those technical considerations 
that are pertinent to the analysis of apo-lipoproteins. 

Despite the apparent simplicity of the method, immunodiffusion is 
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practised in a number of variations. For example, some workers 
prefer to make their gels from pure agarose, whereas others add a little 
agar. In agarose, the precipitin lines tend to be sharper but fainter 
than they are in agar, and some laboratories examine their samples 
by both systems in parallel. The agarose-agar mixture that is describ- 
ed in Section 5.4 is satisfactory for routine use, since it gives an 
enhanced precipitin reaction without the artefacts that are liable to 
occur in gels of pure agar. For refined experiments however, pure 
agarose is probably more suitable. But no matter what gel is used, the 
agar or agarose should be of the highest available quality. 

There have been several reports (e.g. Kostner and Holasek, 1972) 
that precipitin reactions with lipoproteins can be enhanced by the 
addition of such substances as dextran or polyethylene glycol to the 
gel. In our experience, these substances are most effective when the 

Fig. 6.8. The increased immunoprecipitation of apo-lipoproteins that can result from 
the addition of 10 mM CaCl,, MgC1, and MnC1, to the agarose gel. The two 
experiments were identical, with the antisera arranged in the following order: (1) 
anti-A-11; (2) anti-A-I; (3) anti-C-111; (4) anti-C-11; ( 5 )  anti-C-I; (6) anti-B; (7) anti-E; 

(8) anti-D. 
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0 0 0 0 0 0  

0 0 0 0 0 0  
Fig. 6.9. An aii-ay ot \!ell5 mitable lor the inmunoassay 0 1  apo-lipoproteins when the 

antigen and antibody may not be in balance. 

antibody-antigen balance of the system is not at the optimum. It is 
therefore better to ensure that the balance is correct than to rely on 
the addition of these ‘stimulants’ (cf. below). However, a useful 
increase in the sensitivity of the precipitin reactions of at least some 
apo-lipoproteins can be obtained by including 10 mM CaCl,, MgCl, 
and MnCl, in the agarose. An example of this effect is shown in Fig. 
6.8. However, when this system is used, the agarose should be 
dissolved in 0.15 M NaCl and not in the veronal buffer that is 
proposed below. 

Equipment. The apparatus marketed by Gelman Sciences Inc. is 
convenient and allows six microscope slides to be handled at one time. 
However, no-one need be deterred by the lack of this apparatus or 
some similar commercial product, since it is easy to coat slides singly 
and to punch wells in the gel with a suitably abbreviated Pasteur 
pipette. Moreover, although the commercial equipment is widely 
used, its fixed geometry gives it an inflexibility that is sometimes a 
disadvantage. For example, the precipitin lines may form too near to 
one of the wells for easy examination, or may be very weak if the 
antibody-antigen balance is too far from the optimum, a situation 
that can easily arise when the concentration of the antigen solution 
is not well defined. The simplest way to overcome this difficulty is to 
use a system of variable geometry in which either the distance between 
the wells, or the diameter of the wells can be changed. An example 
of the latter arrangement is shown in Fig. 6.9. A suitable array of wells 
would be as follows. 
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Diameter (mm) Approx. volume (pl) 

1.5 
2.0 
3.0 
4.0 
6.0 
9.0 

3 
5 

11 
19 
42 
95 

These can be cut with any suitably sized pieces of thin-walled tubing, 
for example, cork borers can be used for the large ones, while the 
smaller can be cut with cannulas. A full-sized master drawing of the 
desired pattern of wells must first be made as a guide, over which the 
agarose slide can be placed to ensure that the holes are punched in 
exactly the required places. With this system, the precipitin reactions 
can be observed under conditions close to the optimum, without the 
need to titrate the antigen with the antibody beforehand. Even with 
this simple equipment however, an instrument will be needed for 
cutting the troughs in the gels for immunoelectrophoresis. This can 
be made from two thin blades, about 65 mm long, clamped against 
a spacer to form parallel cutting edges either 1 .O mm or 2.0 mm apart. 

Fig. 6.10. Cutter for making the antiserum trough in immunoelectrophoresis gels. The 
two sharp blades are clamped onto a metal spacer 1-2 mm thick. 



292 A GUIDEBOOK TO LIPOPROTEIN TECHNIQUE 

This assembly needs to be mounted in a spring-loaded frame so that 
the cutters can be aligned with the axis of the slide (Fig. 6.10). 

A valuable piece of equipment is a light source that will allow the 
precipitin lines to be viewed with oblique illumination against a dark 
ground (Fig. 6.11). This enables faint lines and details such as spurs 
to be seen more easily. Although a permanent record of the final stage 
of the analysis can be obtained by staining the precipitin lines, it is 
often helpful to record the intermediate stages in their development. 
This can be done by making pencil drawings, but it is better to take 
photographs as described in Appendix 5 .  

Materials (refer to Section 5.4). Antisera to human serum and to 
the sera of certain other animals are commercially available and can 
be used to detect the presence of plasma protein contaminants in 
isolated lipoproteins. Antisera to human a- and P-lipoproteins can 
also be obtained from commercial sources (e.g. Hoechst AG; Nordic 
Immunological Laboratories) but the anti-a-lipoprotein is often of 
low titre. For refined studies with other lipoprotein fractions, or with 
mono-specific antisera to the individual apo-lipoproteins, it will be 
necessary to raise antisera to the specific proteins that have been 
isolated as described in Section 8.1. 

The detailed technique for the production of antisera is readily 
available in Clausen (1974). The rabbit is a suitable animal for the 

F i g .  6.11. A source 01' oblique illumination for viening precipitin reactions. Tn o small 
tluorescent tubes provide the light but are arranged so that they are not directly visible 
through the apperture in the top of the box. The slides are supported on a piece of 

glass over this hole. 
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production of modest quantities of antiserum. Moreover, as Clausen 
(1974) points out, the precipitin lines are not soluble in excess of rabbit 
antibody and faint lines therefore do not tend to disappear on 
continued diffusion, as they do with horse antibodies, for example. 
Intradermal, subcutaneous and intra-peritoneal administration have 
all been used satisfactorily, but the first of these has the merit that 
adequate titres can often be obtained with relatively small amounts 
of protein. 

The procedure is as follows: Inject 0.25-0.5 ml of 5% antigen 
solution into a rabbit, either intradermally or subcutaneously. The 
first injection should be emulsified with 0.5 ml of Freund’s complete 
adjuvant. Follow this with four more injections of the antigen, at 
intervals of three weeks. Take a trial sample of antiserum one week 
after the last injection. 

Method. Prepare the agar-agarose solution described in Section 
5.4, but do NOTadd albumin. However, it is advisable to add 1:lOOO 
v/v of sodium a i d e  to maintain the sterility of the gel during what 
may be an incubation of several days. It is essential to continue the 
heating of the agarose for long enough to ensure that it is all dissolved; 
some workers filter through gauze to make certain that any undispers- 
ed material is removed. If the gels are to be made of pure agarose, 
the procedure is essentially the same. 

The slides on which the gels are to be cast must first be thoroughly 
cleaned with chromic acid solution, followed by an exhaustive wash- 
ing with clean water. The slides may then be dried either in an oven, 
or by immersion in acetone. Smear each of these clean, dry slides with 
a drop or two of freshly prepared 1 Yo agarose solution and allow this 
to dry under cover (e.g. an upturned Petri dish), at room temperature, 
for 24 hours. This gives good adhesion to the layer of gel in which 
diffusion will take place. Set the slides on a level surface (check with 
a spirit level) and pipette the warm agarose solution onto them at the 
rate of 3 ml for a standard 75 mm x 25 mm slide (i.e. a gel thickness 
of about 1.5 mm). Allow to set for about 15 min and then transfer 
to a humid chamber for at least 1 hour, but not more than 24 hours, 
before use. The humid chamber can easily be made from a large Petri 
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dish, in the bottom of which is a disc of filter paper soaked in water. 
If the wells are cut individually, as described above, place the slide 

over an accurately drawn template as a guide. Remove the cores from 
the wells by suction and fill them, as appropriate, with sample or 
antiserum. This can be done with the aid of a piston pipetter fitted 
with disposable plastic tips, taking care not to splash the solutions 
outside the wells. Finally, return the slides to the humid chamber, 
where the diffusion is allowed to proceed. This can take place either 
at room temperature, or at 4 "C, but it is important that the tempera- 
ture should be constant, as this results in sharper precipitin lines with 
less branching and other artefacts. Since the temperature should also 
not be allowed to exceed 20 "C, it is in practice easier to put the gels 
into the refrigerator. Keep them under observation for at least two 
days and record the appearance of the precipitin lines at intervals. 

When the reaction is complete, immerse the slides in 0.9% NaCl 
solution (use about 3 litres for 24 slides) for at least 48 hours. Next 
wash the slides in distilled water for 60 min to remove the NaCl and 
then fill the wells with molten agarose solution. When this has set, 
flood the slide with water and plant on the surface a strip of Whatman 
No. 1 filter paper. Allow the covered gel to dry on the bench, then 
moisten the filter paper and peel it off. Finally, rub the slide gently 
with a finger, under a stream if running water, to remove any fibres 
etc. that may adhere to it. 

Stain the precipitin lines for lipid by putting the slides in a bath of 
Sudan Black (Appendix 4) for 1-2 hours, and then wash in several 
changes of 50% ethanol until the background is clear. Proteins can 
be stained with Amidoschwarz (Appendix 4); immerse the slide in the 
stain for 10-30 min according to the strength of the precipitin line. 
Transfer the stained slide into the de-staining mixture of glycerol in 
2% acetic acid as described in the Appendix. Finally, wash under the 
tap and dry at room temperature. 

The diffusion technique can also be used to characterise the protein 
bands that are separated by electrophoresis in polyacrylamide gel 
(Section 6.4.2). To do this, cut the rod of gel longitudinally into 
halves, one of which is then stained in the usual way (Section 6.4.2.1). 
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Alternatively, the rod may be cut transversely into short sections, 
using a second, stained gel as a guide to the positions of the bands. 
If the bands are both few and strong, it is sometimes possible to reveal 
their positions by a brieftreatment with stain which does not denature 
all of the protein that is present. This residual protein can then be 
identified immunochemically. 

Arrange the slices of unstained gel along the axis of microscope 
slides, and pour warm agarose-agar mixture round them. The small 
disc-like slices of gel tend to float about while this is done, so stick 
them to the slide beforehand with a dab of molten agarose. Alterna- 
tively, insert them into holes of the appropriate size that are punched 
with a cork borer in a previously prepared agarose-agar gel. These 
prepared slides must then be kept in the humid chamber for 48 hours 
at 4 "C, to allow the protein in the polyacrylamide gel to diffuse into 
the agarose. After this time, cut troughs or wells in the agarose as 
appropriate, load them with antisera and return the slides to the 
humid chamber for at least 48 hours. When immunoprecipitation is 
complete, carefully detach the polyacrylamide from the agarose and 
process the slides in the usual way. 

6.6. Identification and estimation of carbohydrates 

Some of the apo-lipoproteins (Table 6.4) are conjugated with carbo- 
hydrate residues. Little work has been done on this carbohydrate 
moiety and, because carbohydrate assays tend to be less reliable than 
those for aminoacids, the aminoacid composition is the more firmly 
established. Despite this, a carbohydrate analysis is not without some 
value as a means of characterising the apo-lipoproteins. Moreover, 
it may become of interest in the light of evidence that carbohydrates 
have a role in the antigenic behaviour of the apo-lipoproteins, or in 
view of their possible significance for the metabolism of lipoproteins. 
However, because the apo-lipoproteins do not all contain carbohy- 
drate and the content of the lipoproteins is therefore not constant, 
carbohydrate analysis is better for the characterisation of apo-lipo- 
proteins than of the lipoproteins. 
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As we have already remarked, it may be helpful to use the periodic 
acid-Schiff reaction to test qualitatively for the presence of carbohy- 
drate after electrophoretic or immuno-diffusion analysis (Section 
6.4.2.1; Appendix 4). However, a better characterisation will result 
if the individual carbohydrates present are identified and estimated. 
The conventional colorimetric methods are generally quite specific 
but often require an inconveniently large amount of protein if all the 
carbohydrates are to be estimated. Since partial analyses are of little 
or no value, it is better to take advantage of the greater sensitivity 
offered by gas chromatographic analysis of silylated carbohydrates. 
The following procedure, which allows the analysis of microgram 
quantities of carbohydrate, is that of Clamp et al. (1971). Because of 
its high sensitivity however, interference from substances leached 
from the support phase may be experienced if the apo-lipoprotein is 
prepared by chromatography or electrophoresis. Moreover, spurious 
peaks are produced on the chromatogram by a number of widely used 
buffer salts, which must be removed before the analysis. 

Reagents: silver carbonate, acetic anhydride, hexamethyl-disila- 
zane and trimethyl-chlorosilane. Dry pyridine (re-distilled and stored 
over solid KOH). 

Dry methanol, prepared as follows: stand methanol over calcium 
oxide for at least 24 h. Reflux 500  ml of this partially dried methanol 
with 2.5 g of magnesium turnings and 0.1 g of iodine for 1 h and then 
distil into a clean dry flask. Keep tightly stoppered. 

1.0 N HCI in dry methanol: produce dry HCl gas by adding 
concentrated H2S04 dropwise to solid N H Q  Pass the gas through 
concentrated H2S04 into 100 ml of dry methanol until the weight has 
increased by about 3.6 g. Check the concentration of the solution by 
titration with standard NaOH. Note that HCl gas is also available 
commercially. 

Pure mannitol is required for use as an internal standard for the 
gas chromatograph, and appropriate solutions of fructose, mannose, 
galactose, N-acetylglucosamine and N-acetylneuraminic acid as stan- 
dards for the calibration of the chromatograph. 

Equipment. The analysis is carried out on a gas chromatograph that 
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is equipped with a flame ionisation detector and a 2 metre column 
packed with 4% SE-30 on Chromosorb W-HP (100-120 mesh). The 
temperature of the injector port is set at 200 "C and the detector at 
250°C. The temperature of the column is programmed from 
120-200 "C at 1 "C/min, and is held at 200 "C until the last peak has 
emerged. 

Procedure. The apo-lipoprotein must be freed from lipid by ex- 
traction with organic solvents (Appendix 3) and dried from ether or 
acetone in the form of a powder. Note that this preparation must also 
have been freed from salt by a preliminary exhaustive dialysis. 

(1) Weigh a sample of 0.1-5.0 mg of apo-lipoprotein (equivalent 
to about 5-250 pg of carbohydrate) into an ampoule, or a Reacti-vial 
(Pierce Chemical Co.) with a Teflon-lined screw-cap. Add a volume 
of standard mannitol solution equivalent to about 10% of the expect- 
ed total carbohydrate (0.5-25 pg of mannitol) and dry in a vacuum 
desiccator over P205. Add 2 ml of 1 N HCI-methanol, purge with 
nitrogen, seal the tube and heat for 24 h at 85 "C. Cool the tube and 
neutralise the contents with silver carbonate. 

(2) Re-acetylate the amino sugars and sialic acid by adding 0.3 mI 
of acetic anhydride to the vial, sealing it and keeping the mixture at 
room temperature overnight. Centrifuge down the solid residue and 
transfer the supernatant to a small stoppered tube. Triturate and 
centrifuge the residue twice with dry methanol, and add both wash- 
ings to the original supernatant. Finally, evaporate the solution of 
methylglycosides to dryness under nitrogen at 30-35 "C and keep in 
a vacuum desiccator for 12 h over P205. 

(3) To prepare the silylating reagent, mix 0.5 ml of dry pyridine, 
0.2 ml of hexamethyl disilazane and 0.1 ml of trimethylchlorosilane 
in a small stoppered tube. Note that these silicon derivatives are 
noxious substances that react with moisture and should be handled 
accordingly. Allow the reagent mixture to stand at room temperature 
for 15 min, then centrifuge and add 0.1 ml of the supernatant to the 
dry methylglycosides from (2). Stand the mixture at room temperature 
for 30 min and then centrifuge. 

(4) The pyridine solution of silyl ethers can be injected directly onto 
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the chromatography column. A volume of up to 5 pl can be tolerated 
at the usual sensitivity settings and, if the amount of protein taken 
was greater than about 1 .O mg, a sample can be taken directly from 
the reaction mixture. If the amount of protein was less, a larger 
aliquot must be transferred to a small conical tube (vol. approx. 0.5 
ml) and concentrated to 2-3 pl by evaporation in a vacuum desiccator 
over P,05. 

Calculation. As is shown in Fig. 6.12 this chromatographic system 
will resolve each sugar into several peaks which have the approximate 
retention times, relative to mannitol, that are given in Table 6.10. For 
each sugar, each of these peaks is a roughly constant proportion of 
the total area for that sugar, and these proportions are also listed in 
the table. However, it must be emphasised that both the retention time 
and the relative proportions of the peaks are not constant and must 
be regularly checked by the analysis of standard mixtures. Moreover, 
the different sugar derivatives do not give the same molar response 
in the ionisation detector. The relevant correction factors that are 

L 
Fig. 6.12. Schematic chromatographic elution pattern of the carbohydrates commonly 
found in apo-lipoproteins. Mannitol is added as a ctandard. Fuc, fucose. Man, 
mannose. Gal, galactose. Glu, glucose. GalNH?, acetylgaIactasamine. GluNH,, acetyl- 

glucosamine. 
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quoted in Table 6.10 are taken from Clamp et al. (1971) but these also 
should be regularly checked for each individual system. 

To calculate the amount of each carbohydrate in the sample inject- 
ed: (1) determine the area of each peak on the chromatogram (e.g. 
by triangulation); (2) find the total area for each carbohydrate by 
summing the areas for the relevant isomers; (3) find the ratio (R) of 
each of these areas to that for mannitol; (4) the molar concentration 
of the carbohydrate in the sample injected is then given by the 
relation: R x F x C, where F is the molar correction factor (Table 
6.10) and C is the concentration of the internal standard in pmoles. 

TABLE 6.10 
Chromatographic properties of silyi methylglycosides on SE-30 

Carbohydrate Retention Approx. relative Molar correction 
relative to proportions of factor Q relative 
mannitol peaks (Yo) to mannitol 

Fucose 0.25 
0.28 
0.31 

Mannose 0.59 
0.65 

Galactose 0.61 
0.68 
0.74 

Glucose 0.79 
0.86 

N-Acetylgalactosamine 1.08 
1.21 

N-Acetylglucosamine 1.05 
1.17 
1.31 
1.38 

1 1  
54 
35 

91 
9 

12 
60 
28 

13 
21 

21 
73 

5 
14 
78 

3 

1.4 

1 .o 

1 .o 

1 .1  

1.6 

1.3 

Sialic acid 2.22 2.1 
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6.7. Quantitative analysis of lipoproteins by micro-scale 
thin -layer Chromatography 

This is a comparatively new technique in which the components of 
a mixture are resolved by thin-layer chromatography and are then 
estimated by quantitative combustion in a flame ionisation detector 
(Ackman, 1981). The high sensitivity of the detector allows very small 
amounts of material to be analysed. Moreover, the method is very 
rapid. In the context of lipoprotein analysis, the technique makes it 
possible to analyse a few tens of micrograms without the need to 
separate the lipids from the protein first (Mills et al., 1979). It is 
therefore easily possible to analyse fractions from a density gradient 
centrifugation, or samples from small laboratory animals. 

However, the method is not without its disadvantages. In the first 
place, the only commercial equipment at present available (the THlO 
analyser: Iatron Laboratories Inc.) is comparatively expensive. Sec- 
ondly, the detector is non-specific. Consequently, only pure isolated 
lipoproteins can be analysed. Even the salt or sucrose etc. used in the 
isolation of the lipoprotein must be removed before the combustion 
is carried out. The third draw-back to the method, at least in its 
present stage of development, is its relatively low reproducibility. This 
makes it necessary to replicate the analyses several times if the results 
are to be of acceptable precision. A substantial improvement in 
precision could be obtained by the use of an internal standard, if the 
conflicting requirements for such a substance could be satisfied. At 
the time of writing however, a compound that is soluble in water but 
chromatographs like a lipid, and runs to an unoccupied part of the 
chromatogram is not av&bk. Under the existing circumstances 
therefore, conventional chemical analysis will probably give the more 
precise results if there is sufficient material available to permit of 
adequate replication. However, this advantage is lost if, as if often 
the case, the precision is not reported. 

The essential feature of the micro-method is the so-called ‘chroma- 
rod’ (Iatron Laboratories Inc.), which consists of a silica rod (15 
cm x 0.9 mm diam.) that is coated with a porous layer of silicic acid 
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about 100 pm thick. This layer is fused to the rod and can be used 
many times before its performance deteriorates. A small sample of 
lipoprotein is applied near one end of the rod and is then developed 
chromatographically in a sequence of solvents that leave the separated 
components distributed up the rod. This is then scanned in the flame 
ionisation detector, the output of which can be recorded in both the 
differential and the integral modes. Because the response of the 
detector is different for each component, an appropriate range of 
calibration curves must also be prepared. However, these are linear 
up to at least 12 pg of each component. Much the most laborious part 
of the procedure is the measurement of the recorder traces, the 
calculation of the results and their subsequent statistical analysis. This 
computational load can be greatly eased if the calibration curves can 
be incorporated into a programme to run on a desk-top computer. 

Equipment and reagents. In addition to the analyser itself and a 
supply of chromarods, a two-channel recorder is needed, and a 
plunger-type micropipette to apply the samples to the rods. The latter 
must be capable of depositing 1-2 ~1 of solution in controlled droplets 
of about 0.5 pl. In our experience, the Drummond Microdispenser has 
proved very satisfactory. A supply of hydrogen is also required for 
the flame detector. 

Since the chromarods are very fragile, they are handled in special 
frames that hold ten rods at a time. These frames can be put into the 
chromatography tank, so that all the rods are developed simulta- 
neously. However, the resolution is somewhat better if each rod is 
developed separately in a small vessel like that shown in Fig. 6.13. 

The following solvents are required for lipoprotein analysis: 
Diethyl ether, acetic acid, methanol, ethanol, chloroform and petro- 
leum ether of boiling range 40-60 "C. All these should be of the best 
quality and should be purified as described by Kates (1975), who also 
defines the term 'petroleum ether'. 

For the calibration of the instrument, pure specimens of choleste- 
rol, cholesteryl stearate, tripalmitin (or tristearin), lecithin and bovine 
serum albumin are needed. A comprehensive list of suppliers is given 
by Kates (1975). 
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2 c m  

Fig. 6.13. Tube for the development of individual ‘chromarods’. The bore of the tube 
is 5 4  mm diam. and the chromarod is kept in an axial position by the short length 
of rubing in the stopper. The lower index mark - 2 cm from the bottom of the tube 
- marks the point of application on  the rod. The upper three marks - respectively 4, 
6 and 12 a n  from the bottom of the tube - are the points to which the different 

developing solvents are allowed to run. 

Preparation of samples. The lipoproteins to be analysed should be 
fresh. Old samples will give spurious peaks on the chromatogram, the 
identity of which is uncertain. The lipoproteins may be isolated by any 
of the procedures given in Chapter 2 but, because high concentrations 
of salt, sucrose, etc. will interfere with the running of the chromato- 
gram, the preparations must first be dialysed against 0.15 M NaCl 
overnight at 4 “C. The resulting solution may itself be sufficiently 
concentrated to be applied directly to the chromarod. If this it not the 
case, the sample can be concentrated by ultracentrifugation in physio- 
logical sdine overnight, in a 2 or 3 ml tube. An LDL or HDL will 
sediment to the bottom where it will form a syrupy deposit. Carefully 
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remove the supernatant and dissolve this syrup in a drop of fresh 
saline. Very-low-density lipoproteins must be drawn directly from the 
top of the tube into the micropipette. 

The amount of lipoprotein applied to each rod must be sufficient 
to allow the weakest component to be determined, without overload- 
ing the rod with the strongest component. This consideration makes 
it impractical to analyse chylomicrons in this way. It must also be 
remembered that, if too much lipoprotein is used, some may not be 
burnt in the flame. In most cases, 15-25 pg of material should be 
sufficient. The easiest way to determine the appropriate volume of 
sample solution is to run a trial rod. 

Procedure. It is vital that the chromarods are kept scrupulously 
clean since any contamination will produce a spurious response in the 
detector. Moreover, the life of the rods is greatly prolonged if all 
inorganic salts are washed away before the rods are scanned. The rods 
must be activated before use by passing them through the flame of 
the detector and this allows each one to be checked for the presence 
of persistent contaminants. If they are dirty, it may be possible to 
clean them by soaking in chromic acid cleaning mixture, followed by 
exhaustive washing in distilled water. 

It is equally important that the chromatography tanks, the solvents 
and the air supply to the flame should be clean and free from 
particulate matter. 

To apply the samples, set a rack of rods over a small hot-plate that 
is adjusted to about 4045°C. Do not attempt to dry the rods by 
blowing air over them, for they will be contaminated with dust. Fit 
a clean capillary to the micropipette and adjust it to deliver the 
required volume of about 2 pl. Fill the pipette with the sample solution 
and apply 0.25-0.5 p1 to a point about 2 cm from the end of the first 
rod. Allow this to dry before applying a similar volume to the same 
point. Continue this process until all the sample has been transferred 
to the rod. This loading of the rods is a delicate process in which the 
adsorbent coating of the rod is easily damaged: a good light and a 
support for the hand are desirable. Repeat the procedure for the 
required number of replicate analyses. 
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The chromatographic resolution is brought about by five consecu- 
tive developments, at room temperature, as follows: 

(1) EthanoVdiethyl ether (3: 1 v/v). Put about 0.3 ml of this solvent 
in the bottom of the chromatography chamber (Fig. 6.13). Transfer 
a prepared rod (with forceps) from the rack to the chamber, which 
is then closed with the special stopper. Continue the development until 
the front is 2 cm beyond the point of application. Then remove the 
rod from the chamber with forceps and allow it to dry at room 
temperature for 5 min. This leave the neutral lipids in a sharp band 
at the position of the front. 

(2) Petroleum etherldiethyl etherlacetic acid (90: 10: 1 v/v/v). It is 
preferable to use a separate chamber for each solvent, but the same 
one can be used if great care is taken to rinse out the preceding solvent 
with the fresh one at each change. Allow the second solvent to rise 
up the rod until the front is 10 cm beyond the point of application. 
Remove the rod and dry it as before. At this stage, the cholesteryl 
esters, triacylglycerols and unesterified cholesterol are resolved in the 
upper part of the rod, leaving the protein and phospholipid at the 
start. 
(3) Methanol. Allow the front to rise 4 cm beyond the point of 

application and then dry the rod as before. Repeat the process a 
second time, which completes the resolution of the phospholipid from 
the protein. 

(4) Finally, drop the dry rod into a tube containing double-distilled 
water, to remove small amounts of salt which would otherwise give 
an unwanted response in the detector. This stage is necessary because 
lipoproteins will not dissolve satisfactorily unless there is salt in the 
solvent. Double-distilled water gives a noticeably better baseline than 
that which has only been distilled once. After soaking for at least 5 
min, transfer the rods back to the rack and dry them for 20 min at 
loo "C. 

This chromatographic protocol has been designed to give an ade- 
quate separation of the different components of the lipoprotein. But 
it must be closely adhered to. If the ethanol/ether is allowed to 
advance too far up the rod, the length that is available for the 
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resolution of the neutral lipid is reduced. Moreover, if the methanol 
is run too far, it will displace the free cholesterol. Apart from these 
mechanical considerations, the isotherms for the adsorption of lipids 
by the chromarods are apparently non-linear. This leads to a loss that 
is roughly proportional to the distance that each substance has moved 
up the rod and is another reason for standardising the conditions of 
the analysis very precisely. In this context, it is a great advantage to 
use the individual chromatography chambers shown in Fig. 6.13, as 
it is then possible to ensure that each solvent front moves the same 
distance on all the rods. As the rods do not ‘run’ at the same rate, 
this is difficult to arrange in a single large tank. It is also worth noting 
that different batches of rods can differ widely in their average 
running time, for reasons that are not at present clear. Sluggish rods 
may run more rapidly after a period of use, and may be improved by 
exhaustive pickling in chromic acid, but they will always tend to be 
‘slower’ than average. 

Quantification procedure. While the chromarods are drying, light 
the flame ionisation detector in the analyser and check that it is 
properly adjusted in accordance with the manufacturer’s instructions. 
The detector should be fed with hydrogen and air at the rate of about 
165 ml/min and 2 litres/min respectively. 

When the rods are thoroughly dry, instal them in the scanning 
frame of the analyser and scan them at the rate of 20 cm/min. Note 
that throughout all these operations, the rods must be handled with 
forceps as finger-prints can be detected by the instrument. Try to 
adjust the zero of the instrument so that the integrator trace is parallel 
to the baseline when no peaks are emerging. This will simplify the 
subsequent estimation of the areas under the peaks, for which full 
instructions are provided by the makers of the analyser. 

Calibration of the analyser. Prepare a standard solution of each of 
the following substances at the rate of 2 mg/ml. Cholesterol, choleste- 
ryl ester and tristearin or tripalmitin, in chloroform. Lecithin in 
chloroform/methanol (2:l v/v). Bovine serum albumin in 0.025 N 
ammonia solution. 

Apply 1 p1 of the first solution to each of ten chromarods and carry 
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out the chromatographic development and quantification just de- 
scribed. Repeat the process with 4 or 5 larger volumes of solution up 
to 6 or 7 pi. Use the least squares procedure to obtain the equation 
of the best fitting straight line to the resulting 50 or 60 pairs of values 
that relate the weight of lipid with the area under the peak. The 
method of computation can be found in any manual of statistics, and 
is also a library programme on many computers or programmable 
calculators. Go through the same procedure for each of the standard 
solutions. Note that the resulting calibration curves will apply only 
to the batch of rods that was used. Each new batch will require a new 
calibration. 

Note that enough determinations of each lipoprotein component 
are made during the construction of these curves to permit their 
standard deviation to be calculated. With this information, it is then 
possible to calculate the number of analyses that must be made to 
determine a component of an unknown sample with a desired pre- 
cision. For example, if the estimation of cholesterol has a standard 
deviation of t 0.3 pg, the number of rods (N) that must be run in 
order to determine the cholesterol content of a lipoprotein with a 
precision of t 0.25 pg, with a confidence of 9590, is 

where the factor 1.96 is the value of the standardised variable (z) at 
which the area under the normal distribution curve is 0.95. 

In practice, the variance of the analyses is such that at least five rods 
must be used for each sample of lipoprotein, which will require a 
minimum of about 75 pg of material. However, it is better to use all 
the ten rods that constitute a batch and thereby gain the advantage 
of higher precision. The raw data from this number of rods will 
amount to 50 values of peak area, from which the equivalent weights 
of protein or lipid can be calculated by means of the known equations 
of the calibration curves. From these results, calculate the mean 
weight of each component of the lipoprotein, with its standard error; 
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the average weight of sample applied to the rods and the mean 
percentage composition of the lipoprotein, with its standard error. 
Clearly, this task is laborious and is well suited to a small computer 
or programmable calculator. Fortunately, it is a simple matter to write 
a suitable programme for the purpose. 



CHAPTER 7 

The estimation of lipoproteins 

This chapter deals with the quantitative determination of intact lipo- 
proteins, with particular reference to their estimation in plasma, 
which has come to be important to the clinician in the context of 
atheromatous disease. The analysis can be considered as having three 
parts: 

(1) The isolation of the lipoproteins. This step may not be necessa- 
ry if a specific method of estimation is to be used, e.g. the determi- 
nation of cholesterol, or an immunoassay. Centrifugation and preci- 
pitation are the most widely used procedures. 

(2) The resolution of the lipoproteins. This stage is often combined 
with the first. Centrifugation is the standard method and has the 
advantage that it will handle comparatively large samples at high 
resolution. Precipitation is a cheap and convenient alternative, but its 
limited resolution has restricted its application mainly to the esti- 
mation of HDL. Neither of these techniques is very suitable for 
micro-scale analysis, for which electrophoresis has sometimes been 
used. However, it is difficult to measure the small samples reproduci- 
bly, and electrophoretic analysis is therefore often used to estimate 
the relative proportions by weight of the main classes of lipoprotein. 
Their absolute concentrations must then be derived from these by 
means of an independent estimate of the total lipoprotein concen- 
tration. 

(3) The estimation of the lipoproteins. This step is made difficult 
by the physical and chemical heterogeneity of the lipoproteins which, 
as was said in Chapter 6, is such that there is no known property that 
is a constant proportion by weight of every lipoprotein particle. 

308 
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Consequently, unless the lipoproteins are determined gravimetrically, 
it is necessary to assume that each class has a characteristic mean value 
of the parameter that is being measured. This mean is often ill-defined 
and depends on the distribution of the lipoproteins in the sample, 
which is usually unknown. A considerable uncertainty is therefore 
attached to many lipoprotein estimations and especially to those made 
by the chemical determination of a constituent like cholesterol or 
protein. Such methods may be no better than semi-quantitative, 
although this may not disqualify them for use in clinical or epidemio- 
logical studies that make no pretence to be accurate. 

Physical methods of estimation have the advantage that they 
measure properties that are a function of the whole lipoprotein 
particle and are more directly related to lipoprotein mass than 
measurements of chemical constituents. However, they require a 
comparatively large sample and, because they are nonspecific, the 
lipoproteins must be isolated in a highly pure state. 

The gravimetric estimation of lipoproteins has been described in 
Section 6.1, and deserves to be more widely used in academic studies, 
although it is unsuited to the routine estimation of lipoproteins in 
plasma. The two other physical methods of estimation that are 
available are based on refractometry and light scattering respectively. 
The most sophisticated of the refractometric methods is analytical 
ultracentrifugation. This has the outstanding advantage that the 
quantitative estimation is combined with the highest available reso- 
lution, but the extraction of quantitative results from the raw data is 
a mathematical process that some may find daunting. Despite some 
reservations about the theory and practice of the method, it remains 
the most convenient and most powerful standard of lipoprotein 
analysis. 

The estimation of isolated lipoproteins by conventional refractome- 
try has been described in Section 6.1.1. The original proposal that this 
technique could be used to estimate the conventional VLDL, LDL and 
HDL classes in plasma (Lindgren et al., 1964) seems to have attracted 
little attention. This disregard is probably to be regretted since the 
chemical methods that are more often used, e.g. the determination of 



310 A GUIDEBOOK TO LIPOPROTEIN TECHNIQUE 

cholesterol or protein, are technically inferior. Nonetheless, it has to 
be said that the specific refractive increment of the different lipopro- 
teins has not been established with a convincing certainty. 

The estimation of lipoproteins by measurements of light scattering 
is an ingenious technique that acquires an artificial specificity from 
the fact that the lipoproteins are the largest particles normally present 
in plasma. It is therefore not necessary to isolate the lipoproteins. 
However, in its simplest form, the method can only detect the larger 
particles and has the defect that it estimates them in terms of an 
arbitrary unit. Nonetheless, it has a place as a quick and economical 
screening method when interest is focussed on VLDL and chylomi- 
crons. 

By contrast with these techniques, the chemical estimation of a 
component of the lipoprotein is more sensitive and often more speci- 
fic. But, to determine the true mass of lipoprotein in the sample, all 
the constituents must be measured, which is not usually feasible if 
conventional methods of analysis are used. However, it can be done 
readily enough (on isolated lipoproteins only) by micro-scale thin-lay- 
er chromatography as described in Section 6.7, thus obtaining not 
only the amount of lipoprotein but also its composition. Despite their 
rough-and-ready nature as indices of lipoprotein concentration, 
chemical estimates of a single constituent are attractive because they 
are relatively speedy and can be made by easily accessible methods. 
This has often led to their uncritical use in studies for which they are 
inadequate. Although the technique can be used on lipoproteins that 
have been resolved by any method, perhaps the most useful current 
example is the estimation of ‘HDL’-cholesterol after the ‘low-density’ 
lipoproteins have been removed from the plasma by precipitation 
(Section 7.2.1). 

The estimation of lipoproteins that have been resolved by electro- 
phoresis can also be made by determining the cholesterol content of 
the separated fractions. Alternatively, the lipoproteins can be stained 
under controlled conditions and then estimated spectophotometrical- 
ly. This is a sensitive technique but, since it does not depend on a 
defined chemical reaction, it must be the subject of a laborious 



TABLE 7.1 
Index to methods of lipoprotein analysis 

Gravimetric lmrnunoassay 
analysis 
(Section 6.1) 

Physical methods 

Preparative I Analytical Nephelometry 

ultracentrifugation ultracentrifugation (Section 7.2) 
and refractometry (Section 7.1.1) 
(Section 7.1) 

Chemical estimation of 
lipoprotein components 
after separation by 

Precipitation Electrophoresis 
(Section 7.3.1) (HDL) (Section 7.3.4) 
(Section 7.3.2) (LDL) I 

LP-x 
(Section 7.4) 

(Section 7.5) 

0 
P 
4 
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verification and calibration when it is first mounted. It is therefore 
not an appropriate method for a short series of analyses. Moreover, 
the verification must be continuously checked, either by comparison 
with a reference method of analysis, or by the repeated analysis of 
a standard lipoprotein mixture (e.g. a reference serum). In view of the 
well-established instability of lipoproteins during storage (Appendix 
1; Section 7.3.1), the maintenance of an appropriate standard for an 
adequate length of time is a difficult, uncertain and poorly un- 
derstood operation. 

Immunochemical analysis offers an attractive combination of sen- 
sitivity with specificity, but is requires the use of a reference lipopro- 
tein. It therefore suffers from the same handicap as the quantitative 
electrophoretic analysis. 

To summarise, it must be said that, despite the great interest in 
lipoproteins since 1950, little work has been done on improving the 
quality of methods for their quantitative estimation. In this admitted- 
ly difficult field, the emphasis has been on the development of fast, 
facile methods, and this has been achieved only at the cost of real 
accuracy and precision. Where the volume of observations is not 
large, these methods should be avoided and preference given to 
gravimetric or refractometric procedures. However, if a chemical 
method of estimation must be used, we recommend that unesterified 
cholesterol should be chosen measure, since the proportion of this 
constituent is less variable, within a given lipoprotein class, than that 
of the others. Whatever procedure is adopted, the precision of the 
results should be determined and, particularly in the case of chemical 
methods, the accuracy should be verified by reference to a gravimetric 
procedure. 

7. I .  Estimation of lipoproteins by refractometry 

This is the basis of the classical technique of measung plasma lipopro- 
tein levels by analytical ultracentrifugation, that was developed by 
Gofman and his collaborators around 1950, and which is described 
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in Section 7.1.1. Where the high resolution of the analytical centrifuge 
is not necessary, e.g. for the simple estimation of total LDL or HDL, 
the refractometric method of Section 6.1.1 can be used. The defects 
of this technique were discussed in Section 6.1.1, where it was pointed 
out that there is a lack of reliable data for the refractive increment 
of lipoproteins in solvents of differing composition. In the context of 
plasma analysis, this tends to discourage the use of the method for 
fractions other than the conventional lipoprotein classes i.e. VLDL, 
LDL and HDL. For fractions that are isolated at other densities, it 
may be necessary to make specific determinations of the relevant 
values of the refractive increment. 

Although it is possible to measure the refractive index of a single 
drop of solution, it is impracticable, with the present techniques, to 
isolate the purified lipoproteins quantitatively in a volume of less than 
about 0.5 ml. For the routine analysis of plasma it is therefore 
convenient to use the refractometer in conjunction with the prepara- 
tive ultracentrifuge. However, centrifugation leads to a re-distri- 
bution of the salt molecules in the solvent and thus to a gradient of 
refractive index down the tube, the magnitude of which must be 
determined separately. This can be done by centrifuging control tubes 
at the appropriate density in parallel with the adjusted plasma. 
However, if the procedural details are exactly maintained, the re-dis- 
tribution of salt is highly reproducible and Lindgren et al. (1964) have 
used this fact to predict the refractive index of the solvent in the 
lipoprotein layer from that of the layer immediately beneath. The 
procedure can, in principle, be carried out on a single sample by serial 
centrifugation, but it may be easier, as well as quicker, to perform 
parallel centrifugations at different densities as we shall describe 
below. 

Equipment. The specification of the refractometer and its method 
of use are described in Section 2.1.2.5. Note that it is important NOT 
to use a centrifuge tube with a skirted cap. For analytical purposes, 
the Beckman 40.3 rotor, with a 6 ml load in each tube, is satisfactory. 

Procedure. To determine the re-distribution of salt, prepare a salt 
solution of exactly the same density and composition as that in which 
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the lipoproteins are to be isolated (Section 2.1.1.1) and centrifuge it 
under conditions identical to those to be used for the isolation. Use 
the pipetting technique (Section 2.1.1.7) to remove the contents of the 
tubes in successive volumes of 1 mi. Do not delay in this or the salt 
gradient will diffuse. Then determine the refractive index of each 
sample as described in Section 2.1.2.5. These measurements should 
be made at 26"C, since this is the only temperature at which the 
specific refractive increment of lipoproteins is known. 

It is a disadvantage of this method that it involves the measurement 
of small changes in refractive index that are superimposed on the 
relatively large constant value for water. This leads to unwieldy 
computations that can be simplified by subtracting the refractive 
index for water (no) from the values determined for each of the 
fractions from the gradient. Thus, An, = n ,  -no; An2 = n2-no 
etc. where nj is the refractive index of thejth fraction. Under a given 
set of experimental conditions, the ratio nl/nj is a constant (Rj )  which 
can be used to estimate nl from a measurement of nj. 
Estimation of VLDL. Pipette 6 ml of plasma into a 

13 mm x 63.5 mm tube and centrifuge it at 40000 rev/min for 18 
hours at 18 "C (Section 2.1.1). If less than 6 ml of plasma is available, 
the volume can be made up by the addition of 0.196 molal NaCl 
solution. Use a smaller volume of plasma if there is reason to think 
that the level of VLDL is high, otherwise there may be difficulty in 
recovering the lipoproteins quantitatively. After the centrifugation, 
pipette off the supernatant lipoproteins quantitatively in a volume of 
1 ml (Section 2.1.1.7), then recover the next 1 mi separately, using a 
clean pipette. If there is too much VLDL to take off in 1 ml, combine 
the top two fractions and recover the third separately for the esti- 
mation of the salt re-distribution. Finally, measure the refractive 
index of each fraction (Section 2.1.2.5) in the following sequence: 
(1 )  distilled water (no); (2) the VLDL concentrate (nl);  (3) the sample 
below the VLDL fraction (n2). 

Estimation of LDL. As originally described by Lindgren et al. 
(1964), the plasma LDL level is determined by deducting the value for 
VLDL from that for the total low-density lipoproteins. To isolate the 
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latter, adjust the density of an appropriate volume of plasma to 
d20 = 1.063 g/ml as described in Section 2.1.1.1, e.g. by adding 3 ml 
of 3.162 molal NaCl solution to 3 ml of plasma. Centrifuge this 
mixture for 18 hours at 40000 rev/min at 18 "C. Recover the lipopro- 
teins and measure the refractive index of the fractions as described 
for the VLDL. 

Method o f calculation. To convert the observed values of refractive 
index into concentration of lipoprotein it is necessary to know their 
specific refractive increment (S) under the conditions of the experi- 
ment. For a discussion of these data refer to Section 6.1.1. 

In most cases the contribution of the solvent to the refractive index 
of the lipoprotein solution can be estimated from the refractive index 
of the subjacent layer (n,) by means of the constant R2 that was 
determined in the control experiment, i.e. the required value = 
R2 (n2 - no). The contribution of the Iipoprotein to the refractive 
index of the solution is then given by: (nl -no) - R2 (n2-n,) .  The 
concentration of lipoprotein in the original plasma (in mg/dl) is then: 

( n l - n o )  - R, (n2-no) 1000 
x -  

S C 

where C is the volume of plasma centrifuged, in ml. 

7.1.1. Analytical ultracentrifugation 

It will be evident from what has been said in Chapter 4, that the 
analytical centrifuge is a clumsy and expensive way of setting out to 
determine merely the total concentration of a major lipoprotein class 
such as LDL or HDL. The greatest value of this technique lies in its 
ability to display and to measure the subtle differences in the distri- 
bution of the lipoproteins within these classes, which reflect the finer 
aspects of their metabolism. Unfortunately, interest has turned to- 
wards simpler but less informative methods of analysis, with the result 
that the development of the centrifugal technique has remained static 
for some 30 years. Consequently, as we remarked in Chapter 4, it does 
not incorporate the newest advances in either the theory of centrifu- 
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gation, or in our understanding of the physical chemistry of lipopro- 
teins. Nonetheless, despite this obsolescence, the analytical centrifuge 
is the method of choice for serious studies of the quantitative distri- 
bution of lipoproteins. However, it requires a considerable investment 
in both time and money to establish the method in the refined forms 
with which we are concerned here, and this effectively puts it out of 
the reach of the casual user. Moreover, there are different versions 
of the technique from which a choice must be made according to the 
circumstances and intentions of the investigator. In order to make this 
choice, it is necessary to consider the options that are open at each 
stage of the analysis. 

The procedure can be divided into two main parts: 
(1) The centrifugation itself and the recording of the refractive 

index gradient within the cell, which is usually done by photographing 
the schlieren pattern. These procedures are quite standard, but they 
include an exacting and time-consuming calibration of the centrifuge 
that must be performed at regular intervals. 

(2) The extraction of quantitative data from the record. The labour 
that is involved here is largely taken up by reading data from the 
record and with the correction of the analysis for the effects of the 
concentration dependence of flotation rate. The higher the resolution 
that is desired, the greater the number of readings that must be taken, 
with a corresponding increase in the computational load. By perform- 
ing the calculations on a digital computer, as was first done by Ewing 
et al. (1%5), it becomes feasible to take a large number of data points 
and thus to achieve a relatively high resolution and accuracy. By using 
digitising equipment to reproduce the data from the film directly in 
a computer-readable form, it is possible to handle even more data. 
The first mechanised film reading equipment to be used in this context 
was made by P.C.D. Ltd., the data being recorded on punched paper 
tape. However, this apparatus has been made obsolescent by recent 
technical developments that have led to equipment of better capabil- 
ities. This use of the computer has evident advantages when the 
number of analyses to be done is likely to be large but, apart from 
the expense of the reading equipment and of computer time, it has 
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the objection that it may be necessary to write, or at least to modify 
a programme for the computer. Variants of the comprehensive pro- 
gramme that was developed by Ewing et al. (1965) have subsequently 
been used in other laboratories, but they may not be directly inter- 
changeable either because they require the data to be presented in 
different ways, or because they are in different programming lan- 
guages. AIthough these programmes have been developed and run on 
large main-frame computers, it would be possible to use a relatively 
cheap modern micro-computer for the purpose, with some sacrifice 
in speed of operation, provided that it had a sufficiently large memo- 
ry. However, it would then almost certainly be necessary to write a 
new programme. 

Clearly, it may be unrealistic to consider using this method of 
quantification if the number of analyses will be small. However, by 
reducing the volume of the data input and by approximating the 
correction for the concentration dependence (Johnston-Ogston) ef- 
fect, the computations can be brought within the scope of a desk 
calculator. A procedure of this kind has been described by deLalla 
et al. (1967). This exemplifies the way in which simplification can be 
achieved but, since the Johnston-Bgston correction is applied only 
to the Sf 0-12 and S, 12-400 classes, the result is effectively in terms 
of LDL and VLDL only. Consequently, the method makes inefficient 
use of the equipment and of the information that is recorded in the 
schlieren pattern. In this respect therefore, a less radical simplification 
of the computational procedure would be more satisfactory and is not 
difficult to arrange. The draw-back to all such ‘simplified’ procedures 
is, of course, that the manual component of the work is much 
increased and leads to a greater use of approximations. Moreover, a 
considerable amount of work must be expended on the preliminaries 
and it is unrealistic to consider even these methods unless it is 
proposed to run at least 25 analyses, or a series of infrequent analyses 
over a considerable period. 

Since we have not the space to describe all these procedures in 
detail, we shall confine ourselves to one that requires a minimum of 
special equipment but which takes advantage of the great flexibility 
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that results from the use of a programmable calculator or, better still, 
a micro-computer. 

The procedure depends on the fact that the concentration of 
lipoprotein in the ultracentrifuge cell is proportional to the area under 
the schlieren curve. In these analyses however, the curve is usually 
grossly asymmetrical and may represent lipoproteins that cover a 
range of more than 1Wfold in particle weight (Figs. 1.1, 1.3). To 
make it possible to determine quantitatively the relative amounts of 
these different particles, the schlieren pattern is divided into sections 
by boundaries that are set at arbitrary points, e.g. at Sf 0, Sf 12, Sf 20 
and Sf 100. These boundaries represent the positions to which par- 
ticles of flotation rates 12, 20, 100, etc. would have moved if they 
started at the bottom of the cell and floated under ideal conditions, 
at zero concentration, in the absence of diffusion. The area lying 
between two boundaries is then considered to represent the concen- 
tration of lipoproteins with flotation rates lying between these values, 
e.g. greater than Sf 12 but less than Sf 20. In practice, of course, an 
ideal, clear-cut distinction between the faster and slower particles is 
not achieved at these boundaries, but it is assumed that the errors are 
approximately self-compensating, for example that the amount of 
lipoprotein of Sf > 20 which is found on the ‘slow’ side of the Sf 20 
boundary will be about the same as the amount of material of Sf < 20 
that is on the ‘fast’ side. 

In principle therefore, it is only necessary to measure the area of 
the schlieren curve between the selected boundaries and to convert 
these values into concentration of lipoprotein by means of the pre- 
determined calibration factor for the centrifuge. In reality, the proce- 
dure is much less straight-forward: 

( I )  because the schlieren curve is highly asymmetric, some areas are 
measured close to the base of the cell, whereas others are measured 
much nearer to the meniscus. But the cell is wedge-shaped and the 
lipoproteins become concentrated as they move towards the centre of 
the rotor. Therefore, it is necessary to correct each measured concen- 
tration to the conditions at the start of the analysis, i.e. to the base 
of the cell. This is done by multiplying each measured value by the 
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factor (r/ro)2, where r is the mean distance from the centre of the rotor 
at which the area is measured, and r, is the radial distance of the base 
of the cell. 

(2) the apparent flotation rate of a given lipoprotein is negatively 
correlated with its concentration, roughly in accordance with the 
equation Sf = $ (1 - KC), where Cis the concentration of the lipopro- 
tein and K is a constant. From this, it follows that the exact position 
of the Sf boundaries along the schlieren pattern cannot be calculated 
in advance of the analysis but must be determined each time. Two 
strategies can be employed. The first requires a graph that relates the 
distance of each arbitrary delimiting boundary from the base of the 
cell (x in Fig. 7.2) to the concentration, measured as the area under 
the schlieren curve between the boundary and the base of the cell (Fig. 

20 I 
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Concentration - sq.mm. 

Fig. 7.1 .  A typical set of the standard curves that represent the function 
S,=S?(l -KC) for the S ,  12, 20, 100 and 400 boundaries. Points on the vertical axis 
represent the position of the boundary in the cell, at the time the photograph was taken, 
calculated at infinite dilution as described in Section 4.1.2. I t  is expedient to express 
the lipoprotein concentration as the area (in sq. mrn) of the schlieren curve between 
the base of the cell and the boundary, therefore K' must also be expressed in these units, 
as explained on p. 340. Note that these curves are not linear at high concentrations 

(i.e. above about 350 sq. mm). 
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7.1). These standard curves are characteristic of each ultracentrifuge, 
provided that its calibration and the conditions of the experiment are 
kept constant. To determine the position of a boundary, estimate 
approximately where it will be and determine the area under the 
schlieren curve between that point and the base of the cell. Plot this 
point on the calibration curve. In general, it will lie to one side of the 
relevant line. Repeat this procedure for an estimated position that will 
lie on the opposite side of the line. Join the two points with a line that 
will cross the calibration curve at a point that marks the real position 
of the boundary and the area under that section of the curve. 

The alternative to this procedure is to use a digital computer to find 
the position of the boundary. By contrast with the manual method, 
for which the boundaries must always be the same, the computer 
procedure allows them to be set at any convenient points, that may 
differ from one analysis to another. As before, the area under the 
schlieren curve is measured to each of these boundaries in turn. The 
apparent flotation rate at each boundary can be calculated from the 
equation 

Sf = (In r,-h r) / 47c2f2t 
where r is the radial distance of the boundary from the centre of the 
rotor; r, is the distance to the base of the cell; f is the speed of the 
rotor in rev/sec; t is the elapsed time at which the schlieren curve was 
recorded, including the acceleration time. (It is customary to use one 
third of the acceleration time as the equivalent at full speed.) This 
value of Sf can then be corrected to zero concentration by means of 
the equation 

where the concentration (C) is expressed in terms of the area under 
the schlieren curve. It will be necessary to interpolate these corrected 
readings to obtain the areas at the required integer values of boundary 
flotation rate. 

A second consequence of the dependence of flotation rate on 
concentration is the Johnston-Ogston effect (Johnston and Ogston, 
1946) which requires that the apparent proportions of the lipoproteins 
as they are estimated from the schlieren pattern should be corrected 

q = & / ( l - K C )  
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for the accumulation of a slow-moving component behind a fast-mov- 
ing boundary. The procedure to be used for a simple mixture of two 
different macro-molecules is well established and is expressed by the 
equation: 

where SSobs is the observed sedimentation rate of the slow component; 
SFobs is the observed sedimentation rate of the fast component; Sg is 
the sedimentation rate of the slow component in the presence of the 
fast component; CSobs is the observed concentration of the slow 
component and C$ is the concentration of the slow component in the 
presence of the fast component (Schachman, 1959). The treatment to 
be used for such highly inhomogeneous mixture as the plasma lipo- 
proteins is less certain. The method currently in use was developed 
at the Donner laboratory by Gofman and his colleagues and is based 
on the assumption that the lipoprotens between each delimiting 
boundary along the schlieren pattern can be regarded as a separate 
substance in the context of the Johnston-Ogston effect. The cor- 
rection is then made by applying eqn. (1) to each of these ‘lipopro- 
teins’ (e.g. Sf 0-12, Sf 12-20, etc.) at each boundary in turn. To do 
this, a value of flotation rate must be assigned to each ‘lipoprotein’. 
This is equated to the Sf at the point that divides into two equal parts 
the area of the schlieren curve that corresponds to that ‘lipoprotein’. 
Each of these median Sf rates is then corrected to zero concentration 
as explained above. As we shall describe in detail below, these 
corrected values can then be used to calculate the values of S; that 
are inserted into eqn. (1). Since the number of times this equation is 
used when analysing a pattern is 

x = n  - 1 

x = 2  
n(n-2)-  c x 

where n is the number of delimiting boundaries over which the 
correction is to be made, it can easily be appreciated that the John- 
ston-Ogston correction is the most time-consuming computation of 
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the whole process of data reduction and is where a digital computer 
can make its most valuable contribution. 

For most ‘normal’ plasmas, the Johnston-Ogston correction can 
be reduced to negligible proportions by ensuring that the total concen- 
tration of lipoprotein in the centrifuge cell does not exceed 
2&25 mg/ml (about 2C0). It is easy to exceed this limit if the subject 
is hypercholesterolaemic (Type 11), but the concentration of the iso- 
lated lipoproteins can be checked by refractometry (Sections 6.1.1, 
7.1) and the solution diluted if necessary. However, at this concen- 
tration of lipoproteins, there is some risk that at least a part of the 
VLD distribution may fall below the limits of detection. When the 
proportion of VLDL in the sample is high, as in Types I, IV and V, 
this way of eliminating the Johnston-Ogston effect is less satisfactory 
and some form of correction should be applied. 

Both these corrections for the effects of concentration on flotation 
rate depend for their success on the assumption that a single value of 
K can be used for all lipoproteins over the whole range of concen- 
tration that is encountered. Surprisingly enough, there is little publish- 
ed evidence to support this, The earliest observations of K originated 
from the Donner laboratory, where a value of 0.0161 ml/mg was 
adopted for the flotation of low-density lipoproteins in a solvent of 
density 1.063 g/ml (deLalla and Gofman, 1954). The experimental 
basis for this value was not published, but deLalla et al. (1967) declare 
that the flotation rate of lipoproteins of Sf 6-8 is reduced by one half 
at a concentration of 32 ml/ml (i.e. K=0.0156 ml/mg) and that the 
Sf vs. C relationship is non-linear at concentrations above about 
40 mg/ml. Latterly however, the Donner group appears, for unspeci- 
fied reasons, to have adopted the value K=0.0089 ml/mg for use in 
their computerised film analysis (Ewing et al., 1965). The experiments 
of Lee and Alaupovic (1974a) confirm that, when LDL are centrifug- 
ed at a density of 1.063 g/ml, Sf and C are linearly related over the 
range of concentrations normally used but also suggest that, as would 
be expected from studies of other macromolecules, K is not the same 
for all lipoproteins. Unfortunately, the concentration in these experi- 
ments was not measured in absolute terms. In contrast with the 
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centrifugation at 1.063 g/ml, del Gatto et al. (1959) found that K was 
at least an order of magnitude smaller for LDL in sodium bromide 
solution of density 1.20 g/ml. Moreover, whereas K for the smaller 
VLDL (approx. Sf20-100) was 0.0064ml/mg, the value for the larger 
VLDL (approx. S,  100400) was - 0.0056 ml/mg. These obser- 
vations are partially confirmed by Fisher and Mauldin (1970), and by 
Fisher et al. (1971), who found that the flotation rate of LDL was 
almost independent of concentration in solutions of density 
1.20 g/ml, at least in the range 2-7 mg/ml. There appear to be no 
published studies of the relationship between S, and Ca t  low concen- 
trations, but observations in our laboratory have suggested that K 
may not only vary considerably from one preparation to another, but 
may also become less when the concentration is low. Given this degree 
of uncertainty in K ,  there is much to be said for performing the 
ultracentrifugal analysis at the lowest feasible concentration. As to the 
value of K to be adopted, a compromise of 0.01 ml/mg appears to 
be roughly correct for the analysis of low-density lipoproteins, and 
a value not exceeding 0.005 ml/mg for the high-density lipoproteins. 

Apart from these considerations, it has been suggested that there 
may be association-dissociation phenomena to be taken into account 
when interpreting the hydrodynamic behaviour of lipoproteins such 
as LDL. In this context, it may be remarked that the smaller apo-lipo- 
proteins can reversibly dissociate from a lipoprotein, with the for- 
mation of a protein-deficient particle. Thus two particles are formed 
that sediment in opposite directions. However, the consequence of 
this unusual situation, and of association phenomena in general, for 
the interpretation of the lipoprotein pattern has yet to be clarified and 
will be ignored in our discussion. 

Data required. The following pieces of information are needed for 
an analysis. 

(1) the calibration constant of the centrifuge, which relates area 
under the schlieren curve to concentration of lipoprotein. 

(2) the distance of the base of the cell from the centre of the rotor 

(3) the time (in sec) for the rotor to accelerate to full speed under 
(To). 
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the standard conditions used for the analysis (to). 

to the taking of the photograph (ts). 

solvent being used (Sections 6.1.1, 7.1). 

concentration. 

(4) the time that elapses (in seconds) from the reaching of full speed 

( 5 )  the specific refractive increment of the lipoproteins in the 

(6) the value of the coefficient K that relates flotation rate with 

(7) the magnification factor of the photographic enlarger (E). 
(8) the area enclosed by the schlieren curve, the baseline and the 

ordinates erected at different points along the baseline. 
(9) the factor by which the lipoproteins are concentrated during 

their isolation from the plasma (B). 
(10) the density (d) and viscosity (q) of the solvent in which the 

lipoproteins are dissolved. This information is not essential but allows 
a correction to be made for the slight variations in the properties of 
the solvent that arise during the isolation process. Both d and q can 
be estimated by refractometry as explained below (‘Preparation of 
sample’). If the solvent is essentially NaCl or NaBr solution, the 
required information can be had by reference to Tables 2.2. and 2.3. 
Otherwise, it will be necessary to prepare the appropriate standard 
curves for the salt mixture to be used. 

Equipment 
Preparative ultracentrifuge, rotor and accessories (cf. Chapter 2). 
Analytical ultracentrifuge, rotor and accessories. In the majority of 

these instruments, a conventional schlieren optical system is used, in 
which the record is made photographically. In the M.S.E. Centriscan 
however, a scanning optical system is used and the schlieren curve is 
drawn by the pen of a chart recorder. This technique offers some 
useful practical advantages but also has the following significant 
handicap. In this instrument, the lipoprotein distribution and the 
solvent baseline are recorded in different cells, which it is difficult to 
make an exact match. Consequently, the superposition of the two 
curves is often inexact, and the precise area under the schlieren curve 
is difficult to determine. Optical analysers can also be attached to the 
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Beckman preparative centrifuge, thus giving this machine at least 
some of the capabilities of the analytical centrifuge. However, it 
appears that the performance of this system is, at present, inferior to 
that of the strictly analytical centrifuge and its place among the 
techniques of lipoprotein analysis is not yet clear. 

In the context of the equipment, it is worth noting that the analysis 
of low-density lipoproteins requires that photographs be taken at 
intervals that are outside the scope of the usual sequence of automatic 
exposures. However, this inconvenience can easily be overcome by 
adding to the system an external stepping relay that will operate the 
camera at the required times. Alternatively, this function could be 
delegated to the micro-computer on which the computations will also 
be performed. 

Centrifuge cells fitted with double-sector epoxy-resin centrepieces 
12 mm thick. Two of these can be centrifuged simultaneously if one 
of them is fitted with a wedge window that will deflect the image 
towards the top of the camera. If a considerable number of analyses 
is in prospect, it will be convenient to have at least two sets of cells, 
but the component parts of these must never be interchanged. The 
epoxy centrepieces are not strictly designed for use at rotor speeds as 
high as the 50 000-52 000 rev/min that are customarily employed and 
the high stresses cause the resin to yield slightly, the centrepiece 
becoming wedge-shaped. This distortion makes the cell prone to leak 
and can cause a quartz window to break. If this happens during a run, 
the loss of fluid from one sector can lead to breakage of the cen- 
trepiece also. The distortion of a centrepiece can be monitored with 
an engineer’s dial gauge and will also manifest itself through the need 
to seal the cell more tightly to prevent leaks. A new, lubricated 
Beckman cell should be essentially leak-free if tightened to a torque 
of 60-65 kg/cm but, as the cell ages, it may be necessary to increase 
this to 80-90 kg/cm. If a much-used cell shows persistent signs of 
leakage, the centrepiece should be discarded. In our experience, it is 
possible, in the case of Beckman cells, to postpone this writing-off 
quite considerably by using washers of greater thickness than usual 
between the quartz window and its housing. Washers cut from IBM 
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punch cards have proved very satisfactory if they are changed regular- 
ly. 

Syringes, 1 ml or 0.5 ml glass, for filling the cells. It is desirable 
to check the calibration of these syringes to ensure that exactly the 
same volume (0.45 ml) can be delivered into each compartment of the 
cell. 

Volumetricflasks of 1 ml capacity. These take the form of a small 
test-tube of about 2.5 ml capacity, with calibrations at 0.5 and 1 .O ml. 
Stoppers are not needed. 

A small bench centrifuse with an angle rotor capable of taking the 
1 ml flasks. 

Vials of about 2 ml capacity in which to store the isolated lipopro- 
teins. These must have closely fitting caps with plastic liners. 

Photographicfilm. Use the film that will give the best available 
combination of speed, contrast and fineness of grain. Users of the 
Beckman centrifuge may find it necessary to cut their own film from 
20 x 25 cm sheets. Note that, if it is necessary to buy a substantial 
amount of film at one time, it can be kept almost indefinitely in a 
deep-freeze. 

Dark-room facilities 
A photographic enlarger. This will be needed unless the film is to 

be read on an electro-mechanical device that itself incorporates a 
projector. 

Equipment to determine the area under the schlieren curve. A 
planimeter can be used but, in the current state of technology, it is 
probably easier to measure the ordinates of the curve at a number of 
points and to calculate the areas of the trapezia thus defined on a 
programmable calculator or a digital computer. 

Rotcr oven. Because it is at present the convention to run the 
lipoprotein analysis at 26 "C, it is convenient to keep the rotor at this 
temperature when it is not in use. 

Reagents 

gal isolation of the lipoproteins, as explained in Section 2.1. 
Diluents of the appropriate density will be needed for the centrifu- 
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‘Baseline solutions’. In the relatively highly concentrated salt so- 
lutions that are used as solvents for the lipoproteins in this analysis, 
centrifugation brings about a significant re-distribution that is mani- 
fest as a marked curvature of the baseline that is recorded by the 
schlieren optics. If the area under the schlieren curve is to be estimated 
accurately, the lipoprotein curve and the baseline must be superimpos- 
ed by centrifuging the lipoproteins and a matching ‘baseline solution’ 
in the same double sector cell. To ensure that the match is as perfect 
as possible, the baseline solution and the lipoprotein solvent must 
contain the same salts, in the same concentrations. For example, if 
HDL is prepared by adjusting plasma with a mixture of NaCl and 
NaBr, the same mixture, appropriately diluted with NaCl of density 
1.0065 g/ml, must be used as the baseline solution. Note that, if the 
solvent contains NaBr, it may be necessary to allow for the fall in 
density that will result from the re-distribution in the preparative 
centrifuge. 

Procedure 
( 1 )  Auxiliary measurements 
Calibration of the cenirifuse. Before carrying out this operation, 

it is essential that the optical system is cleaned and focussed in 
accordance with the manufacturers instructions (cf. also, Gropper, 
1964; Richards et al., 1971; Rees et al., 1974). Any subsequent 
disturbance of the system will necessitate a re-calibration. 

The concentration of solute in the centrifuge cell is related to the 
area under the schlieren curve by the equation: 

Atan 8 

LhMm (An) 
C =  

where A is the area under the curve as measured on the film; 8 is the 
phase plate angle; L is the optical lever (i.e. distance from the centre 
of the condensing lens to the phase plate); h is the height of the fluid 
column in the cell; M is the magnification of the camera lens; rn is 
the magnification of the cylindrical lens and An is the relevant value 
for the specific refractive increment of the solute. N.B. aN linear 
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measurements in this discussion will be in millimetres. 
All these parameters can easily be determined, although the esti- 

mation of L requires the use of interference optics. In practice 
however, it is usual to determine the value of tan B/(LhMm) from a 
single experiment, either using a special calibration cell (Beckman 
Instruments Inc.), or by centrifuging a solution of serum albumin or 
sucrose of precisely known concentration. Since these techniques give 
a calibration factor at a fixed value of 6, the angle must be set at the 
time of the calibration and then left strictly undisturbed. To ensure 
that it cannot be inadvertently changed, it may be prudent to discon- 
nect the phase plate from the adjusting mechanism. Of the two 
procedures, the calibration cell is the quickest and most reliable. 
Moreover, it also provides an estimate of M ,  which is needed when 
the flotation rate is calculated. If albumin is used as a standard, its 
ash and moisture content must be known. A solution of accurately 
known concentration (about 1%) in 0.15 M NaCl solution is then 
prepared by weighing, and is centrifuged with the phase plate set at 
the angle to be used for the lipoprotein analyses. The centrifugation 
can be carried out in either the standard cell, or in a synthetic 
boundary cell. The latter allows observations to be made more quick- 
ly, and also permits sucrose to be used instead of albumin. When the 
schlieren curve has become distinct, it is photographed and its area 
measured. The calibration factor can then be calculated from 
eqn. (2), making use of the value An = 188 x 10-6ml/mg for the 
refractive increment of albumin (An = 143 x 10-6ml/mg for sucrose 
in water). 

results, but the exact setting is not critical. 
Note. A phase plate angle of about 55" from the vertical should give satisfactory 

Magnification of the camera lens (M). This can be determined by 
taking a photograph of the calibration cell, or of the counterbalance, 
and measuring the distance between the vertical lines, or between the 
reference edges respectively (Chervenka, 1969). Alternative tech- 
niques are described by Gropper (1964), Richards et al. (1971), Rees 
et al. (1974) and in the manufacturer's handbooks. The constants of 
the Beckman calibration cell are stamped on the casing, while the 
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distance between the reference edges is nominally 1.60 cm. The pho- 
tographs should be measured with a comparator or a measuring 
microscope and, like the calibration factor, Mmust be re-determined 
whenever the optical system of the centrifuge is cleaned or otherwise 
disturbed. 

Radial distance to the base of the cell (rJ. Run the rotor, with a 
cell and counterbalance, at full speed (usually about 50 OOO rev/min) 
and take a photograph. Measure the distance from the bottom of the 
cell to the reference edge with a comparator. It is convenient to express 
the resulting value of r, in terms of the notional distance from the 
centre of the rotor as measured on the film. Thus, if M is approxi- 
mately 2, ro will be about 142.75 mm in the Beckman centrifuge. 

The ‘up-to-speed’ time (tJ. When the computations are performed 
entirely on the computer, it is feasible to measure the time taken to 
accelerate the rotor to top speed every time an analysis is made, and 
to include this as one of the items of data. Even under these circum- 
stances, it may be desirable that to should not vary too widely. If the 
computation is done manually, or has a large manual element, the rate 
of acceleration must be as nearly as possible identical for each run. 
On the Beckman centrifuge this is to say that the drive current must 
be kept constant at the highest practicable level (i.e. without blowing 
the fuse), until the run speed is reached. The value of to can then be 
equated with one third of the acceleration time. 

Magnification of the photographic enlarger (E). Perhaps the best 
standard for this purpose is a microscope eyepiece graticule that takes 
the form of a 1 cm square that is ruled into 100 1-mm squares. This 
will require to be supported on a slide that can be inserted into the 
enlarger. Alternatively, an acceptable standard can be made by scrib- 
ing a circle of exactly 1 cm radius on an exposed photographic film 
with a pair of draughtsman’s dividers. The film should then be 
mounted in the manner of a projection slide. Insert the standard into 
the enlarger and adjust to give a sharp image at the desired magnifi- 
cation, which can be determined with an engineer’s precision scale. 
If the computations are to be done manually, it will be convenient to 
make E exactly equal to 5 .  
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(2) Preparation of the sample 
It is customary to isolate the lipoproteins by a sequential centrifu- 

gation, first in a solvent of density 1.063 g/ml and then after re- 
adjustment to 1.20 g/ml. For special purposes however, other den- 
sities may be adopted, for example, it may be convenient to use 
1.0065 g/ml for the analysis of VLDL or, under some circumstances, 
to use 1.100 g/ml for the analysis of LDL (Mills et al., 1972). 
Unfortunately, because it is then necessary to adjust the computation- 
al procedure, this use of the non-traditional solvent densities may only 
be feasible if advantage can be taken of the flexibility that results from 
the use of a digital computer. The details of the isolation procedure 
are described in Section 2.1. A volume of 2 or 3 ml of plasma usually 
yields a lipoprotein sample of a concentration such that it can be 
analysed satisfactorily but in which the Johnston-Ogston effect will 
be minimised. If the plasma is either hyper- or hypo-lipoproteinaemic, 
the volume that is taken can be adjusted accordingly. 

After the preparative centrifugation, the lipoproteins must be aspi- 
rated from the top of the centrifuge tube in exactly 1 ml 
(Section 2.1.1.7), with every precaution to ensure that recovery is 
essentially quantitative. In particular, 

(1) after the main part of the lipoprotein solution has been taken 
off, material adhering to the walls of the tube must be recovered. If 
the tip of the pipette is held parallel to, and in contact with the wall 
of the tube, liquid will be drawn up by surface tension and a scraping 
motion will wash the lipoprotein residue into the body of the tube. 
This operation can be difficult if the concentration of VLDL is high, 
and it may the be necessary to recover the lipoproteins in a total 
volume of 2 ml. If this cannot be done, the preparative centrifugation 
must be repeated with a smaller volume of plasma. 

(2) the lipoproteins adhering to the stem of the tube cap must be 
recovered with the pipette and the stem washed with a drop of the 
infranatant solution from just below the lipoprotein layer. 

(3) the tube cap must be disassembled and any lipoprotein solution 
that has penetrated behind the gasket removed with appropriate 
washing. 
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If these precautions are scrupulously observed, the recovery of the 
lipoproteins should exceed 95%. 

The isolated lipoproteins must be immediately transferred from the 
volumetric flask to their labelled vial, which is then kept tightly 
closed. The analytical centrifugation should be carried out with the 
least delay. 

After the lipoproteins have been collected, the 1 ml of solution 
immediately below them in the centrifuge tube is carefully aspirated 
off and stored in a separate vial. The refractive index of this sample 
can be used 

(1) to check that the density of the plasma was correctly adjusted 
before the preparative centrifugation. 

(2) to check that there was no gross failure to recover the lipopro- 
teins quantitatively in the top 1 ml of solution. 

(3) to enable an estimate of the solvent density in the lipoprotein 
sample to be made by comparison with control samples of the relevant 
salt solution that have been centrifuged under the same conditions as 
the plasma (Sections 2.1,2.1.2.5). Because the re-distribution of salt 
during the centrifugation is reproducible so long as the conditions 
under which it is carried are always the same, it can be assumed that 
the solvent density in the top 1 ml lipoprotein fraction is closely 
approximated by d2 - 6, were d2 is the measured density of the second 
1 ml fraction and 6 is the difference between the densities of the first 
and second fractions in the control centrifugation. Examples of this 
redistribution have been described by Lindgren et al. (1964) and by 
Lee and Alaupovic (1974) but are applicable only to experiments done 
under the conditions used by these authors. 

Clearly, if this estimate of solvent density is to be accurate, there 
must be no significant contamination of the second fraction with 
lipoproteins. A recovery of 95% of a sample of ‘normal’ plasma 
lipoproteins implies that the refractive index of fraction 2 may be 
spuriously raised by about 0.0001 units, a value that is approximately 
equivalent to a density of 0.0005 g/ml in a solution of NaBr. For most 
samples therefore, an acceptable estimate of solvent density can be 
made if the refractive index is measured to k O.OOO1. However, when 
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the lipoprotein concentration is high, a recovery of 95% (which is then 
sometimes more difficult to achieve) implies that lipoproteins may 
make a detectable contribution to the refractive index of fraction 2. 

(3) Analytical centrifugation 
The following description will assume that a Beckman Model E 

centrifuge is used. Slight modifications of detail may be assumed if 
the instrument is of a different make. 

Assemble a double-sector cell in accordance with the maker’s 
instructions and tighten it to  a torque of between 70 and 100 kg/cm, 
using the lowest value compatible with the prevention of leaks. Use 
a syringe fitted with a blunted 16 gauge needle to inject 0.45 ml of 
the sample dowly into one sector of the cell. Follow this with 0.45 ml 
of baseline solution into the other sector (N.B. it is prudent always 
to use the same sector for the sample.) Take great care to avoid 
scratching the centrepiece when assembling or filling the cell. Note 
too, that there will be a mismatch of the baselines if the two sectors 
of the cell contain significantly different volumes of solution. Lind- 
gren et al. (1972a) have described a modification of the centrepiece 
which ensures that the menisci are the same distance from the centre 
of rotation but this result can be achieved to a sufficiently good 
approximation by the careful use of calibrated syringes. Lindgren also 
recommends that the sealed cell should be weighed to k 0.2 mg before 
and after the centrifugation to  determine whether any leakage has 
occurred. Although large leaks can easily be detected by observing the 
position of the meniscus during the run, small ones, which can be a 
significant cause of inaccuracy in the estimation of flotation rate, may 
be more easily detected by weighing. 

Insert the cell and a matched counterbalance (or a second, wedge- 
window cell if two samples are analysed simultaneously) into the rotor 
holes, with the filling holes towards the centre of the rotor. It is 
important that the sectors of the cells are carefully aligned with the 
radius of the rotor, or convective disturbances will develop during the 
centrifugation and will appear as spikes on the schlieren photograph. 
Even if a microscope is used to ensure an accurate setting, there is a 
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danger that a loose-fitting cell may move while the rotor is being 
loaded into the centrifuge. This possibility can be minimised by 
smearing the cell with grease but, as Lindgren points out, it may then 
be difficult to weigh the cell accurately after the run. 

Finally, load the rotor into the chamber, a film into the camera, 
and carry out the preliminaries that are required by the manufactur- 
er’s instruction manual. When these are complete, switch on the drive 
current and a stop-watch simultaneously. Accelerate the rotor as 
rapidly as possible, according to the pre-determined protocol, until 
the required speed, which we shall assume to be about 52 500 rev/min, 
is reached. At this instant, take the first photograph (t = 0) and re-set 
the stop-watch to zero. If it is low-density lipoproteins that are to be 
analysed, make two more exposures at t = 6 min and t = 30 min 
respectively. If the sample is an HDL, it will be sufficient to take only 
one photograph at t = 60 min. These exposure times have been found 
by experience to be satisfactory when the rotor speed is 
52 640 rev/min but would need adjustment if a significantly different 
speed is used (see for example del Gatto et al. 1959). Moreover, this 
system may not be satisfactory if the lipoproteins to be analysed are 
those of an animal in which the LDL are more dense than those of 
man. Under these circumstances, a significant amount of LDL may 
be recovered in the fraction of density 1.063-1 -20 g/ml. To estimate 
these lipoproteins, take an additional photograph at t = 20 min dur- 
ing the HDL analysis. However, if lipoproteins with this distribution 
are to be analysed frequently, it will be better to isolate and analyse 
the low-density lipoproteins at a density of 1.08 or 1.10 g/ml as 
mentioned earlier. 

(4) Computation of results 
The computation of an analysis of high-density lipoproteins is 

simpler than is the case for low-density lipoproteins insofar as all the 
data are available on one photograph. For this reason we shall begin 
with the procedure for HDL. Moreover, this same procedure can 
easily be adapted to the analysis of other lipoproteins that can be 
recorded on a single exposure, e.g. guinea pig LDL that has been 
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isolated at d = 1.100 g/ml, or even LDL that has been isolated at 
1.063 g/ml if the amount of associated VLDL is negligible. If the 
latter condition is not satisfied, the contribution of the VLDL to the 
over-all Johnston-Ogston effect cannot be ignored. 

The first step is to make an enlarged tracing of the t = 60 min 
photograph on a piece of graph paper. Fix the paper on the base of 
the enlarger and align the image of base of the cell with one of the 
vertical scale lines near the right-hand margin. If the base of the cell 
is not clearly defined, measure off, from the chosen scale line, the 
known distance from the base of the cell to the reference trace 
(allowing for the magnification of the enlarger). Then set the refer- 
ence trace at this point. Then trace the complete schlieren peak as 
shown in Fig. 7.2, using a hard pencil to draw along the centre of the 

centre ~ 

rotor 
of ‘0 I 

base 
of 

cell 

Fig. 7.2. Schematic s m m a r y  01’ the measurements needed for the estimation of 
lipoprotein concentration from the ultracentrifuge schlieren curve. Notation as defined 

in  the text. 
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TABLE 7.2 P 

The calculation of a quantitative lipoprotein distribution from a single schlieren diagram: each column shows the results obtained 
at successive stages of the computation of a typical experiment in which the area of the peak was divided into 12 segments by 13 
boundaries. The nomenclature is as defined in the text. In this example, the parameters have been set as follows: 
Rotor speed = 52640 rev/min 
f, + t = 3750 sec 
r,= 142.75 mm (as measured on the photographic film) 
E=6.13 
K=0.016 ml/mg 4 

An=0.00149 B 
w Calibration of the centrifuge (w)=0.145 mg/ml/sq. mm. 

8 = 4  

n 
g 
5 

1 1.04 0.00 142.58 0.00 141.97 2.81 0.11 0.11 0.48 0.48 9.50 $ 
2 6.31 39.85 141.72 6.50 141.25 7.54 0.64 0.64 0.93 3.94 24.08 c 

8 
5 

5 21.15 92.99 139.30 15.17 138.71 16.35 2.15 2.33 2.52 2.79 55.53 c 
6 29.06 66.51 138.01 10.85 137.63 7.63 2.96 3.35 3.21 3.66 26.97 2 

xn Hn rn hn cn 4 F n  F:: FC, FC,” L, 
z 

’d 3 11.34 73.38 140.90 11.97 140.47 10.98 1.15 1.17 1.41 1.47 34.04 
4 16.31 95.87 140.09 15.64 139.70 11.93 1.65 1.74 1.90 2.02 38.11 

7 34.08 51.12 137.19 8.34 136.82 5.51 3.48 4.02 3.72 4.33 20.43 
8 38.99 36.11 136.39 5.89 135.98 4.29 4.00 4.69 4.26 5.02 16.17 
9 44.26 28.26 135.53 4.61 135.13 3.35 4.55 5.40 4.82 5.74 12.84 

10 49.53 21.88 134.67 3.57 t34.21 2.74 5.12 6.12 5.42 6.51 10.68 
11 56.64 8.95 133.51 1.46 132.84 1.62 5.87 7.08 6.32 7.63 6.06 
12 66.94 3.74 131.83 0.61 130.55 1.24 6.98 8.46 7.84 9.52 4.27 

W 

Ih 
13 93.79 0.00 127.45 0.00 9.95 12.10 W 
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line projected by the enlarger. 
From this drawing, measure and tabulate the values of X, and H, 

where H is the distance from the baseline to the lipoprotein curve at 
a point X mm from the base of the cell (Table 7.2). H can be 
measured directly from the printed graph scale or, if preferred, with 
an accurate rule. Next, calculate the notional distance of each 
boundary from the centre of the rotor as if it had been measured on 
the film itself (r,) and the corresponding diminished values of the 
ordinates (h,), by making use of the equations: 

X n  r, = r, - - 
E 

where r, and E are defined in section (1) above. 
If the area (a,) that lies between a pair of ordinates (or boundaries) 

is considered as approximating to a trapezium, it can be determined 
from the equation: 

At this stage it is also convenient to apply the so-called Moring-Claes- 
son correction for the time-dependency of the apparent concentration 
in the cell (Moring-Claesson, 1956). The area corrected for this effect 
(A,) is given by: 

A, = a,rn/ro 

To proceed further with the analysis, it is necessary to find a value 
of r that can be used to characterise the average member of the 
population of lipoprotein particles that lies between each pair of 
boundaries. This value of r is defined as the point at which an ordinate 
will divide the trapezoidal area between the boundaries into two equal 
parts (the 'mid-area' point, Fig. 7.3). To obtain these values, first use 
the equation 
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cen re 

rotor 
O t  

+ 

+ 

Fig. 7 . 3 .  One of the approximately trapezoidal areas into which the schlieren curve is 
divided, showing the bisection into two equal parts. 

(0.5 (hn2 + h: + I))% - h, 

h n + l -  hn 
P, = 

to calculate P for each pair of boundaries, where P, is the ratio 
yn/(rn - r,, 1) and y is defined as in Fig. 7.3. The distance of the 
required ‘mid-area’ point from the centre of the rotor (C,) is then 
given by 

Cn = rn - p n  (rn - rn + 1) 

Note that if h,, equals h,, the equation for P becomes indetermi- 
nate and P must be set equal to 0.5. Remember that, if there are n 
boundaries altogether, there will be only (n - 1) values for C and A. 

It is at this stage that the apparent flotation rate corresponding to 
each value of r must be calculated from the expression 
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In r, - In r,, 

FA = ( 2 I r j ) 2 ( t O  + t )10-’3 

wherefis the speed of the rotor in rev/sec and (to + t )  is also expressed 
in seconds. The same operation must be also be carried out for each 
of the ‘mid-area’ points, namely 

In r, - In C,, 
FCA = 

( 2 X j ) 2 ( t ,  + t )  1 0 - l ~  

Note that the factor 10- l 3  is included in the denominator because it 
is convenient for the value of F to be determined in svedberg units. 

The values of flotation rate that are obtained in this way are subject 
to the small errors that result from the inevitable slight variations in 
the salt composition of the lipoprotein solvent that were discussed 
earlier. These could be corrected by dialysis but this would lead not 
only to an uncertainty in the concentration, but to an unwelcome 
delay in the analysis. It is more convenient to calculate a correction 
from the relationship 

(4 - 0)rl 

(d - 01% 
F =  F‘ 

where d, and qs are the putative density and viscosity of the solvent 
at the temperature of the analysis; d and q are the real values as 
estimated by Lindgren’s refractometric technique (cf. ‘Preparation of 
sample’), and CT is the hydrated density of the lipoprotein. Unfortu- 
nately, because CT is not a constant for all lipoprotein particles, the 
exact values that are required for this calculation are unknown. 
Nonetheless, there is a general correlation between flotation rate and 
particle density (Table 4.2) and Lindgren has made use of this to 
circumvent the difficulty in the following way. The measured value 
of F’ is used to make a preliminary estimate of CT by interpolation of 
the tabulated data. This value is then used to calculate a roughly 
corrected F which is used in turn to find a revised estimate of 0 .  After 
several repetitions of this process, the corrected values of F will 
converge. 

Several objections can be levelled at this procedure. Firstly, the 
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iteration is tedious if carried out manually. Secondly, the published 
data that relateFand a for high density lipoproteins are sparse. More 
data are available for the low-density lipoproteins, although even 
these are not remakable for their consistency. Thirdly, there may be 
some uncertainty about the significance of the correction. If d differs 
from d, by 0.001 g/ml, the flotation rate will be in error by about 0.25 
units for an LDL of Sf 12, and by about 1 unit for a particle of S, 
100. This will affect the results of the analysis in two ways, (1) there 
will be a small uncertainty in the identification of the boundaries and 
(2) there will be an error in the estimates of lipoprotein concentration. 
However, since the latter are obtained by difference, the change in 
the relative positions of the boundaries is probably negligible: only 
0.6 svedbergs in the case of the Sf 20-100 lipoproteins in our example. 
The effect of this on the apparent mass distribution of the lipoproteins 
will depend on the shape of the distribution curve but, in a typical 
normal distribution, a change of 0.001 g/ml in d, increased the 
Sf 12-20 class from 73.87 mg/dl to 75.61 mg/dl; an increment of 
2.36%. Moreover, our observations suggest that (d, - d) is less than 
0.001 mg/ml in 85 070 of analyses and, if the value is large, it may be 
questioned whether the adjustment of the density or the recovery of 
the lipoprotein was at fault. It may therefore be said that, in most 
cases, this is a second order correction to a measurement that suffers 
from first order errors and those who lack computer facilities need 
have few qualms about omitting it. 

For those who do have a computer, the procedure can best be 
illustrated by an example. Suppose a sample of low-density lipopro- 
teins has been centrifuged in a NaCl solution that is estimated by 
refractometry to have a density of 1.062 g/ml and a viscosity of 
1.0145 cp. Now consider a single boundary, for example one that has 
an apparent flotation rate of 8 units. By interpolation (Table 7.3), a 
lipoprotein of this Sf would have a hydrated density of about 
1.0288 g/ml. Thus its flotation rate in NaCl of density 1.063 g/ml 
would be 

(1.063 - 1.0288) 1.0145 

(1.062- 1.0288) 1.0173 
8 = 8.22 
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TABLE 1.3 
This table presents the coordinates from which the hydrated density (a) of  a lipoprotein 
of flotation rate S, (in NaCl of density 1.063 g/ml at 26°C) can be approximately 
estimated by linear interpolation of In S1 and a. These points were determined by fitting 

regression lines to the published data by the method of least squares. 

~ 

0.001 - 7  1.063 
4.0 1.386 1.049 

164.0 5 .1  0.939 
2000.0 7.6 0.920 

Interpolation using this value of the Sf gives a revised a of 
1.0277 g/ml. Use this to calculate a new approximation to the Sf i.e. 

8 = 8.21 
(1.063- 1.0277) 1.0145 

(1.062 - 1.0277) 1.0173 

A third interpolation from this value also gives (T = 1.0277 g/ml. Sf 
= 8.21 is therefore a close approximation to  the corrected flotation 
rate. This whole procedure must be repeated for each value of FA and 
FC,!, . 

It is at this stage in the computation that the corrections that derive 
from the concentration dependence of Fcan  be introduced. The first, 
and the simplest of these to carry out, is the adjustment of each value 
of F, to zero concentration by means of the expression 

where is the corrected flotation rate and K' is the coefficient that 
relates F to the lipoprotein concentration when the latter is expressed 
as area on the photographic film. Thus, if the calibration of the 
analytical centrifuge is such that 1 sq. mm is equivalent to w mg/ml 
of lipoprotein in the cell, R = K.w.  

The second of these operations is the correction for the John- 
ston-Ogston effect, for which it is necessary to reduce the values of 
FC, to zero concentration by means of the expression 



Ch. 7 THE ESTIMATION OF LIPOPROTEINS 

n- 1 

1 
F G  = FC, / ( l - R  ( C Ai + 0.5 A,)) 

34 1 

In describing the subsequent steps in the procedure it will be con- 
venient to use the term Q, to stand for the expression 

(1 - K' $ A,) 

The correction factor (Jj,i) that applies to the lipoproteins of the jth 
species at the ith boundary can then be expressed as 

where j takes all integer values from 1 to (n - 2) and, for each value 
of j ,  i takes all integer values from (j+ 1) to (n - 1) in turn. The 
concentration of the jth lipoprotein species, corrected for the John- 
ston-Ogston effect at the ith delimiting boundary (&) is then given 
by A : .  = J . .  (A.  . ) 

J J  J J  J (1- 1) 

and the corresponding effect on the ith species by 
A; = Ai+(PJj , i )  Aj ( i -1)  

In these equations, the values to be used for Aj (i - and Ai are the 
partially corrected results that have been computed in the earlier steps 
of the chain of calculations. 

To make this procedure clear, we shall illustrate it by the following 
example, which may be taken to represent an analysis of HDL. The 
data will be those given in Table 7.2 and, to ensure that the results 
of the correction are easily seen, we shall adopt the relatively high 
value of K = 0,016 ml/mg, which is equivalent to K' = 0,0023 mm-2. 

(1) To correct the concentration of the first sub-species of lipopro- 
teins (i.e. those corresponding to A , )  for the Johnston-Ogston effect 
at the boundary between the first and second sub-species (i.e. to 
obtain A'] ,2), calculate the relevant factor 

0.928 - 0.481 (0.993) 

0.928 - 0.481 (0.976) 
= 0.982 51.2 = 

whence the corrected concentration of the first sub-species is 
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= 0.982 A ,  = 2.81 xO.982 = 2.755 sq. mm. 
and that of the second, 

A; = A2+(2.81 -2.755) = 7.595 sq. mm. 

(2) The first sub-species must now be corrected for the effect at the 
boundary between the second and third sub-species, i.e. at r3. Here, 

1.414-0.481 (0.976) 

1.414- 0.481 (0.950) 
= 0.987 51.3 = 

whence the concentration of the first sub-species in the presence of 
the second, 

A;,3 = 2.755 x 0.987 = 2.719 sq. mm. 
and 

A; = 10.98+0.036 = 11.016 sq. mm. 
(3) Continue this sequence of operations until the penultimate 

boundary is reached, when the factors to be applied to the first 
sub-species in the presence of the eleven of higher flotation rate is 

7.84-0.481 (0.825) 

7.84 - 0.481 (0.823) 
= 1.00 J1.12 = 

The eleven corrected concentrations of the first lipoprotein sub- 
species that result at this stage in the procedure are presented in the 
third column of Table 7.4. 

(4) Next, treat the partially corrected value of A, from step (1) by 
the analogous sequence, beginning with 

1.414 - 0.942 (0.976) 

1.414- 0.942 (0.950) 
= 0.953 J2,3 = 

whence 
A;,3 = 7.595 x 0.953 = 7.238 sq. II~II~. 

and 
A; = 11.016+0.357 = 11.373 sq. mm. 

Note that this value of A; is obtained from the partially corrected one 
that was calculated in step (2) above. 

Continuing the correction over the next boundary, 



TABLE 7.4 
This table shows the successive stages of the Johnston-Ogston correction as applied to the example of Table 7.2. The value K=0.016 
d / m g  has been adopted to ensure that the effect is of a perceptible magnitude. The nomenclature is as defined in the text. The 
corrected areas (A') are those given at  the foot of each column e.g. the corrected value of A ,  is that at the foot of the third column. 
Note that the operation has the effect of diminishing the values of A, where n is small and of increasing them when n is large. 

n An A'1.i A'2.i A'3,i A'4.i A'5.i A'6.i A'7.i A'8.i A'9.i A'h0,i A'11.i A'12.i 4 

1 2.81 2.755 el 
B 

2 7.54 2.719 7,241 

3 10.98 2.694 7.056 10.507 
4 11.93 2.671 6.905 10.024 11.622 

5 16.35 2.663 6.857 9.889 11.333 17.230 
6 7.63 2.658 6.828 9.813 11.185 16.770 8.534 

7 5.51 2.654 6.810 9.765 11.096 16.524 8.267 6.466 
8 4.29 2.652 6.797 9.734 11.040 16.379 8.132 6.283 5.109 

9 3.35 2.650 6.789 9.712 11.001 16.285 8.051 6.188 4.978 4.028 
10 2.74 2.650 6.784 9.702 10.983 16.242 8.018 6.151 4.934 3.973 3.358 

0 z 

11 1.62 2.649 6.782 9.695 10.973 16.218 U.OO0 6.133 4.915 3.951 3.332 1.931 
12 1.24 1.409 
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1.895 - 0.942 (0.950) 

1.895 - 0.942 (0.922) 
= 0.974 J2,4 = 

A&, = 7.056 sq. mm. 
A4 = 12.141 sq. mm. 

When this sequence has been completed to the 12th boundary, 
proceed to treat each successive value of A: in a similar way. This will 
eventually yield the matrix of data that is presented in Table 7.4, in 
which the finally corrected values of An are those at the foot of each 
column. If these are compared with the uncorrected values in the 
second column, it will be seen that the resultant of the correction 
procedure is to diminish the concentration of the slower moving 
components and to increase that of the faster ones by an equivalent 
amount. 

When the Johnston-Ogston correction is completed, it remains 
only to convert each value of A: to the equivalent concentration of 
lipoprotein (Ln), in mg/dl of plasma, under the conditions at the start 
of the centrifugation, by means of the expression 

where w is the centrifuge calibration (mg/ml equivalent to 1 sq. mm) 
and B is the factor by which the lipoproteins were concentrated during 
their isolation. The term (Cn/r,J2 corrects for the concentration of the 
lipoproteins that occurs as they float up the sector-shaped cell. Each 
value of L then represents the effective concentration of lipoprotein 
to be found between two delimiting boundaries on the scale of 
flotation rate. These values of F will not generally be integral and it 
is expedient to sum the n values of L and interpolate to find the 
concentrations of lipoprotein between the conventional, or at least 
more convenient, limits. 

It will be seen from this discussion that, while no single stage of 
the calculation is particularly difficult, the entire sequence is a consid- 
erable labour that requires a substantial ‘memory’ in which to store 
the intermediate data that are accumulated during the computation. 
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The number of readings of Xthat are taken must therefore be tailored 
to the capacity of the computing facilities that are available. A 
main-frame computer can easily cope with the load imposed when 
n = 50 or 100. With a sophisticated desk calculator, a value of 4 or 
5 might be more realistic. However, the most practicable and econom- 
ic facility is probably a micro-computer with an extended memory, 
which will allow an adequate resolution to be obtained from a single 
schlieren photograph. 

Although the method of computing an analysis of low-density 
lipoproteins (S,  0-400) is essentially the same as that just described, 
two complications are introduced by the fact that the data are record- 
ed in three photographs that are taken at different times. In the first 
place, the three records must be overlapped to form an effectively 
continuous panorama of the lipoprotein distribution. Secondly, the 
technique for carrying out the Johnston-Ogston correction must take 
account of the progressive removal of the larger lipoproteins from the 
system during the centrifugation. 

The essence of matching the records to form a continuum is the 
identification in one frame, of a value of r, that is equivalent to the 
same Sf as the valuer, in the next later frame (Fig. 7.4). Traditionally, 
this has been done by determining the position of the Sf 100 boundary 
in the first and second photographs, and that of the Sf 20 boundary 
in the second and third. The simplest and in some ways the least 
objectionable procedure is to treat each photograph individually by 
the method described above. After the final interpolation of the three 
sets of results, the quantitative estimate of the S, 100-400 lipoproteins 
can be taken from the analysis of the first photograph, that for the 
Sf 20-100 substances from the second and that for the Sf 0-20 from 
the third. One drawback to this procedure is the time-wasting trans- 
cription of all the data from each photograph, when only a part of 
it will be used. This objection can be minimised by taking only a few, 
widely spaced readings in the redundant parts of each frame, but there 
remains the more cogent reservation that it is difficult to make 
accurate measurements of area close to the base of the cell in the early 
photographs. In the alternative technique developed at the Donner 
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Sf 

FRAME 3 

F R A M I  

Fig. 7.4. The use of equivalent boundaries in matching the segments of the low-density 
lipoproiein distribution that are estimated in different ultracentrifuge photographs. 
The ‘100’ and ‘20’ boundaries mark the positions that particles of these Sr rates had 
reached at the time of the photograph. The hatched areas are those parts of the schlieren 

pattern that are actually used to make the estimation. 
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laboratory, redundant material is eliminated by first calculating the 
positions of the Sf 20 and Sf 100 boundaries at zero concentration. 
These can then be used to mark off the unwanted parts of each 
schlieren pattern. But, in reality, the boundaries are never at these 
positions and some of the lipoproteins that are ascribed to one 
photograph are actually measured in the adjacent one, where they are 
found in a different part of the cell (cf. Fig. 7.4). Compensation must 
then be made for the differences in concentration that arise from the 
sector shape of the cell. Alternatively, it can be assumed that the 
lipoproteins that have actually reached (for example) the apparent 
Sf 20 position in the second photograph will also have reached the 
equivalent nominal position in the third photograph. This premise will 
not be strictly true because the sectorial concentration of the lipopro- 
teins will be slightly greater in the third photograph than in the second. 
An approximate correction can be made for the resulting error but, 
in practice, it is usually a second order effect that can be neglected. 

The need to adapt the Johnston-Ogston correction arises when the 
calculation is done after the three patterns have been joined to form 
a continuum, and can be explained as follows. At the time of the first 
exposure, virtually all the low-density lipoproteins are still present in 
the cell and it is justifiable to make an estimate of the magnitude of 
the Johston-Ogston effect as it applies to the smallest lipoproteins in 
the presence of the largest. In later photographs however, the larger 
particles will have floated to the meniscus and will no longer contri- 
bute to the effect. Consequently, the procedure described for a single 
exposure must be adjusted to ensure that lipoproteins which are 
measured in the second or third frames are corrected only for the 
effects of those particles that are present in the cell at that time. 

We shall illustrate the analysis of the low-density lipoproteins by 
an example. Firstly, calculate the distance of the Sf 20 boundary from 
the base of the cell, at zero concentration, in the second and the third 
exposures. Note that these distances depend on the speed of the rotor, 
the time of the exposure, the temperature of the centrifugation, the 
magnification of the optical system of the centrifuge, and the magnifi- 
cation of the enlarger. Consequently, if any of these variables is 
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changed, the positions of the boundaries must be re-calculated. Next, 
determine the position of the Sf 100 boundary in the first and second 
frames in the same way. Mark these position on the sheet of graph 
paper and trace the appropriate portions of the enlarged schlieren 
patterns as indicated in Fig. 7.4. Also mark the positions of the 
meniscus in the second and third frames. If a large number of these 
analyses is to  be done, it may be expedient to have the standard 
boundary lines accurately printed onto the sheets on which the en- 
largements will be traced. 

Each of these tracings is now treated as in the single-frame analysis, 
beginning with the third exposure and ending with the first, but with 
the following modification. The cumulative lipoprotein concentration 
that is used to calculate in the second frame ( C  Ai)2 must be set 
equal to 

where the first term is the total area under the peak from the base of 
the cell to the Sf 20 boundary in the third exposure, and the second 
term is the area from the Sf 20 to the (n - 1)th boundary in the second 
frame. The cumulative area to be used in the first photograph is 
obtained in the analogous way. 

For the Johnston-Ogston correction, the data from all three frames 
are treated in sequence, as though they originated from a single 
exposure. Thus, if there are n values of A in the third frame, the first 
of the rn values measured in the second frame becomes A, + while 
the first of thep values measured in the first frame becomes A, + + 

The sequence of corrections to each value of A is therefore continued, 
as described for the single-frame analysis, until i = n + m + p .  How- 
ever, as we have said, it is necessary to distinguish the correction to 
Aj that is consequent upon the presence of faster moving lipoproteins 
in the third frame, from the correction to the even larger lipoproteins 
that results from the presence of the Aj species in frames 1 and 2. To 
do this, first calculate the flotation rates that are equivalent to the 
positions of the meniscus in the second and third exposures (M, and 
M3). In the third frame, lipoproteins with a flotation rate greater than 
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M3 (37.2 S in a typical case) have reached the meniscus and the only 
values of Jj,i (eqn. 1)  that apply to the S, 0-20 lipoproteins are those 
which result when i is less than, or equal to M3. Thus, provision must 
be made for recording the corrected values of the n readings of A that 
are measured in frame 3, at the point in the computation when i 
exceeds M3. These are the values of Ah that will be used in eqn. (2) 
to obtain the concentration of the Sf 0-20 lipoproteins. Similarly, 
when the second exposure was made, lipoproteins of flotation rate up 
to M, (i,e. about 155 S) were present in the cell. Accordingly, the m 
values of A that form the Sf 20-100 lipoproteins must be corrected 
up to the point where i becomes equal to M,, at which stage they are 
recorded. Finally, the corrections to the remainingp values of A,  that 
were measured in the first frame, are continued until the sequence is 
exhausted. Before leaving this description of the procedure, it should 
be emphasised that the Johnston-Ogston corrections to values of A 
that are measured in frames two and three do not cease at the menisci 
in those frames. In every case, the computation is continued across 
the full extent of the data from all three frames. The function of the 
procedure just described is to record the values assigned to A at points 
along the sequence of corrections that are fixed by the positions of 
the menisci. 

When the calculation of the (n + m + p )  values of A' is completed, 
they can be converted to the concentration of lipoprotein in plasma 
(L) by means of eqn. (2). Note here that, since C, is a measure of the 
distance of the area A, from the centre of the rotor, its value returns 
towards r, at each transition from one frame to another. Care must 
therefore be taken to ensure that the values of C, and A, correspond. 
Finally, interpolate the values of L to obtain the total concentration 
of lipoprotein between the desired limits of flotation rate e.g. Sf 0-12, 
S, 12-20, etc. 
In a method of analysis as complex as the one we have been 

describing, there are many sources of error and variability. Some of 
these relate to the theoretical foundations of the method. For ex- 
ample, it is uncertain whether the model used to describe the hydrody- 
namic behaviour of the lipoproteins in the centrifuge cell accurately 
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represents the properties of so heterogeneous a system. It is not known 
whether the procedure used for the Johnston-Ogston correction is an 
adequate approximation. Likewise, it has been suggested that at least 
a part of the system is a dissociating one, although this has not yet 
been verified. 

As we have mentioned earlier, there is also uncertainty about the 
magnitude of some relevant properties of the system, for example, the 
refractive increment of the lipoproteins and the coefficient relating 
their flotation rate with concentration. 

At a more practical level, it might be anticipated that the recovery 
of the lipoproteins from the top of the preparative centrifuge tube 
could be a significant source of error. This was confirmed by Milch 
et al. (1955) who found that the coefficient of variation for the 
recovery in replicate centrifugations (determined by weighing) was 
f 4 070, although the replicates could differ by as much as 15 Yo. They 
also determined the precision of the analytical ultracentrifugation 
(including the computation stage) for replicate analyses of the Sf 0-12 
and the Sf 20-400 lipoproteins. For the former, the overall range was 
12.8 070 of the mean, with a coefficient of variation of f 4.2 070 but, 
for the latter, the values were significantly greater, being 50 Yo and 
2 19 070 respectively. The relatively low precision of the estimates of 
VLDL is largely due to the uncertainty that is introduced by the finite 
thickness of the schlieren trace. Since the work of Milch et al., the 
magnitude of this effect has been somewhat reduced by the intro- 
duction of the phase plate in place of the diagonal wire schlieren 
diaphragm. Nonetheless, as the following data for duplicate analyses 
in our laboratory show, the estimations of VLDL are still less precise 
than those of LDL. 

0-12 421 f11.3 
12-20 66 f 4.9 
20-100 134 f 7.3 
IOO-UIO 98 f 16.8 



Ch. I THE ESTIMATION OF LIPOPROTEINS 

Here, the technical error is defined as 

35 1 

where d is the difference between duplicates and N is the number of 
duplicate analyses. 

7.2. Nephelometry 

Because lipoprotein particles are of large diameter, they will scatter 
a significant proportion of an incident beam of light. Unfortunately, 
the intensity of the scattered light is proportional to the square of the 
particle weight and, in view of the inhomogeneity of lipoprotein 
preparations, this sets a severe limitation to the use of nephelometry 
as a precise method for the determination of absolute lipoprotein 
concentration. On the other hand, this property makes it possible to 
design a very simple instrument that will detect the light scattered by 
lipoproteins but not that scattered by the smaller plasma proteins. 
This concept was used by Thorp, Horsfall and Stone (1967) to develop 
an approximate method of estimating low-density lipoproteins for 
clinical purposes, which has the merit of simplicity, speed and 
cheapness, and does not require the lipoproteins to be isolated. 
However, it has the defect that the results are presented in arbitrary 
units and, since it is barely sensitive to the presence of LDL partcicles 
and cannot detect HDL at all, it is able to give direct information only 
about chylomicrons and VLDL. Nonetheless, Stone et al. (1970) 
showed that it is possible to convert the nephelometric measurement 
into an approximate estimate of the absolute level of VLDL. More- 
over, they showed that, from this value and a total serum cholesterol 
measurement, it is possible to estimate the LDL level, thus enhancing 
the utility of the method. 

Later designs of nephelometer that use a laser light source and more 
sophisticated detectors may offer a greater sensitivity than the 
Stone-Thorp design, but they are no less susceptible to the problems 
raised by lipoprotein heterogeneity. 
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It is also possible to use the nephelometer to detect and quantify 
the aggregation that results from an antibody-antigen reaction. This 
technique has been used to estimate apo-lipoproteins (Section 8.9) but 
there has been little report of attempts to apply it to the lipoproteins, 
even though it would seem to have a potential in the case of the HDL. 
However, it must be said that, when used in conjunction with the 
Stone-Thorp instrument, the method is not particularly economical 
in its consumption of antiserum. 

Equipment 
Nephelometer. Instruments based on the Stone-Thorp design are 

manufactured by Scientific Furnishings Ltd. The latest versions incor- 
porate provisions for the automatic compensation of the readings for 
calibration which, in the older instruments had to be done manually. 

Pressure filtration stand. This device, which is illustrated in Fig. 
7.5, allows filtration to continue unattended under standard con- 
ditions. Its use is not essential. Plastic disposable syringes of 10 or 
20 ml capacity. 25 mm stainless steel membrane-filter holders to fit 
the syringe. 25 mm membrane filters to  cover the range of nominal 
pore sizes from 0.45 pm to 0.05 pm inclusive. Stone et al. (1970) 
recommend Sartorius filters. 

Procedure. Because light scattering measurements are so sensitive 
to the presence of large particles, the solutions under observation 
must contain no dust particles, cells or air bubbles. Moreover, the 
nephelometer can easily detect the aggregation of lipoproteins that is 
the earliest sign of denaturation, and which may begin within a few 
hours of the collection of the blood. Measurements must therefore be 
made on fresh, unfrozen plasma. Note also that the intensity of the 
scattered light is proportional to the concentration of scattering 
particles only over a limited range. Above this both the incident and 
the scattered light are attenuated, leading to an apparent fall in the 
observed intensity. If therefore, the measured value approaches the 
upper limit of the range of the instrument, the sample must be diluted 
to ensure that the region of linear response is being used. Since the 
intensity of the scattered light is temperature dependent, the measure- 
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Fig. 7.5. Press for filtering diluted serum through membrane filters (after a design by 
Stone and Thorp: dimensions in mm). The sample is drawn into 10 ml syringe which 
is attached to a 25 mm filter holder. With coarse filters, an adequate flow is obtained 
under the weight of the handle alone. With a filter of 0.05 pm pore size, a I kg weight 
must be hung on the hook. Too great a pressure must be avoided since this leads to 
an apparent increase in porosity of the filter. The filtrate is collected directly into the 

nephelometer tube. 

ments must also be made always at about the same temperature. 
Calibration of the instrument. Because of the manufacturing toler- 

ances on the electrical components, it is necessary to calibrate each 
instrument in terms of an arbitrary standard of light scattering that 
is supplied by the manufacturers. Details of the procedure are 
supplied with the equipment and it should be repeated at regular 
intervals, lest the calibration drift. Since the standards may likewise 
not be completely stable, they should also be replaced every year or 
two. 
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Preparation of serum. Because the nephelometer is highly sensitive 
to the presence of chylomicrons, there will be a substantial difference 
between the readings obtained with sera from fasting and non-fasting 
subjects. Blood should therefore always be taken after an overnight 
fast. Allow it to clot and then centrifuge for 20 min at I500 g. Remove 
the serum with great care to exclude every trace of particulate material 
and then take the precaution of centrifuging it a second time. Proceed 
to the light-scattering measurements immediately. 

Method of measurement. This is a subtractive technique, i.e. the 
intensity of the light scattered by the (diluted) whole serum is measur- 
ed first. The sample is then filtered through a membrane that removes 
the largest particles (the ‘chylomicrons’), and the light-scattering 
intensity (LSI) measured again. The difference between the two 
readings is a measure of the number of ‘chylomicron’ particles, while 
the second reading is an estimate of the concentration of ‘VLDL’. 
Comparison with the analytical ultracentrifuge has shown that the 
fraction isolated by filtration through a membrane of pore size 
0.05 pm approximates to  the conventional VLDL and that the two 
measures are closely correlated (Stone et al., 1970). However, it is not 
certain that the published correlation will apply to all models of the 
Stone-Thorp nephelometer. 

To avoid clogging the filter membrane and to bring the intensity 
of the light scattered by the chylomicrons within the range of the 
instrument, start by diluting the serum ten-fold with clean 0.9 070 NaCl 
solution. If the serum is very lipaemic, it may be necessary to dilute 
it further but this tends to distort the apparent particle size distri- 
bution (Stone et al., 1970). It is therefore important to use the 1 in 
10 dilution whenever possible and to exceed 1 in 40 only in the most 
extreme cases. Note that the LSI depends on the difference between 
the refractive index of the particle and that of the solvent. Diluted 
samples therefore cannot be compared directly with the original 
serum. However, this effect is a negligible source of error in samples 
that have been diluted by ten-fold or more. 

To filter the diluted serum, fill a 10 ml syringe and attach it to a 
filter holder that is fitted with the appropriate grade of cellulose 
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nitrate filter. Set the assembly vertically in a stand and apply a 
pressure of not more than 1.75 kg/sq. cm. of membrane. Discard the 
first six drops of filtrate and collect at least 3 ml of the subsequent 
flow in a dust-free nephelometer tube. Allow the filtrate to run down 
the side of the tube to limit the formation of air bubbles. Stand the 
filtrate for 15 min at room temperature to permit any micro-bubbles 
to disperse before reading the LSI. 

N.B. Reject any nephelometer readings that are not stable. Fluc- 
tuations probably indicate the presence of large extraneous particles 
or bubbles, which must be removed. 

The sequence of operations can be summarised as follows: 
(a) If the ten-fold dilution of the serum has an LSI (It) of less than 

100 units, as is usually the case, pass it through a filter of 0.05 pm 
pore size and read to LSI of the filtrate (If). The intensity of light 
scattered by the chylomicrons and by the VLDL is then given by: 

(1) 
VLDL-LSI = If (2) 

(b) If the LSI of the diluted serum is between 100 and 500 units, 
filter it through a succession of membranes of decreasing pore size 
e.g. 0.15 pm followed by 0.05 ym. If the serum must be diluted more 
than 10-fold to reduce the LSI below 500 units, start the serial 
filtration with a membrane of 0.45 ym. 

If the serum is diluted by more than 10-fold, the observations must 
be corrected to this dilution before they are inserted into eqns. (1) and 
(2). This can be done by means of the relation: 

where loel is the required intensity at 1 in 10 dilution, and Id is the 
observed intensity at dilution d. The relevant values of the coefficients 
A and B are given in Table 7.5. 

Note that the values of LSI measured after successive filtrations can 
be used to estimate the relative proportions of chylomicron partides 
of different sizes, subject to the restriction imposed by the square-law 
response mentioned above. 

Estimation of lipoprotein concentration. The procedure just de- 
scribed provides an arbitrary measure of the serum level of chylomi- 

Chylomicron-LSI = It - If 

10.1 = A(1J + B 
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TABLE 1.5 
The coefficients of the equation fo,, =A(Zd) + B  

Material Dilution (d) A B 

Diluted, unfiltered serum 1 :20 I .91 5 
1 :40 3.89 5 
I:8V 1.68 29 

After filtration through Sartorius 1:20 2.69 -8 
0.05 pm membrane 1 :40 6.14 - 5  

1 :80a 2.57 - 6  

a The use of these coefficients corrects the LS1 measured at 1:80 dilution to 1:40. 
Correct a second time to obtain the value at 1:lO. 

crons and VLDL. However, it is possible to convert the value of 
VLDL-LSI into the absolute level of VLDL with a modest degree of 
accuracy and, by making an additional measurement of total serum 
cholesterol, the level of LDL can be estimated as well. 

Stone et al. (1970) found that the level of VLDL determined by 
analytical ultracentrifugation (Sf 20-400) was closely correlated 
(r  = 0.974) with the LSI after filtration through a Sartorius 0.05 vm 
membrane (i.e. If) according to  the equation: 

where the concentration of VLDL is obtained in g/l serum. This 
equation can easily be handled on an electronic calculator but can be 
approximated, with some loss of accuracy, by the following two linear 
equations: 

VLDL = -0.276 + 0.10041, - 0.000164(1f)2 

If I ,  < 70 LSI units, VLDL = O.llZf,-O.S8 ( r  = 0.96) 
If I ,  > 70 LSI units, VLDL = 0.311,-4.1 (r = 0.86) 

Note that these equations only apply to the filtrate from a 0.05 pm 
membrane. For details of the equations that relate to other con- 
ditions, consult Stone et ai. (1970). 

Since there is a close correlation between the total serum cholesterol 
level and the total level of low-density lipoproteins, it is possible to 
estimate the LDL concentration by combining a cholesterol measure- 
ment with the VLDL-LSI. Stone et al. (1970) found that these three 
variables were related (r = 0.83) by the relation: 
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LDL = 0.81(TC) -O.l9(VLDL) - 0.1 (3) 
where LDL is the concentration of Sf 0-20 lipoproteins in g/l serum, 
TCis the total serum cholesterol level in mmoles/l and the VLDL level 
is that obtained from measurements of LSI as explained above. This 
equation can only be used in the form given if the estimates of 
cholesterol duplicate those made by Stone et al. (1970) using the 
method of Connerty et al. (1961). The resulting estimates of LDL are 
sufficiently accurate for many clinical purposes when the VLDL-LSI 
is less than 70 units. Above this, the method becomes progressively 
less reliable, largely because there is a change in the distribution of 
the VLD-lipoproteins in hyperlipaemic sera that leads to a dispro- 
portionate increase in the scattered light. In addition, eqn. (3) cannot 
be used when the serum is from a patient with Type I11 hyperlipopro- 
teinaemia, in whom lipoproteins of abnormal composition are pres- 
ent. In these cases, the equation 

may be used (Stone et al., 1970). The correlation coefficient is only 
0.77 however, and the estimates are consequently liable to a consider- 
able uncertainty. 

LDL = 0.44 (TC) - 0.14 (VLDL) 

7.3. The estimation of lipoproteins by chemical methods 

Although they are essentially estimations of lipids or protein, these 
methods form a part of this guide because they involve the fractio- 
nation and manipulation of lipoproteins, and we shall classify them 
in terms of the procedures that are used to resolve the lipoproteins. 
The best of these is preparative ultracentrifugation, by which the 
lipoproteins can be separated into well-defined classes according to 
their density. They can then be quantitatively estimated by the 
measurement of, for example, cholesterol. However, the centrifugal 
fractionation is both slow and expensive, and where the object is speed 
and economy, the resolution is more often brought about by precipi- 
tation or electropheresis. In the following sections we shall describe 
some typical examples of techniques that can be used in clinical studies 
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where the speedy production of an approximate result is thought to 
be more important than accuracy or resolution. 

7.3. I .  Precipitation methods for ‘HDL ’-cholesterol 

Because the ‘low-density’ lipoproteins can be cleanly and quickly 
precipitated from plasma with poly-anions, this procedure has been 
made the basis of an assay for ‘HDL’-cholesterol. Simple though it 
is in concept, the method is less straight-forward than appears at first 
sight. In the first place, it is necessary to define what is meant by 
‘HDL’. As it is conventionally prepared by ultracentrifugation, HDL 
includes small amounts of lipoproteins that contain apo-lipoprotein 
B and which can be precipitated by poly-anions. In setting the 
conditions for the assay therefore, it has come to be an accepted 
criterion of an efficient fractionation that all the B-containing lipo- 
proteins are precipitated, but none of those in which the major protein 
is apo-lipoprotein A. The complete removal of the low-density lipo- 
proteins is particularly important because they far exceed the amount 
of the ‘HDL’ and are rich in cholesterol. 

The general principles of the precipitation procedure have been 
discussed in Section 2.2.3. If the sodium phosphotungstate-Mn2+, 
the dextran sulphateMg2+, the heparin-Ca2+ and the hepar- 
in-Mn2+ systems are directly compared with each other, or with the 
fractionation by ultracentrifugation, the resulting estimates of HDL 
are found to be highly correlated (Bachorik et al., 1976; Ishikawa et 
al., 1977; Lopes-Virella et al., 1977; Snnivasan et al., 1978; McTag- 
gart et al., 1978; Boni and Hendrikx, 1980; Seigler and Wu, 1981). 
Nonetheless, a careful study by Albers et al. (1978) showed that both 
phosphotungstate-M8+ and dextran sulphate-Mg2+ yield results 
for ‘HDL’-cholesterol that are consistently some 3 mg/dl lower than 
those obtained with heparin-Mn2+. By contrast, heparin-Ca2+ tend- 
ed to give higher results. By immunochemical analysis it was also 
shown that this disagreement arose because phosphotungstate precipi- 
tated some of the HDL, whereas the removal of the B-containing 
lipoproteins was incomplete. In a comprehensive survey of the hepar- 
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in-Mn2+ system which extended the earlier work of Bachorik et al. 
(1976), Ishikawa et al. (1977) found that the efficiency of the precipi- 
tation was unaffected by changes in the fina heparin concentration 
between the limits 92-734 USP units/ml. Moreover, they observed 
that the concentration of Mn2+ could vary between 0.046 M and 0.23 
M without affecting the amount of cholesterol found in the superna- 
tant, but that a decrease of Mn2+ to 0.042 M led to a perceptible fall 
in the efficiency of the precipitation. Because the usually recommend- 
ed concentration of 0.046 M Mn2+ was clearly very close to the lowest 
acceptable limit, Ishikawa et al. suggested that it would be prudent 
to use a higher concentration. Subsequently, as a result of a more 
critical examination, Warnick and Albers (1978) proposed that the 
standard Mn2+ concentration should be raised to 0.092 M because 
this improved the precipitation of the B-containing lipoproteins 
‘without excessive precipitation of high density lipoproteins from 
plasma’. This was later supported by Mao and Kottke (1980). Note 
however the reference to plasma. It appears that, whereas 0.046 M 
Mn2+ is adequate for the complete precipitation of the B-containing 
lipoproteins from serum, the presence of EDTA in plasma reduces the 
concentration of Mn2+ below the critical effective limit. However, 
there is an additional reason for using the higher level of Mn2 + . When 
the amount of VLDL in the plasma is large, the insoluble heparin 
complex is sometimes difficult to sediment completely. The pro- 
portion of samples in which this occurs is reduced to about 2.5 Yo 
when the precipitation is carried out in 0.092 M Mn2+. The turbidity 
in this small number of samples can be avoided, or removed, in several 
ways: 

(1) If the plasma is diluted with an equal volume of 0.15 M NaCl 
before the precipitation, the sedimentation is often made more effec- 
tive. However, dilution tends to diminish the precision of the choleste- 
rol measurements. 

(2) The turbid supernatants can be re-centrifuged at high speed e.g. 
for 10 min at 12000 g. The residual VLDL precipitate will then float 
and the clear solution can be carefully aspirated from beneath the 
pellicle. 
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(3) Warnick and Albers (1978b) recommend that these turbid su- 
pernatants are filtered through a 0.22 pm filter (25 mm diam.) which 
is protected by an AP15 and an AP20 prefilter in a Swinnex holder 
(Millipore Corp.). 

Of these procedures, the last appears to be the most suitable for 
routine work. 

As with other methods of lipoprotein analysis, it is important that 
the samples of plasma should be fresh. Warnick et al. (1979) found, 
for example, that estimates of HDL-cholesterol decreased in sera that 
were stored at 4 " C .  Moreover, Bachorik et al. (1980) detected pro- 
gressive changes in the apparent HDL-cholesterol after even a brief 
storage at - 20 "C. They found this to be the result of changes in the 
precipitability of the lipoproteins, the low-density substances becom- 
ing gradually more difficult to precipitate, while the HDL were more 
easily precipitated. The final consequence was that, in samples with 
low HDL levels, the 'HDL'-cholesterol tended to increase with sto- 
rage, whereas the opposite was the case in samples with a high HDL 
level. This had the effect of maintaining an approximate constancy 
of the group means, and underlines the insecurity of this statistical 
measure as an estimate of the reliability of an assay. These obser- 
vations have since been confirmed by Gidez et al. (1982). Further- 
more, Bachorik et al. (1982) have obtained qualitatively similar results 
with serum stored at - 70 "C,  although under these conditions the 
mean 'HDL'-cholesterol level decreased significantly after only one 
month. This is in contrast to the observations of Curb et al. (1980) 
who found the apparent HDL-cholesterol to increase during storage 
of up to 12 months at - 80 "C but, despite a few such discordant 
observations, the weight of evidence strongly contradicts those who 
have maintained that satisfactory analyses can be made on stored, 
frozen serum (Miller et al., 1977; Lindgren et al., 1977). 

The details of the precipitation procedure as modified by Warnick 
and Albers for use on plasma are as follows. 

Reagents. Heparin solution containing 4oooO USP units/ml. 1.06 
M solution of MnCI,.4H20 (209.78 g/l) in water. Stock 0.2 M EDTA 
solution for the reconstitution of the reagent for enzymatic cholesterol 
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determination: Disodium EDTA dihydrate, 4.27 g; tetrasodium ED- 
TA dihydrate, 3.54 g; distilled water, 200 ml. 

The reagents needed for the fractionation are also available in the 
form of commercially prepared kits. 

Procedure. From the stock reagents, prepare a working solution by 
mixing 0.6 ml of heparin with 10 ml of 1.06 M MnCl,. 

Pipette 2 ml of fresh plasma into a conical centrifuge tube and add 
0.2 ml of the working heparin reagent. Mix with a vortex mixer and 
incubate for 10 min at room temperature. Centrifuge at 1500 g for 
30 min at 4 "C and carefully transfer the clear supernatant solution 
to a labelled, stoppered vial. (In our experience it may be better to 
perform this centrifugation at 12-15 "C. When setting up this analysis 
for the first time, it is important to check the efficiency of the 
fractionation by immunochemical analysis.) 

The cholesterol content of the supernatant can be determined either 
by extraction and chemical estimation, e.g. with the Liebermann-Bur- 
chard reagent, or by enzymatic assay. However, some of the commer- 
cial enzyme kits contain phosphate buffer which reacts with Mn2 + 

ions to form a precipitate which interferes with the cholesterol esti- 
mation (Steele et al., 1976). Fortunately, it can be effectively suppress- 
ed by re-constituting the enzyme reagent in 0.004 M EDTA solution 
instead of water. This interference with the assay lead Kostner (1976b) 
to prefer the dextran sulphate-Mg2+ method for precipitating the 
low-density lipoproteins. But Henderson et al. (1980) found that this 
also could lead to low estimates of cholesterol, which they rectified 
by performing the incubation at 37 "C. 

The interference of the heparin-Mn2+ reagent with the enzymatic 
cholesterol assay, coupled with its faiIure to precipitate hyperlipaemic 
plasma cleanly and its high cost, prompted Briggs et al. (1981) to 
propose polyethylene glycol as an alternative precipitant. In their 
hands, this method gave results that were highly correlated with those 
obtained by the heparin-Mn2+ procedure (r = 0.975) and the precipi- 
tated lipoproteins sedimented cleanly, even from the most lipaemic 
sera. However, although an electro-immunoassay of the fractions 
showed the efficiency of the technique to be high, its equality with 
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the heparin-Mn2+ method has yet to be confirmed. It should also be 
noted that Briggs et al. worked with serum, not with plasma, and that 
their fractionations were carried out within 3 hours of the blood being 
drawn. 

Reagent. Aqueous polyethylene glycol of molecular weight 6000 
(PEG 6000; BDH Chemicals Ltd.): 200 g/l. 

Procedure. To 0.5 ml of serum, add 0.5 ml of PEG 6000 solution, 
mix thoroughly and stand at room temperature for 10 min. Remove 
the precipitate by centrifugation at 4 "C for 30 min at 1500 g .  Deter- 
mine the cholesterol in a sample of the supernantant. 

The accuracy with which either of these precipitation methods can 
reproduce the results obtained when the HDL is isolated by ultracen- 
trifugation is significantly influenced by the amount of Lp(a) in the 
plasma, since this lipoprotein behaves like HDL during centrifugation 
but like LDL on precipitation. Thus, in plasma that was deficient in 
Lp(a), Bachorik et al. (1976) found the HDL-cholesterol in the 
heparin-Mn2+ supernatant to be an average of 1.2 mg/dl (2.7%) 
greater than that in the fraction isolated by centrifugation. By con- 
trast, when the plasma was 'Lp(a) positive', the results of the centri- 
fuge analysis were the greater by an average of 2.6 mg/dl (5.1%). 
Consequently, although the mean estimates of HDL-cholesterol in 
129 randomly chosen samples differed by only 0.1 mg/dl plasma, the 
magnitude of the difference had a standard deviation of ? 3.8 ml/dl 
plasma. Ishikawa et al. (1977) also compared these two techniques 
and expressed their results in the form of the regression equation. 

(HDL-C), = 1.062 (HDL-C)" - 1.65 r = 0.98 

where the subscripts H and U refer to the heparin-Mn2+ and the 
ultracentrifuge techniques respectively. That the slope of this line is 
close to unity and the constant term is close to zero is further 
confirmation of the virtual equivalence of the two methods. 

The polyethylene glycol precipitation has not been compared direct- 
ly with the ultracentrifuge but Briggs et al. (1981) performed their 
analyses in parallel with the heparin-Mn2+ method and expressed 
their findings in the following equation: 
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(HDL-C)p = l.OS(HDG.C)H - 0.02 r = 0.975 

which suggests that there is an adequate concordance between the two 
methods, although it also suggests that precipitation with polyethyl- 
ene glycol may give results that are consistently slightly greater than 
those obtained with the heparin model. 

In addition to these methods for the estimation of HDL-choleste- 
rol, it is worth noting that Gidez et al. (1982) have described a method 
of precipitation with low molecular weight dextran sulphate, which 
they claim will yield two fractions that approximate closely to HDL2 
and HDL,. Analyses made in parallel with analytical ultracentrifu- 
gation supported this contention in the case of HDLz but were less 
convincing for HDL,. Nonetheless, the technique is of considerable 
interest. However, those who attempt to use it with dextran sulphate 
from a different source to that used by Gidez et al. must be sure to 
prove that the substitute will give the same performance. 

7.3.2. The estimation of LDL- and VLDL-cholesterol 

Although it has been claimed that ‘LDL’ and ‘VLDL’ can be separat- 
ed by precipitation with polyanions, this technique has not been made 
the basis of an accepted and practical method of quantitative analysis. 
In an alternative procedure that was proposed by Friedewald et al. 
(1972), the VLDL-cholesterol is estimated indirectly from measure- 
ments of total plasma triglyceride. This depends on the validity of two 
assumptions, namely: 

(1) That, in the majority of fasting plasma samples, chylomicrons 
are virtually absent and that VLDL make the largest contribution to 
total plasma triglyceride measurements. 

(2) That the mass ratio of triglyceride to cholesterol is about 5 in 
the VLDL of almost all samples of plasma except for those from 
subjects suffering from the rare Fredrickson’s Type I11 hyperlipopro- 
teinaemia. An estimate of the amount of VLDL-cholesterol (in 
mg/dl) can therefore be made by dividing the total plasma triglyceride 
by 5. If HDL-cholesterol is also determined, using the precipitation 
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technique, it is then possible to estimate the LDL-cholesterol by 
difference. 

The procedure can therefore be summarised as follows: (1) deter- 
mine the total plasma cholesterol (CT); (2) measure the total plasma 
triglyceride (GT); (3) estimate the HDL-cholesterol as in 
Section 7.2.1 (HDL-C). 

The approximate concentration of cholesterol in the low-density 
lipoprotein classes is then given by: 

VLDL-cholesterol = 0.2GT 
LDL-cholesterol = CT - (HDL-C) - 0 . 2 G ~  

Friedewald et al. (1972) found that the value of LDL-cholesterol 
obtained in this way correlated well with that determined from LDL 
isolated by preparative ukracentrifugation (r = 0.98 - 0.99)’ when 
the subjects were ‘normal’ or hypercholesterolaemic. Under these 
circumstances, the mean difference between the two estimates (ex- 
pressed as a percentage of the value determined by centrifugation) 
amounted to 3 4 % .  Not surprisingly, in view of the assumptions on 
which the method is based, the correlation became progressively 
weaker in subjects with more VLDL. Thus, in a group of Type IV 
patients with total plasma triglycerides of less than 400 mg/dl, r was 
0.94 and the mean difference between the estimates was 7% but, when 
subjects with a triglyceride level greater than 400 mg/dl were includ- 
ed, r fell to 0.85. It will be evident from these observations that this 
procedure may be useful for statistical studies of large groups but is 
less serviceable as a diagnostic method in individual cases, particularly 
in those where the level of VLDL is high. 

A direct method of estimating VLDL-cholesterol that avoids the 
assumptions of the ‘Friedewald approximation’ was put forward by 
Ononogbu and Lewis (1976). This makes use of the observation that 
VLDL can be precipitated with sodium dodecyl sulphate (Burstein 
and Scholnick, 1972; Wilson and Spiger, 1973). Although it has not 
been widely adopted, the method has the merit that both cholesterol 
and triglyceride can be determined for each of the three main lipopro- 
tein classes, which not only gives a more accurate and detailed 
estimate of the lipoprotein but allows the presence of abnormal 
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lipoproteins to be inferred in, for example, Type I11 hyperlipoprotei- 
naemia. Its authors found that the results of the method generally 
correlated well with those of the ultracentrifugal procedure. Thus, for 
the cholesterol estimates, the correlation coefficients were 0.98, 0.99 
and 0.95 for VLDL, LDL and HDL respectively. For triglyceride, the 
coefficients, taken in the same order, were 0.99, 0.85 and 0.83. 
Moreover, the mean values of 35 parallel estimates of VLDL- and 
LDL-cholesterol made by the two methods agreed to within 2 mg/dl 
serum. Consequently, despite a somewhat larger discrepancy between 
the two measurements of HDL-cholesterol (average 5 mg/dl. i.e. 
8.6%) this technique would seem to be clearly superior to the 'Friede- 
wald approximation', albeit slightly more laborious. 

In its original form, which we shall describe below, the HDL-cho- 
lesterol was estimated after the precipitation of the low-density lipo- 
proteins with dextran sulphate. However, the heparin precipitation 
described in Section 7.3.1 could also be used. 

10% sodium dodecyl sulphate (analytical grade) in 0.15 M NaCI. 

22.2% calcium chloride solution. 

Reagents. 

5% dextran sulphate (mol. wt. 2 x lo6; analytical grade) in water. 

Procedure. Pipette 1 ml of serum into a small glass centrifuge tube 
and add 75 yl of the 10% SDS solution. Mix thoroughly and incubate 
the tube for 2 h in a water bath at 35 "C. Centrifuge off the precipitat- 
ed VLDL at room temperature in a high speed machine (e.g. 10 min 
at 10 000 rev/min). The pellicle is easily disturbed, and the tube must 
be handled with care when it is removed from the centrifuge. Remove 
the clear solution with a pasteur pipette and wash the residue with 
0.5 ml of 0.1% SDS in 0.15 M NaCl. The precipitate is finally 
dissolved in 1 ml of 1 To SDS in 0.15 M NaCl by warming it for 30 min 
in the water bath at 35 "C. Reserve this solution for lipid analysis. 

For the estimation of HDL-cholesterol, transfer 1 ml of serum to 
a 5 ml centrifuge tube and add 40 y1 of 5% dextran sulphate and 50 y1 
of 22.2% calcium chloride solutions. Mix thoroughly and stand at 
4°C for 24 hours. Centrifuge off the precipitate and reserve the 
supernatant for lipid analysis. 
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Finally, estimate cholesterol and triglyceride in the VLDL and HDL 
fractions, and also in the original serum. The corresponding values 
for LDL can then be obtained by difference. 

7.3.3. Derived estimates of lipoprotein concentration 

If each of the three main classes of lipoprotein is assumed to contain 
a constant, characteristic proportion of cholesterol, measurements of 
lipoprotein cholesterol can easily be converted into estimates of the 
lipoprotein itself. However, the characteristic conversion factors are 
subject to significant (and in the case of VLDL large) uncertainties 
which become superimposed on those to which the estimates of 
lipoprotein cholesterol are already subject. Consequently, the derived 
estimates of lipoprotein concentration are likely to be of only modest 
accuracy. Unfortunately, there has been only one serious attempt to 
study this subject, namely that of Lindgren et al. (1977), who compar- 
ed the estimates derived from the ‘Friedewald’ analysis with those 
obtained by analytical ultracentrifugation of the same sera. In these 
experiments, the characteristic cholesterol contents of VLDL, LDL 
and HDL were taken to be 14%, 33% and 17% respectively. 

The results obtained from the analysis of 39 sera were expressed in 
the form of regression equations, as follows: 

VLDL = 0.686 (VLDL-C) - 51 r = 0.914 
LDL = 0.920 (LDL-C) - 21 r = 0.895 
HDL = 0.785 (HDL-C) + 78 r = 0.849 

It is immediately evident that the correlation coefficients are worse 
than those quoted for the estimation of lipoprotein cholesterol in 
Sections 7.3.1 and 7.3.2. Moreover, the regression equations suggest 
that there were significant systematic differences between the two 
methods of analysis. For example, the estimation of VLDL-choleste- 
rol indicated the presence of an average of 75 mg/dl of VLDL even 
in those samples in which virtually none was detected by analytical 
centrifugation. This over-estimation by the chemical analysis is evi- 
dent in all the samples that were examined and may be partly ascrib- 
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able to the uncertainties in the indirect estimation of VLDL-choleste- 
rol. It is more surprising to find a substantial discordancy between 
the two methods of estimating HDL, since the HDL-cholesterol was 
determined directly. In this case, the chemical procedure apparently 
under-estimated the HDL concentration at low levels and over-esti- 
mated it at high levels. The fact that the disagreement between the two 
estimates of LDL was comparatively small is presumably due to the 
errors in the estimation of HDL- and VLDL-cholesterol roughly 
neutralising each other. On the face of it, these observations support 
our contention that it is better to measure lipoprotein by specific 
rather than by indirect methods. However, it must be emphasised that 
these observations are unconfirmed and need to be extended to a 
larger and more representative population than the group of young 
women from which they are derived. 

7.3.4. Quantification of electrophoretic analyses 

The prospect of measuring lipoproteins after they have been separated 
by electrophoresis has attracted many investigators, particularly be- 
fore the development of precipitation methods. Even today, the 
micro-scale nature of the method is tempting but, despite this, none 
of the versions that have been proposed has come into widespread use. 

In general, there are three ways of extracting quantitative data from 
the system after the lipoproteins have been resolved. 

7.3.4.1. Elution of lipids The lipids can be eluted from the 
appropriate parts of the supporting medium e.g. a paper strip, and 
determined by a suitable micro-method. This technique was originally 
developed in the 1950’s and in most examples, the electrophoretic 
analysis is run in duplicate. One of these strips is than stained and is 
used to mark the positions of the lipoproteins on the other. These 
portions are then cut out, the cholesterol extracted with solvent and 
determined (Anderson and Keys, 1956; Nury and Smith, 1957; Craw- 
ford, 1959). Alternatively, the staining process can be omitted and the 
whole of the electrophoretic strip cut into narrow segments, each of 
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which is eluted and analysed for cholesterol. In the technique develop- 
ed by Boyd (1954), each segment was put into a tube with 7 ml of 
acetone-ethanol (1:1 v/v) and heated in a water bath. The tempera- 
ture of this bath was gradually raised from its initial 30 "C to 66 " C ,  
where it was held for 10 min before being allowed to cool to 40 "C. 
The strips were then removed with forceps and rinsed into their tubes 
with acetone-ethanol. The solvent was then evaporated from the 
tubes at 60 "C under nitrogen and the residue finally dried at 110 "C 
for 30 min. The cholesterol content of the extracts was then determin- 
ed by the Liebermann-Burchard method. The recovery in this proce- 
dure was said to be about 95%. Later, Searcy (1967) modified this 
procedure by using the cholesterol assay reagent to extract the choles- 
terol from the paper strips. Each segment was immersed in 6 ml of 
glacial acetic acid saturated with ferrous sulphate for 1 hour in a 
photometer cuvette. The strips were then removed and 2 ml of con- 
centrated sulphuric acid added. After 15 min the optical density was 
read at 490 nm. One of the alleged advantages of this method was 
that, contrary to the observations of Langan et al. (1955), the electro- 
phoretic strips could be stored without loss of cholesterol. In view of 
the well known susceptibility of cholesterol to oxidation, this may 
need confirmation. In a still more recently developed version of this 
technique, the cholesterol content of fractions isolated by electro- 
phoresis in commercially available films of polyacrylamide gel is 
determined by gas phase chromatography (Gambert et al., 1980). This 
combines a high resolving power with a sensitivity that allows even 
the minor lipoproteins to be estimated in a sample of a few microlitres. 
However, its correlation with the ultracentrifugal analysis may leave 
something to be desired, being as low as 0.73 in the case of VLDL 
fractions. Nonetheless, this method may have some merit as a re- 
search tool. 

7.3.4.2. Staining and photometric estimation This technique 
suffers from the serious handicap that there is no simple or reliable 
relationship between the amount of lipoprotein and the quantity of 
dye that it takes up. Moreover, the dyes themselves are mixtures of 
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variable composition and properties, which adds to the difficulty of 
maintaining reproducibility between different laboratories. Much 
effort has been spent on attempts to overcome these difficulties and 
innumerable versions of the technique have been the result. The 
earliest of these necessarily made use of paper or cellulose acetate as 
the supporting medium. With their replacement by the essentially 
transparent film of agarose, the potential of the method was improved 
and the technique underwent an evolution that has been reviewed by 
Opplt (1 980). 

The first reasonably successful attempt to quantify the electropho- 
retically separated lipoproteins was due to Dyerberg and Hjnrrne 
(1970a). After resolution by a slight modification of Noble’s tech- 
nique, the stained portions of the dried agarose films were cut out, 
the dye (Sudan Black B) eluted with acetic acid: ethano1:water (1 1:5:4 
by vol.) and its concentration determined photometrically at 590 nm. 
The amount of lipoprotein lipid in each fraction could then be 
estimated from a parallel gravimetric determination of total plasma 
lipid (7) by means of the relation: 

LF = T*DF/D, 

where DF and DT represent the amount of dye in the lipoprotein 
fraction and the sum total in all the fractions respectively. However, 
this procedure assumes that all the lipids absorb the dye equally well, 
which has long been known to be false (Jencks and Durrum, 1955). 
Accordingly, Dyerberg and Hjnrrne (1970b) devised a way of approxi- 
mately correcting for the differences. From experiments with purified 
lipids, they determined that the relative absorption of dye by each 
class of lipid was: 

cholesteryl ester (CE) 1.0 
triglyceride (TG) 0.80 
phospholipid (pL) 0.12 
fatty acid (FA) 0.10 
cholesterol (UC) 0.02 

By combining these values with the corresponding proportions of each 
lipid in the lipoprotein, they then defined a series of factors (fl of the 
form: 
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1 

1 .O CE + 0.80 TG + 0.12 PL + 0.10 FA + 0.02 UC 
F =  

where CE, TG, etc. are the mass fractions of each component of the 
lipid fraction of the relevant lipoprotein. For example, in the a-lipo- 
protein, CE = 0.30, PL = 0.45 etc. In this way, the factors for 
a-lipoprotein (Fa), &lipoprotein (F& pre-@-lipoprotein (Fp)  and 
chylomicrons (FCH) were determined to be, relative to Fa, 

Fa = 1.0 Fp = 0.75 Fp = 0.75 FCH = 0.63 

The observed value for the photometric density of the stained lipopro- 
tein eluted from the film (DF) can then be corrected to a value 
approximating that which would be expected if dye absorption was 
uniform (Of-) i.e. DA = Da*Fa, etc. These values of Ob can then be 
used to calculate corrected estimates of LF which, in turn, can be used 
to estimate the amount of the relevant lipoprotein by making use of 
the known ratio of lipid to protein in each one. 

Although the average results obtained in this way are plausible 
when compared with ultracentrifugal analyses made by other investi- 
gators, there appear to have been no concurrent comparisons of the 
two methods and the exact degree of correlation between them is 
unknown. By contrast, the technique developed by Lindgren and his 
collaborators over a period of some 10 years has been carefully 
compared with analytical ultracentrifugation. These investigators 
studied various methods of standardising the analysis, the most 
satisfactory of which requires the electrophoresis of the serum and 
also of at least one fraction that has been isolated by preparative 
ultracentrifugation (Lindgren et al., 1975). However, the use of the 
centrifuge tends to nullify the simplicity of the electrophoretic tech- 
nique and it was suggested that, for all but a few hyperlipoprotei- 
naemic samples, a simpler method which is standardised by reference 
to total serum cholesterol or triglyceride measurements would be 
adequate (Hatch et al., 1973). Nonetheless, it was considered that 
these procedures were too tedious for large-scale routine work (Wong 
et al., 1977) and, to overcome this objection, they were further 
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developed into highly automated and computerised procedures which 
then became impracticable for the small, isolated laboratory (Wong 
et al., 1977; Lindgren et al., 1980). 

In principle, the method of Hatch et al. (1973) is closely akin to that 
of Dyerberg and Hjsrne but differs from it in 3 practical respects: 

(1) The dried, stained agarose film is passed through a scanning 
photodensitometer and integrator, for example, the Beckman Analy- 
trol. The amount of dye in each lipoprotein fraction (h) is therefore 
estimated as the integral of the relevant part of the absorption curve. 

(2) The intensity of the stain is related to the amount of lipoprotein 
instead of to the quantity of lipid. 

(3) The lipoproteins are stained with Fat Red 7B (Ciba) instead of 
Sudan Black. 

The factors needed to compensate for the differential staining of the 
lipoproteins were determined by measuring the uptake of dye by 
fractions that were isolated by ultracentrifugation. This led to the 
values 

Fa = 1.75 FD = 1.0 F p  = 0.82 

in the nomenclature used above. In this system, chylomicrons were 
assumed to have the same staining capacity as the pre-&lipoproteins. 

To calibrate the system by reference to the total plasma cholesterol 
( T o ,  use is made of the relationship: 

TC = 0.332(p) + 0.137(pre-P) + 0.168(a) + 0.044(chylos) 

where the coefficients are the mean proportions by weight of choleste- 
rol in the different lipoprotein classes. If it is assumed that the 
measured intensity of the stain is proportional to the weight of 
lipoprotein in the fractions, this can be approximated by: 

TC = &-(0.3320; + 0.137& + 0.168Dk) 

where Kc is a factor that is characteristic for each electrophoretic strip 
and depends on the amount of plasma applied to the gel, the efficiency 
of the staining process, etc. The value of Kc must therefore be 
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determined for each analysis by means of this equation, when the 
amounts of the lipoproteins can be estimated from relations of the 
form: Lg = KcDi, etc. 

In an analogous way, the method can also be calibrated with 
measurements of total plasma triglyceride or total plasma lipid, by 
making use of the relations: 

TG = KG(0.072Di, + 0.540Df, + 0.039DA) 

TL = KL(0.77D; + 0.910; + 0.500;) 
and 

If both cholesterol and triglyceride determinations are used for the 
calibration, a more reliable estimate of the lipoproteins may result. 
According to Hatch et al. (1973), it may then be advantageous to use 
a value for K that is the harmonic mean of Kc and KG, i.e. 

1 

K 

It will be evident that both this method and that of Dyerberg and 
Hjerrne are critically dependent on the accuracy and constancy of the 
staining factors Fa, etc., and of the values adopted for the chemical 
composition of the lipoproteins. The effectiveness of the parameters 
used by Hatch et al. (1973) can be judged from the results of their 
parallel electrophoretic and ultracentrifugal analyses of the sera of 23 
subjects, both normal and hyperlipidaemic. The correlation between 
the two sets of results could be expressed by the following regression 
equations: 

VLDL = 0.743(pre-P) + 21.8 r = 0.994 
LDL = 0.86418) - 13.7 r = 0.935 
HDL = 0.622(8) + 56.4 r = 0.883 

which show that the electrophoretic analysis was subject to a substan- 
tial systematic error, the mean concentration of each lipoprotein class 
being over-estimated by an amount that ranged from 18 to 26%. One 
reason for this is doubtless the assumption that these classes can be 
regarded as being of constant, characteristic composition. The fallacy 
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of this with respect to their content of triglyceride and cholesterol has 
been investigated by Myers et al. (1976), who found that the choleste- 
roktriglyceride ratio in LDL and HDL can be expressed by the 
equations: 

LDL-C 2180.25 

LDL-TG 255 + X 
- -- 

where X i s  the total serum triglyceride in mg/dl. 

and 
HDL-C 

HDL-TG 
= 1.25 + 293/X 

By making certain assumptions, they were then able to derive ex- 
pressions for the proportions of these lipids in the lipoproteins. 
However, it seems that the refinement of the electrophoretic analysis 
by the incorporation of these observations has not been attempted. 

Aside from this objection, it is uncertain whether the regression 
equations quoted by Hatch et al. (1973) would be valid if their method 
was to be reproduced in another laboratory (cf. Lindgren et al., 1975). 
To summarise, it appears to us that, contrary to the opinion of 
Lindgren et al. (1980), even the best available techniques for the 
quantitative estimation of lipoproteins by electrophoresis and staining 
are too unreliable, and probably too laborious, even for clinical use. 
Nonetheless, the refinements of technique that have been introduced 
in the attempt to improve reproducibility may well be studied even 
by the proponents of electrophoresis as a qualitative or semi-quantita- 
tive method of analysis. The most detailed discussion of these aspects 
of the methodology is that given by Lindgren et al. (1980), on which 
the following summary is based. 

The procedure makes use of commercially prepared agarose gels 
(Bio-Gram A) in a Durrum type electrophoresis cell (Beckman Instru- 
ments). Albumin is not added to the electrophoresis buffer, but the 
slides are soaked in buffer which contains 0.05% human albumin for 
24 hours. Do not pile the slides on top of each other during this 
operation, or distorted bands may result. Instead, arrange them in a 
rack in a covered dish. After the soaking, remove the slides and allow 
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them to dry on the bench before applying the samples. This will take 
from 20 to 25 minutes under average laboratory conditions. If it is 
found that the sample floods the surface of the gel when it is applied, 
the gel is too wet and that run should be discarded. 

Lindgren et al. (1980) use the sample applicators provided with the 
gel kits and, if care is taken to repeat each stage of the operation in 
exactly the same manner for each sample, the technique can be 
reproducible as well as speedy. A reference serum to which bromophe- 
no1 blue has been added as a marker, should be run on the first and 
last slides of each set. Load the prepared slides, gel downwards into 
the electrophoresis tank, ensuring that there is good contact with the 
wick over a length of about 1 cm. Lindgren et al. (1980) recommend 
that a block of transparent plastic 2.5 cm thick and 4.5 cm wide 
should be put on top of the slides to make certain that good contact 
is maintained. 

Run the electrophoresis at a constant potential of 150 volts for 15 
to 25 minutes, i.e. until the trailing edge of the marker dye has moved 
about 15 mm from the origin. This distance can easily be measured 
if two lines are scribed in the appropriate positions on the under-side 
of the plastic weight. When the run is completed, transfer the slides 
to a rack and immerse them in a bath containing the following 
mixture: 

benzene-free ethanol 570 ml 
2-propanol 30 ml 
glacial acetic acid 50 ml 
water 350 ml 

which is stirred with a magnetic stirrer. After 15 minutes, transfer the 
slides to a second, exactly similar fixing bath for the same period. 
(Discard the first bath after three or four uses and substitute it by the 
second, which is replaced by a fresh one.) Finally, dry the slides in 
a stream of warm air until the agarose film is completely transparent. 

Of the many factors that contribute to inconsistent staining, Lind- 
gren et al. (1980) claim to have identified two that are important when 
Fat Red 7B is used: 

(1) The stock dye solution is mixed with sodium hydroxide and 
Triton just before use. If this mixture is not used immediately, the dye 
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will begin to precipitate before the slides are put into it. 
(2) The temperature of the staining bath should be kept to within 

5 1 "C of room temperature during the process. This is made less easy 
by the fact that heat is liberated when the working stain is prepared 
and, for this reason, Lindgren et al. (1980) recommend the following 
procedure. At least 24 hours before use, dissolve 225 mg of stain in 
1 litre of absolute methanol. Keep this stock solution at 4 "C, together 
with the 0.1 N NaOH that is used to prepare the working stain. When 
these cold solutions are mixed, the resulting solution has a tempera- 
ture of about 20°C. 

The procedure for staining the slides is as follows. Load the dried 
slides into a staining rack. Measure 11 drops of Triton X-100 deter- 
gent into a staining dish that is set on a magnetic stirrer and add 
184 ml of the cold stock stain. Stir well and continue to do so while 
adding 36 ml of cold 0.1 N NaOH. Measure the temperature after 
1 minute, when it should be close to room temperature. Exactly 
10 minutes after the addition of the NaOH, put the slides into the 
bath, where they must remain for exactly 15 minutes. Check that the 
temperature does not change by more than 1 "C during this time. 
Finally, wash the slides in running cold water for at least 1 minute 
and then dry at room temperature. Slides that are stained in this way 
must not be exposed to direct sunlight, but are said to undergo little 
or no deterioration when stored in the dark. 

It is instructive to compare the results obtained by this rather 
sophisticated technique with those of Berends et al. (1972), who 
carried out parallel analyses by electrophoresis on Cellogel and by 
analytical ultracentrifugation. These electrophoretic analyses were 
quantified by reference to total lipid determinations but were not 
corrected for differential staining. With the results expressed as a 
percentage of the total measured plasma lipoproteins, the two me- 
thods could be correlated by the following regression equations: 

VoVLDL = 0.544(%pre-p) + 9.2 
%LDL = 0.582(%f3) + 21.6 r = 0.506 
%HDL = 0.41(%a) + 9.8 r = 0.395 

r = 0.70 
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which strongly suggest that the refinements introduced by Lindgren 
and his collaborators do bring about a considerable improvement in 
the accuracy and precision of the electrophoretic analysis, even 
though its performance may still leave something to be desired. Much 
the same conclusion can be drawn from the work of Berenson et al. 
(1972) who used electrophoretic analysis to estimate 0- and pre-0 
fractions with the aid of a turbidimetric estimate of their total level. 
When this was compared with the analytical ultracentrifuge, both the 
regression and the correlation coefficients were substantially closer to 
1 .O than those obtained with the ‘Berends’ method, although they still 
did not equal those that can be obtained with the ‘Lindgren’ proce- 
dure. 

7.3.4.3. The lipoproteins are precipitated in the agarose gel with 
polyanions In this technique, the lipoproteins are located in the 
electrophoresis gel by precipitation and are then estimated by measur- 
ing the optical density of the precipitate (Neubeck et al., 1977; 
Wieland and Seidel, 1978). This makes no assumptions about the 
composition of the lipoproteins, but requires that the method is 
standardised with respect to a reference method. In the version 
developed by Neubeck et al., the precipitating agent was dextran 
sulphate and standardisation was effected by means of gravimetrically 
analysed solutions of purified VLDL, LDL and HDL. Its originators 
allege that this is a highly reproducible method, the lipoprotein 
concentration being related to the absorbance by the expressions: 

log(pre-6) = 0.09A - 0.014 r = 0.999 
log(Q) = 0.047A - 0.007 r = 0.999 
log(a) = 0.056A - 0.0025 r = 0.999 

where A is the optical absorbance expressed as a percentage of that 
of a standard filter. UnfortunateIy, even if identical equipment were 
to be used, there is nothing to suggest that these equations would be 
equally applicable in other laboratories. Moreover, the difficulty of 
transferring the small sample of serum accurately to the gel is a 
potentially important source of error. To overcome the latter prob- 
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lem, Bartholome et al. (1980) proposed that the cholesterol in each 
lipoprotein fraction should be determined and the recovery of lipo- 
protein corrected by reference to a measurement of the total serum 
cholesterol. However, they also differ from Neubeck et al. (1977) in 
the use of sodium phosphotungstate as the precipitant. 
Reagents. Electrophoresis gel: 10 g/l of agarose and 2 g/l of bovine serum albumin 

in pH 8.6 veronal buffer (50 mM). 
Reagent A: 1.8 g of sodium phosphotungstate, 1.71 g of MgCl,, 4.09 g 
of NaCl, water to 100 ml. 
Reagent B: reagent A with the sodium chloride content increased to 
9.53 g/dl. 

Reagent kit for the enzymatic determination of cholesterol e.g. Merck. 

Procedure. Mix the serum with an equal volume of albumin-free 
agarose solution and transfer 10 p1 as accurately as possible to the 
prepared electrophoresis gel (Section 5.4). After electrophoresis for 
about 90 minutes at 10 V/cm, soak the slide at room temperature for 
1 hour in reagent A and then for 2 hours in reagent B. To obtain the 
relative distribution of the lipoproteins, scan the slide (Neubeck et al., 
1977; Wieland and Seidei, 1978) on an integrating densitometer such 
as the Integraph CH (Bender and Hobein) and refer to the calibration 
curves that have been prepared in advance. Then, soak the slide in 
distilled water for 45 minutes, cut out the bands of lipoprotein and 
transfer them to stoppered tubes containing 2 ml of the cholesterol 
colour reagent. Also cut control slices of the gel. Incubate these tubes 
at 37 "C for 12 hours, during which time the lipoproteins will dissolve. 
Then continue the determination of the cholesterol in accordance with 
the instructions given with the reagent kit but, before reading the 
absorbance, centrifuge the reaction mixture at 1500 g for 10 minutes 
to clear it of agarose. If a concurrent estimation of total serum 
cholesterol is made, it is then possible to correct the lipoprotein 
determinations by making use of the relationship: 

TC = 0.33(p) + 0.14(pre-P) + 0.17(a) 

which was quoted in Section 7.3.4.2. 
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7.4. Estimation of LP-X 

Because LP-X does not contain a specific apo-lipoprotein, its concen- 
tration in plasma cannot be satisfactorily determined by such methods 
as radial immunodiffusion. Micro-methods for its estimation there- 
fore often take advantage of the ease with which it can be separated 
from other lipoproteins by electrophoresis in agar (Section 5.6.1). In 
the procedure developed by Neubeck and Seidel(1975), the LP-X is 
precipitated in the gel with polyanions and is estimated from the 
photometric density of this precipitate. This technique is analogous 
to the one described for normal lipoproteins in Section 7.3.4.3 and 
has the same disadvantages, notably the need to establish a standard 
curve by the analysis of solutions of purified LP-X of known concen- 
tration. Rittland (1975) has proposed a technique in which the plasma 
Iipoproteins are first labelled by exchange with ['4C]choIesterol. The 
LP-X is then separated by electrophoresis and located by polyanion 
precipitation. The proportion of LP-X present can then be estimated 
from the relative radio-activity of this fraction. This method is 
sensitive but does not easily yield absolute values. Moreover the 
assumption of uniformity of labelling may be open to question. The 
immuno-electrophoretic method devised by Kostner et al. (1974) is 
also sensitive, but makes use of anti-serum to apo-lipoprotein C (or 
anti-LP-X) which is expensive and not readily available. 

It is worth noting that the electrophoretic migration of all lipopro- 
teins is more strongly anodic in post-heparin plasma, presumably 
because they adsorb the liberated free fatty acids. This effect can be 
sufficiently pronounced to abolish the cathodal migration of LP-X. 
Consequently, electrophoretic methods cannot be used to estimate 
LP-X in post-heparin plasma and may give false results in at least 
some post-prandial plasmas (Muckle et al., 1977; Sauar et al., 1978; 
Ras et al., 1978). Recently however, Bos et al. (1983) have described 
a precipitation technique that is claimed to be quick to execute, 
amenable to automation and can be used with post-prandial plasma. 
The lipoproteins that contain apo-lipoprotein B are first precipitated 
with an antiserum to this apolipoprotein and the LP-X then estimated 
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turbidimetrically after precipitation with sodium dodecyl sulphate (cf. 
Section 7.3.2). At the time of writing, the reliability of this procedure 
is unconfirmed. 

Of the methods available, the most solidly based and perhaps the 
most convenient for the occasional estimation, is that of Magnani and 
Alaupovic (1972). This is based on the hypothesis that the phospholi- 
pid content of LP-X is virtually constant at about 60% by weight, 
an assumption that seems to be acceptable in practice. However, since 
the LP-X is not made visible before it is cut from the gel, there may 
be difficulty in ensuring its complete recovery to the exclusion of all 
chylomicrons, particularly when the level of LP-X is high. It is 
therefore important to adjust the composition of the agar gel to 
achieve the best possible resolution of the lipoproteins (Section 5.6.1). 

Procedure. Prepare agar gels for electrophoresis as in 
Section 5.6.1, and pipette 10 pl of plasma into each sample well, 
taking great care to ensure that the surface of the gel is not contami- 
nated. When the electrophoresis is completed (about 80-90 minutes 
at 6 V/cm), examine the slides over a bright light to locate the position 
of chylomicrons that may have penetrated into the gel on the cathode 
side of the sample well. It may also be possible to see the LP-X as 
a transparent area in the gel. With a cutter 5-6 mm in diameter, punch 
out a disc of gel just to the cathode side of the well. This disc must 
include all the LP-X but must avoid any chylomicrons that may be 
present and must not break into the sample well. Control discs should 
also be cut from unoccupied parts of the gel. Place each disc in a clean 
test-tube that contains 0.7 ml of a mixture of equal volumes of 60% 
perchloric acid and concentrated sulphuric acid. Digest for 2.5 hours 
at 300°C and estimate the phosphorus by any suitable method 
(Section 6.3.2.3; the originators used the method of Gerlach and 
Deuticke, 1963). The concentration of LP-X in the plasma is then 
given (in mg/dl) by: LP-X = 417.5(P), where P is the estimated 
phosphorus in pg. The method is said to give a linear response up to 
840 mg LP-X/dl of plasma. 
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7.5. Immunoassay of lipoproteins 

In the past, the immunoassays have occasionally been used to estimate 
intact lipoproteins but the methods are difficult to standardise and are 
of little value for the determination of VLDL, in which the protein 
content can vary widely. Moreover, because antisera to HDL are 
expensive and often of low titre, the technique must, in practice, be 
largely confined to the assay of LDL. At the present time however, 
immunoassay is almost entirely restricted to the quantitative analysis 
of apo-lipoproteins (Section 8.9) and we shall therefore give only a 
brief rCsumC of the techniques that have been used for lipoprotein 
determination. These can be classified under four main headings: 

( I )  Turbidimetric ussay. In this technique, which apparently origi- 
nated with Burstein and Samaille (1 958), the lipoproteins are precipi- 
tated with the antiserum and are then estimated turbidimetrically or, 
better still, by nephelometry. It is a method that consumes relatively 
large quantities of antiserum which must be of high specificity, but 
this did not deter Kahan and Sundblad (1969) from developing it into 
an automated procedure for the estimation of total plasma low-densi- 
ty lipoproteins. However, in view of the difficulty of standardising 
these procedures in absolute terms and because there is little merit in 
relatively inaccurate estimates of the sum of LDL and VLDL, the 
value of the technique may be in the quantitative estimation of the 
lipoproteins (or other proteins) that contaminate a preparation e.g. 
the LDL in HDL. For this purpose, the high sensitivity of the 
nephelometer would be advantageous. The lipoprotein under test is 
first diluted to an appropriate extent and samples pipetted into a series 
of nephelometer tubes. Antiserum is then added, the amount being 
increased by 50-100 yl for each successive tube, and the light scatter- 
ing intensity measured at intervals of 10 minutes until no further 
change takes place. The assay must be calibrated by carrying out of 
a similar titration with a lipoprotein solution of known concentration. 

(2)  The ‘immunocrit’ method. This method, devised by Heiskell et 



Ch. I THE ESTIMATION OF LIPOPROTEINS 381 

al. (1961) was later developed into a commercially available kit for 
the estimation of total plasma low-density lipoproteins (Hyland Labo- 
ratories). A drop of plasma is mixed with a drop of antiserum and 
is then drawn into a 50 pl capillary tube which is sealed in a flame. 
After 15 minutes, the tube is centrifuged in a haematocrit and the 
ratio of the length of the column of precipitate to that of the column 
of liquid is taken as a measure of the lipoprotein concentration. Like 
the turbidimetric method, this requires an antiserum of high specifici- 
ty and reproducible titre. 

(3) Radial immuno-assay. Lees (1970) used this method for the 
estimation of LDL that had been isolated by ultracentrifugation. 
However, its specificity appears to be its only recommendation as a 
general means of estimating lipoproteins that have been isolated by 
such a precise and expensive method. Nonetheless, Smith and Slater 
(1970) used it to effect in their early estimations of the small amounts 
of LDL that can be extracted from aortic tissue. In these experiments, 
the minced tissue was first extracted several times with cold 
0.15 M NaCl and the LDL then isolated from this solution by ultra- 
centrifugation. The lipoprotein was then assayed by an adaptation of 
the method of Fahey and McKelvey (1965): dissolve 0.7 g of agarose 
in 10 ml of 0.1 M phosphate buffer pH 7.2 at 100 "C. Cool the 
solution to 56°C and add 0.15 ml of antiserum to human LDL 
immediately before pouring the plates. Use 3 ml per microscope slide. 
When the gel has set, punch 5 pairs of holes of 10 pl capacity along 
the length of the slide. Fill one row with doubling dilutions of a 
standard preparation of human plasma LDL and the other with one 
of the samples to be tested. Stand the plates for 18 hours at room 
temperature in a covered dish, and then measure the diameter of the 
rings with a magnifier. Plot a standard curve for dilution vs. diameter 
for each slide and use it to estimate the amount of LDL in the 
corresponding test solution. It is worth noting that Smith and Slater 
prepared a large volume of standard LDL solution, divided it into 
0.5 ml portions, and froze these at - 20 "C until needed. Unfortu- 
nately, they do not say for how long the samples may be stored under 
these unconventional conditions. 



382 A GUIDEBOOK TO LIPOPROTEIN TECHNIQUE 

(4) Electro-immunoassay. This technique, which is widely used to 
estimate apo-lipoproteins (Section 8.9.3), has also been used to assay 
P-lipoproteins in plasma both by the ‘Laurell’ method (Kahan and 
Sundblad, 1969) and by the modification of Clarke and Freeman 
(Bradwell and Burnett, 1975). However, there is little to be said for 
it as a general method of lipoprotein assay except, perhaps, when the 
quantity available is very small. For example, Smith and Slater (1972) 
were able to adapt the technique to the estimation of P-lipoproteins 
in aortic tissue, thereby eliminating the preliminary extraction that is 
needed for their radial immunoassay which is described in para- 
graph (3). The procedure they used is as follows: 

On to a 10 cm x 10 cm glass plate, pour 28 ml of a 1% solution of 
agarose in 50 mM veronal buffer of pH 8.6. When this has set, cut 
a window 9 cm x 6 cm in the upper part of the gel and fill it with 15 ml 
of agarose solution that contains antibody to human P-lipoproteins. 
Note that this solution must be no hotter than 56°C and should 
contain sufficient antibody to keep the peak developed with 25 p1 of 
serum within the bounds of the slide. Cut five slots, each 
10 mm x 2 mm in the first gel, parallel with and 1.5 cm below the 
boundary with the antibody gel. Weigh samples of the finely minced 
tissue and wrap each one in a slip of porous paper of high wet- 
strength. Press these packets into three of the slots in the gel. Into the 
remaining two, insert a sliver of No. 17 Whatman filter paper and add 
10 p1 of control serum. Finally, add a few drops of molten agarose 
to each slot. Place the prepared slide upside-down in the electropho- 
resis tank and apply a potential of 4 V/cm for 40 hours. At the end 
of the run, wash and stain the slide as in Section 6.5. The amount of 
lipoprotein can then be estimated from the area under the precipitin 
curve by comparison with a range of samples of standard serum or 
lipoprotein solution. 

All these methods have the following advantages in common; 
(1) they need only a small sample and (2) they are highly specific and 
the lipoproteins need not to be isolated before they are estimated. 
However, against these attractions must be set the need to prepare and 
maintain standards of known lipoprotein content but uncertain stabil- 
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ity. Purified lipoprotein preparations of known cholesterol, protein 
or nitrogen content have all been used for this purpose and, in some 
cases, have apparently given satisfactory results even after a consider- 
able period of storage. This suggests that at least some immunoassays 
may be insensitive to denaturation of the lipoprotein particle provided 
that its solubility and its reactivity towards the antiserum are 
unimpaired. In this context, the stability of lipoprotein in 20% 
sucrose solution may be significant, although it does not seem to have 
been investigated. However, under the present circumstances, a serum 
pool should be used as a secondary standard which should be re-cali- 
brated against isolated lipoproteins at regular intervals. This standard 
serum should be frozen in small portions which are discarded after 
they have been thawed once. It may also be said that it is better to 
determine the primary standard in terms of lipoprotein, either by 
gravimetry or refractometry (Sections 6.1 , 7. I ) ,  than in terms of 
attributes such as cholesterol or protein. 



CHAPTER 8 

Isolation and assay of apo-lipoproteins 

To isolate an apo-lipoprotein, it is only necessary to prepare a sample 
of the lipoprotein in which it is present in the highest proportion, to 
extract the lipids and to separate the mixture of proteins that remains. 
However, the ‘best’ strategies are as ill-defined and controversial as 
those of politics or economics. In the following discussion we shall 
outline the procedures that are currently available, but it will remain 
for the reader to decide which is the most suitable for his purpose. 
This is a choice that may be determined, for example, by the amount 
of protein that is required, the amount of blood that can be obtained 
(rat apo-lipoproteins are difficult to produce in large quantities) and 
by the laboratory facilities that are available. Notice too, that we shall 
only be concerned with the purification of the major apo-lipoproteins 
normally present in Man. Although the same principles will, in 
general, apply to the isolation of the analogous proteins of animals, 
small modifications may be needed on account of their slightly 
different properties. 

The apo-lipoproteins are usually purified by a sequence of chroma- 
tographic separations, although electrophoretic techniques are of 
value in certain cases. Unfortunately, the apo-lipoproteins readily 
associate to form complexes, or become adsorbed to surfaces, and an 
ostensibly simple preparation is all too often wearisome and low- 
yielding. Contrary to the impression that is sometimes given by the 
literature, it is rarely possible to obtain a pure apo-lipoprotein from 
the raw mixture by a single pass through a chromatographic column. 
More often, each fraction must be analysed by polyacrylamide gel 

384 
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electrophoresis (Section 6.4.2) and the least contaminated set aside for 
further treatment. 

Some of the difficulties that are experienced during these prepa- 
rations may be the result of a partial degradation of some of the 
apo-lipoprotein during the early stages of its isolation. The subject of 
lipoprotein degradation is discussed in Chapter 2 where the appro- 
priate preservative precautions are described. Not only must these be 
strictly observed during the preparation of an apo-lipoprotein, but 
each stage of the process must be performed without delay, thus 
excluding the use of ‘out-dated’ bank plasma as a source, and under 
conditions that will minimise oxidation. Like many other aspects of 
lipoprotein chemistry, the effects of oxidation are poorly understood. 
Nonetheless, there is sufficient evidence to suggest that it may be 
prudent to take preventative precautions. The most extensive work on 
this subject is due to Lee et al. (1981), who studied the degradative 
oxidation of apo-lipoprotein B and were led to propose that two 
different reactions may be involved: 

(1) The peroxidation of lipids in the native particle results in the 
formation of malondialdehyde which can then condense with free 
amino groups in the protein molecules. If this hypothesis is correct, 
it would be relevant to the preparation of any apo-lipoprotein, 
suggesting that the conditions should always be made unfavourable 
to peroxidation. This can be done by working in an atmosphere of 
nitrogen, with de-oxygenated solutions and in the presence of anti- 
oxidants such as reduced glutathione. It is equally important, when 
the lipoproteins are extracted with mixtures that contain diethyl ether, 
that this should be freshly distilled and free of peroxide (Appendix 
3). Lee et al. (1981) also add 0.02 070 of butylated hydroxytoluene to 
the solvents used for the extraction. 

(2) That there is a direct reaction between oxygen and a hypotheti- 
cal site in the molecule of apo-lipoprotein B which results in cleavage 
of the polypeptide chain. If this is true, it would be necessary to 
exclude oxygen even from the purified apo-lipoprotein. In any event, 
there is no evidence for a reaction between oxygen and other apo-lipo- 
proteins. 
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The scrupulously anaerobic technique used by Lee and her collabo- 
rators to counter these effects is summarised in Section 8.4.2. 

It is not only degradation that complicates the preparative proce- 
dure. In order to dissociate the apo-lipoprotein complexes, they are 
often dissolved in concentrated solutions of urea or guanidine hy- 
drochloride. The carbamylation of the proteins that occurs in urea 
solutions has already been mentioned (Section 6.4.2). To minimise 
this reaction, the urea solutions must be passed over a mixed bed 
ion-exchange resin (e.g. Amberlite MB-1 or Bio-Rex RGSOl-X8) to 
remove cyanate, and contact with the urea should be for the shortest 
possible time, at 4°C. In addition the general grades of urea, 
guanidine-HC1 and Tris buffer salt may all contain traces of sub- 
stances that can interfere with the resolution of the apo-lipoproteins. 
For this reason, it is recommended that the 'ultra-pure' grades of these 
reagents should be used whenever this is feasible. However, ultra-pure 
reagents may be too costly for large-scale preparative work and it will 
then be necessary to re-crystallise the lower grade materials from 
de-ionised water in the laboratory. Concentrated solutions of labora- 
tory grade guanidine HCl are also often discoloured, and absorb 
strongly at 280 nm. These impurities can be removed by passing the 
solution over activated charcoal. 

It has also been said that dialysis tubing contains metal ions and 
possibly other substances that have a deleterious effect on the reso- 
lution of the apo-lipoproteins. Some workers therefore purify the 
tubing by, for example, immersing it in 1 mM EDTA solution which 
is slowly warmed to 80-90 "C, followed by a similar treatment with 
0.1 070 NaHCO, solution and then by thorough washing in de-ionised 
water. 

Although the apo-lipoproteins are most often refined by chromato- 
graphic or electrophoretic methods, it is worth noting that differential 
solvent extraction is a simple method with considerable attractions for 
the preliminary processing of relatively large amounts of material. 
The discovery that apo-lipoprotein B can be selectively precipitated 
from a lipoprotein by 50 070 aqueous tetramethylurea (Section 
6.4.1.2), leaving the smaller apo-lipoproteins in solution, led to the 
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first successful system of this kind. Unfortunately, this solvent is 
comparatively expensive and cannot be used to effect a differential 
extraction of the smaller apo-lipoproteins. Moreover, the large-scale 
separation of apo-lipoprotein B can be carried out rather more 
conveniently by other methods. TMU extraction has therefore rarely 
been used as a preparative procedure (cf. Weisgraber et al., 1978). In 
a search for more versatile extractants, Holmquist discovered that 
50 Yo aqueous trimethyl phosphate, dimethylsulphoxide or form- 
amide will dissolve the C apo-lipoproteins more readily than the 
others (Holmquist and Carlson, 1977). He accordingly proposed the 
following scheme for the preparation of apo-lipoproteins C-I, C-11, 
C-I11 and E from VLDL. 

(a) Add an equal volume of dimethylsulphoxide to a solution of 
VLDL in 0.195 molal NaCl that contains not more than 1 mg of 
protein/ml. Shake for 1 minute and centrifuge off the precipitate. The 
clear solution, which is enriched with respect to apo-lipoproteins C-I1 
and C-111, is dialysed against water and then freeze-dried. 

(b) Suspend the precipitate from the first step in the original 
volume of 0.195 molal NaCl and add an equal volume of iso-propan- 
01. Centrifuge off the residue and retain the solution. Dialyse and 
freeze-dry this to obtain a preparation that is enriched in apo-lipopro- 
teins C-I and E. 

(c) Since both the dried products contain lipid, they must be 
washed with ethanol-ether and ether before the final treatment. 

(d) The two protein concentrates are resolved by iso-electric focuss- 
ing on cellulose acetate (Cellogel), to yield the purified apo-lipopro- 
teins (the method of Section 8.1.2 should also be applicable). In this 
way, the three polymorphs of C-I11 can be obtained separately. 

As it is described, this procedure is best adapted to small-scale 
preparations and, in practice, there is little independent evidence that 
it is effective. Nonetheless, it appears to be a technique that is open 
to further development, particularly insofar as it enables the smaller 
apo-lipoproteins to be separated from the B protein simultaneously 
with the (partial) extraction of the lipids. More commonly, the 
extraction of the lipid and the solution of the proteins are conducted 
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as separate operations. The protein solvents used under these circum- 
stances have ranged from acetic acid to dilute alkali, but extremes of 
pH are best avoided since they can bring about the hydrolysis of amide 
groups or of some sensitive peptide bonds. Unfortunately, neutral 
buffers are unsatisfactory because they do not sufficiently dissociate 
the apo-lipoproteins. It is therefore necessary to add a reagent such 
as urea, guanidine hydrochloride or an anionic detergent such as 
sodium decyl or dodecyl sulphate. Of these, only the detergent will 
dissolve apo-lipoprotein B completely. Moreover, detergents have the 
attraction that they are effective solvents at a low concentration, are 
relatively inexpensive and, unlike urea, carry no risk of a permanent 
modification of the protein. These advantages have led to their use, 
either alone or in conjunction with urea, for the complete solution of 
VLDL prior to the resolution of the individual apo-lipoproteins on 
a preparative scale. However, the detergent is tightly adsorbed to the 
protein molecules and can be difficult to remove completely, as we 
shall discuss in a later paragraph. In practice, concentrated solutions 
of guanidine hydrochloride or urea are probably the most widely used 
solvents for the crude apo-lipoprotein mixture, although 2 M acetic 
acid can be successfully used for apo-HDL. There is no convincing 
evidence that mixtures of urea with sodium dodecyl sulphate offer 
significant advantages, but a mixture of 3 M urea in 2 M acetic acid 
has the merit that it is not only a powerful solvent for the apo-lipopro- 
teins but does not promote their carbamylation. 

Once the proteins have been successfully dissolved, there are two 
general techniques that can be used to separate them: 

(1) Chromatography. This is the most widely used and the most 
generally applicable technique, particularly when substantial quan- 
tities of purified apo-lipoprotein are required. The best results will 
usually be obtained when at least two different chromatographic 
systems are used in succession. Gel filtration is frequently used to 
effect a preliminary separation into fractions that contain mixtures 
of proteins of like molecular weight. However, there is much cross- 
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contamination of these fractions, which necessitates a re-chromatog- 
raphy on, for example, an ion-exchange column. In practice, nearly 
all the apo-lipoproteins have been purified by some form of this 
general two-stage process. 

Recently, attempts to take advantage of the high resolving power 
of HPLC have been made, notably by Hancock et al. (1981) who used 
a reversed phase system, and by Wehr et al. (1982) who used a 
filtration column. By applying the samples of crude protein (apo- 
HDL) automatically, the latter were able to use the equipment contin- 
uously and thus to overcome the restriction imposed by the relatively 
small load (10 mg). Nevertheless, the apparatus is expensive and 
costly to run. Moreover, the peaks on the chromatogram did not 
correspond to pure apo-lipoproteins. Consequently, the need for 
judicious ‘peak slicing’ and re-chromatography was not eliminated. 
A similar use of the filtration technique for the isolation of apo-lipo- 
protein E has also been reported by Pfaffinger et al. (1983). 

The reversed phase HPLC system may prove to be especially useful 
for the purification of the C apo-lipoproteins. This has hitherto been 
carried out by conventional ion-exchange chromatography (e.g. on 
DEAE-cellulose) but this system tends to give low and sometimes 
erratic recoveries. Moreover, the products are cross-contaminated. 
Ronan et al. (1982) have used a reversed phase system for the final 
purification of the apo-lipoprotein C-I1 obtained by chromatography 
on DEAE-cellulose, and were able to isolate a product that ‘met 
several criteria of purity unmatched by the traditional protein iso- 
lation techniques’. 

At the time of writing, the isolation of apo-lipoproteins by the 
technique of chromatofocussing has not been reported. 

(2) Electrophoresis. The apparently good resolution of the apo-lipo- 
proteins that can be obtained by electrophoresis on analytical poly- 
acrylamide gels suggests that this could be developed into an effective 
way of purifying these proteins. Furthermore, the resolution of the 
method appears to be good enough to allow several proteins to be 
separated simultaneously, in the same gel. However, at least in the 
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case of the conventional urea gels, the results are disappointing 
because (a) there is substantial adsorption to the gel matrix, which 
leads to poor recoveries and (b) the bands of protein that can be 
isolated are not pure by the most exacting criteria. On the other hand, 
Hardman and Kane (1980) have claimed good recoveries of sub- 
fractions of apo-lipoprotein B by preparative electrophoresis in so- 
dium dodecyl sulphate/polyacrylamide gel, using a modified form of 
the Shandon equipment (Shandon Scientific). A somewhat similar 
system has also been successfully used to isolate the apo-lipoproteins 
E and A-IV (Utermann, 1975; Weisgraber et al., 1978; Beisiegel and 
Utermann, 1979) but it is not clear whether it is as satisfactory for 
the preparation of other apo-lipoproteins. In any event, the removal 
of the detergent introduces an additional difficulty, as we have 
already pointed out. 

Greater promise as a preparative method has been shown by the 
sister technique of iso-electric focussing (IEF). This was first success- 
fully applied to the apo-lipoproteins in the form originally described 
by Vesterberg and Svensson (1%6), but latterly attention has turned 
more towards the method of focussing in a flat bed of granular gel 
(Radola, 1973; Winter et al., 1975; Righetti and Drysdale, 1976). 
Sometimes, this technique has been used to complete the isolation of 
apo-lipoproteins that have been partially purified by other methods 
e.g. apo-lipoprotein E (Beisiegel, 1979), or C-I1 and C-I11 (Holmquist 
and Brostrom, 1979). In other laboratories, it has been used to isolate 
an apo-lipoprotein from a crude mixture in a single step e.g. the 
isolation of most of the apo-lipoproteins from VLDL (Marcel et al., 
1979), or the preparation of apo-lipoprotein A-I from HDL (Nestruck 
et al., 1980; Forgez and Chapman, 1982). As in all methods for the 
preparation of apo-lipoproteins, the efficiency of flat-bed focussing 
is strongly affected by the extent to which the proteins are adsorbed 
on the support phase. In this context, Forgez and Chapman (1982) 
claim to have made a significant improvement by substituting polya- 
crylamide gel beads (Bio-Gel: Bio-Rad Laboratories) for the granular 
dextran used in earlier experiments. This change raised the total 
recovery of apo-HDL to 75 To and materially reduced the cross-con- 
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tamination of the separated apo-lipoproteins. The speed and simplici- 
ty of this technique goes far to offset its comparatively small load 
factor (15-20 mg of protein) but the carrier ampholytes are difficult 
to remove completely (Section 8.1.2). 

We have remarked earlier that bound detergents such as sodium 
dodecyl sulphate are also difficult to remove from proteins. Whereas 
free detergent in the solution can be removed by gel filtration, it may 
be necessary to dialyse for up to 5 days to reduce the proportion of 
bound dodecyl sulphate to 1 mole/mole of protein (Visser and Blout, 
1971; Tuszynski and Warren, 1975). In this respect sodium decyl 
sulphate is preferable to the dodecyl salt because it is somewhat less 
tightly bound and forms more easily dialysable micelles. Nonetheless, 
apo-lipoproteins that are dissolved with the aid of detergent and are 
then purified by repeated gel filtration, or by electrophoresis in 
SDS-polyacrylamide gels, are likely to be contaminated. By contrast 
with dialysis, ion-exchange chromatography, either in the presence or 
the absence of urea, is an effective and speedy method of removing 
the bound detergent (Weber and Kuter, 1971; Lenard, 1971; Kapp and 
Vinogradov, 1978). Consequently, apo-lipoproteins that have under- 
gone a refinement by chromatography on DEAE-cellulose may be 
almost un-contaminated, although the efficiency of this system seems 
not to have been quantitatively established. When an absolute 
freedom from detergent is an important consideration, it will there- 
fore be prudent to avoid all contact with these substances. Alterna- 
tively the method of Amons and Schrier (1981) can be used to effect 
a final purification. In this procedure, up to 10 mg of protein, 
dissolved in a mixture of propionic acid: formic acid and water (2: 1 :2 
by vol.) is run through a 10 cm column of Sephadex G-25 in the same 
solvent. The protein can be recovered from the eluate by low-tempera- 
ture evaporation in vacuo, or by freeze-drying after a preliminary 
dialysis, first against water and then against 50 mM ammonium 
bicarbonate solution. 

As the individual apo-lipoproteins become more highly purified, 
they also become more difficult to dissolve in mild solvents. Whether 
this is a result of their greater purity per se, or is merely a consequence 
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of their repeatedly being dried, is not clear. That there is apparently 
some divergence in the experience of different laboratories suggests 
that the effect may be due, in part, to differences in manipulative 
procedures. Although the proteins can be dissolved in concentrated 
solutions of urea or guanidine hydrochloride (except of course for 
apo-lipoprotein B which requires the use of a detergent), these are 
unsuitable solvents in which to inject antigens. For this purpose, 
0.1 M ammonium carbonate or bicarbonate are probably the most 
generally useful solvents, although 2 mM sodium decyl sulphate can 
also be used. However, apo-lipoprotein E can be particularly difficult 
to dissolve completely, requiring the use of detergent or 0.1 M am- 
monium hydroxide. Acetic acid (1 .OM) can also be a useful solvent 
in some circumstances and has been recommended for the solution 
of apo-lipoprotein C-I. If it is necessary to store the isolated apo-lipo- 
proteins in solution, it is undesirable that they should be exposed to 
extremes of pH, or to the presence of urea. For this purpose, the best 
solvent is buffered guanidine hydrochloride, pH 7.5, at the lowest 
effective concentration. This may range from about 3 M in the case 
of the C apo-lipoproteins to 5-6 M for the more difficultly soluble 
apo-lipoprotein E. 

It is an obvious stratagem to begin the isolation of an apo-lipopro- 
tein by discarding those lipoproteins of which it is only a minor 
component. This is conventionally done by preparative centrifugation 
at judiciously chosen limiting densities (Chapter 2). The product must 
then be thoroughly washed by centrifugation to remove traces of the 
plasma proteins and especially of albumin. In this context it is worth 
noting that traces of albumin can be more quickly and economically 
stripped from a lipoprotein preparation on an immunoaffinity col- 
umn (Holmquist and Carlson, 1978) than by centrifugation. Recently, 
attention has also turned to the use of immobilised antisera for the 
preliminary separation of the lipoprotein particles that contain the 
desired protein. This technique was used by McConathy and Alaupo- 
vic ( 1  976) to prepare a lipoprotein fraction that was rich in apo-lipo- 
protein D, and has since been used to isolate fractions similarly 
enriched with apo-lipoprotein A or E (Kunitake et al., 1982; Gibson 
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et al., 1982). Apart from its evident advantage when the desired 
apo-lipoprotein is present in only small amounts, the method is a 
technically simple and expeditious way of producing well-washed 
lipoprotein fractions. However, it suffers from the drawback that the 
adsorbents have a rather low capacity and require the preliminary 
production of a monospecific antiserum. 

The final stage in the preparation of an apo-lipoprotein is the 
establishment of its purity. Any substantial contamination can be 
detected by electrophoresis in polyacrylamide gel (Section 6.4.2) and 
this is an important way of checking the progress of intermediate steps 
in the preparation. It is a comparatively insensitive assay however, 
and the final product must be subjected to immunochemical analysis 
(Section 6.5). The presence of plasma proteins can easily be detected 
with an antiserum raised against lipoprotein-free plasma and with 
commercially available anti-human serum albumin. 

Although a judiciously prepared anti-apo-LDL is often essentially 
monospecific for apo-lipoprotein By anti-sera to VLDL or HDL will 
generally react with more than one apo-lipoprotein. A carefully 
designed series of immunological analyses with these antisera will 
therefore often show whether the apo-lipoprotein under test is homo- 
geneous and it is worth noting the power of two-dimensional im- 
munoelectrophoresis in this context (Section 5.7). However, it wilI 
rarely be possible to identify the contaminating apo-lipoproteins that 
are detected in this way. Moreover, the reactivity of these antisera to 
lipoprotein fractions will not be uniform against all the potential 
antigens. Accordingly, although access to antisera against all the 
major apo-lipoproteins may be difficult, an effort should be made to 
obtain authentic, monospecific antisera to at least those apo-lipopro- 
teins that are most likely to contaminate the protein which is being 
purified. In the case of apo-lipoprotein A-I1 for example, it would be 
desirable to test at least for the presence of A-I and D, the latter of 
which is highly immunogenic. 
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8. I .  Isolation of apo-lipoprotein A-I 

The richest source of this protein is HDL, and, if A-I is to be the only 
product, this is the best starting point. However, total HDL can also 
be used and this will be the better raw material if the object is to 
prepare both A-I and A-11. In any event, the lipoprotein must be 
freshly prepared from fresh plasma. 

8. I. 1. Chromatographic procedure 

The first stage in this method is invariably a gel filtration through 
superfine Sephadex G-200 or (preferably) Sephacryl S-200 (or their 
equivalent). The choice of dissociating agent to be used in the eluent 
may require some consideration: 5 or 6 M guanidinium hydrochloride 
has the advantage that it does not degrade the proteins but is by far 
the most expensive reagent to use; 6 or 8 M urea is more economical 
but, during the course of a prolonged elution, there is inevitably some 
carbarnylation of the proteins; 2 M acetic acid is the least expensive 
solvent available but there is some danger that prolonged exposure to 
the relatively low pH may hydrolyse some of the amide groups in the 
protein, although there is little evidence that this degradation is 
significant. Since the resolution that can be obtained is essentially the 
same in each solvent, the choice may be determined by financial 
considerations and, in this context, it must be remembered that only 
the best grades of urea or guanidine hydrochloride can be used. 

Whatever solvent is used, the elution pattern will take the general 
form shown in Fig. &la. Note, however, that the resolution of a 
freshly packed column may be less satisfactory than this but that it 
will generally improve with several cycles of use. As each protein is 
eluted, it should be collected in several fractions, each of which must 
be analysed by electrophoresis on polyacrylamide gel (Section 
6.4.2.3). It will be found that there are fewer contaminants of the A-I 
under the leading limb of peak 2 than there are under the trailing limb. 
Moreover, the extent of this contamination (mainly with A-11) will be 
least when the column is only lightly loaded. Consequently, the best 
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Fig. 8.1. Generalised gel filtration chromatograms for apo-lipoproteins. (a) apo-HDL. 
Peak 1 consists of aggregated apo-lipoproteins and can vary considerably in size 
according to the manipulative history of the sample and the way in which it is dissolved. 
It is disadvantageous to dry the apo-HDL before it is dissolved in the eluting solvent. 
(b) apo-VLDL. Note that the resolution of this system can be optimised by a judicious 
choice of gel and solvent. Thus, 2 mM SDS with a highly permeable gel will give a good 
resolution of peaks 1 and 2, whereas a gel of exclusion limit lo5 can resolve the trailing 

limb of peak 3 if eluted with guanidine hydrochloride. 
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results will be obtained when the load is less than about 15 mg of 
protein per square cm of column cross-section, and the fractions are 
carefully selected before being pooled. Under these circumstances, a 
second cycle of chromatography on the same column may suffice to 
produce pure apo-lipoprotein A-I, albeit in a yield that is unlikely to 
exceed 25 Yo of the maximum, A somewhat better yield may result if 
the eluent used with the second column includes a reducing agent such 
as mercaptoethanol or thiodiglycol. This dissociates apo-lipoprotein 
A-I1 into its constituent peptide chains, which are more easily resolved 
from A-I than the native protein. If the A-I1 obtained from the first 
filtration column is to be discarded, it will be advantageous to run this 
too in the presence of reducing agent. 

When relatively large quantities of A-I are needed, e.g. for physico- 
chemical studies, it may be a better strategy to load the gel filtration 
column rather more heavily, to collect a larger proportion of peak 2, 
and then to purify the A-I by chromatography on DEAE-cellulose. 
A gradient of increasing ionic strength elutes the apo-lipoproteins 
from this adsorbent in the sequence shown in Fig. 8.2. By collecting 

* i i  j i i  7 9 
ELUENT CONCN. 810-2M 

Fig. 8.2. The generalised sequence of apo-lipoproteins eluted from a DEAE-cellulose 
column. The elution is begun with a volume of 0.03 M Tris buffer/6 M urea (PH 8.0) 
equal to at least 2.5 times the volume of the column bed. It is then continued with a 

linear gradient of increasing ionic strength at p H  8.0. 
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peak 4 from this column in several fractions, each of which is analysed 
by electrophoresis on polyacrylamide gel, a pool of pure apo-lipopro- 
tein A-I can be isolated. Note, however, that A-I may, under the best 
conditions, be eluted from this column as two or three partially 
resolved peaks. 

Equipment. The following will be needed in addition to that requir- 
ed for the preparation of the lipoproteins. 

(1) A glass column 2.5 cm x 150-200 cm, siliconised to reduce loss 
of apo-lipoprotein by adsorption, and packed (cf. Fischer, 1980) with 
superfine Sephacryl S-200 that has been thoroughly equilibrated with 
the chosen eluent (see below). 

(2) A siliconised glass column 1 cm x 50 cm, packed with DE-52 
microgranular DEAE-cellulose (Whatman) that has been equilibrated 
with 0.03 M Tris-HC1 buffer, pH 8.0. Before it is used, wash the 
column with at least one column volume of the reagent B described 
below. 

A fraction collector is required for each column and, if possible, 
equipment for continuously recording the photometric absorption of 
the eluate at 280 nm. A conductivity meter is a convenient way of 
checking the purity of the concentrated urea solutions, and of estimat- 
ing the position of eluent fractions along the gradient used on the 
DE-52 column. The isolated apo-lipoprotein fractions can be concen- 
trated either by ultrafiltration (e.g. in an Amicon cell using a UM-2 
membrane filter), or by freeze-drying. 

Reagents. Urea and guanidine hydrochloride must be of the highest 
available quality. If the ‘ultra-pure’ grade cannot be obtained, the 
analytical grade should be re-crystallised with the greatest care. All 
other reagents should be of analytical grade. 

It is an almost uniform practice to buffer the guanidine or urea 
solutions used as eluents, with Tris-HC1 of pH 8.0 However, the 
concentration of this buffer has variously ranged from 0.01 M (Scanu 
et al., 1969) to 0.2 M (Jackson and Gotto, 1972). There seems to be 
no published evidence to show that one of these is superior to the 
others and we have consequently chosen to use a concentration of 
0.03 M. 
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The operator has a choice of three chromatographic eluents that are 
essentially equivalent, namely: (A) 0.03 M Tris-HC1 buffer, pH 8.0, 
in 5 M guanidine hydrochloride solution. (B) 0.03 M Tris-HC1 buf- 
fer, pH 8.0, in 6 M urea solution. 

The urea solution used to prepare this solvent must be freshly made 
and be run over ion-exchange resin (Bio-Rex RG 501-XS or equiva- 
lent) and should have a conductivity of less than 0.5 p.mho. The 
eluent is best used at once, but may be briefly stored at 4 "C. Note 
that the concentration of urea used in different laboratories has 
ranged from 5.4 M (Jackson and Gotto, 1972) to 8 M (Scanu et al., 
1969). There is however, no confirmed evidence that a high concen- 
tration gives a better result. (C) 2 M acetic acid. Despite their practi- 
cal drawbacks, eluents of the type represented by B are the most 
widely used. 

The gradient used to elute the DEAE-cellulose column (Lux et al., 
1972) is made by mixing reagent B with the following limiting so- 
lution: (D) 0.07 M Tris-HC1 buffer, pH 8.0, in 6 M urea solution. 
The preparation and use of this solution is subject to the conditions 
that apply to reagent B. 

Procedure. Prepare HDL3 (d 1.125-1.21 g/ml) by one of the me- 
thods described in Chapter 2 and wash it at least once by centrifu- 
gation at d = 1.21 g/ml. Dialyse the product against 1 mM EDTA 
solution in a closed vessel with minimal air space and then prepare 
the lipid-free protein as described in Appendix 3. Dissolve the product 
in sufficient of the solvent in which the Sephacryl column was packed 
to give a solution containing about 15-20 mg of protein/ml. 

Transfer not more than 75 mg of apo-HDL to the column and elute 
with the chosen solvent (at room temperature with eluents A or C; 
at 4 "C with eluent B) at a flow-rate of 10-12 ml/h. If eluent B is used, 
purge the column with freshly made solution before the sample is 
applied, and use the same fresh solvent to dissolve the crude protein. 
Collect the eluate in fractions of 4-5 ml and dialyse, without delay, 
against 5 mM ammonium bicarbonate solution at 4 "C. Freeze-dry 
each of the fractions that correspond to peak 2 of Fig. &la. Analyse 
each of these fractions by electrophoresis in both alkaline-urea and 
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SDS gels (Sections 6.4.2.3 and 6.4.2.4) and pool those that are the 
least contaminated. 

Repeat this process on the pool of partially purified product, but 
with the addition of 0.1 Yo P-mercaptoethanol to the eluent. Retain 
those fractions that are shown, by electrophoretic analysis, to be 
uncontaminated. Confirm their purity by immuno-diffusion against 
antisera to plasma and HDL of the appropriate species. 

If the alternative ion-exchange system is adopted in place of the 
second filtration chromatogram , transfer the partially purified A-I 
into lOmM ammonium bicarbonate solution by dialysis, or by chro- 
matography on a 30 cm column of Bio-Gel P-4. Lyophilise this 
solution and then re-dissolve the residue in a small volume of eluent 
B. Note that all stages of the procedure from this point must be carried 
out at 4 "C. Apply about 50 mg of the protein to a column of DE-52 
that has been freshly purged with eluent By and wash with 100 ml of 
the same solution before starting the gradient elution. This gradient 
should be linear in form and can be generated in the conventional way 
by the progressive mixture of equal volumes of eluents B and D in 
a two-chambered gradient maker (Peterson, 1981). To ensure a good 
resolution of A-I from A-11, the gradient must not be too steep. For 
the size of column proposed, 250 ml of each solution should give 
satisfactory results. Collect peak 3 (Fig. 8.2) in several fractions, 
dialyse them exhaustively against 10 mm ammonium bicarbonate and 
lyophilise. Finally, pool those fractions that are shown to be pure by 
electrophoresis in polyacrylamide gel, and confirm their purity by 
immuno-chemical analysis. 

After the A-1 protein has emerged from the DE-52 column, the 
system should be purged with 100 ml of 0.5 M Tris-HC1, pH 8.0, in 
6 M urea and then re-equilibrated with 0.03 M Tris-HC1, pH 8.0. 

8. I .2. Isoelectric focussing 

This method is well suited to the production of the small amounts of 
material needed for the production of antisera. The technique is 
thoroughly described by Righetti (1983) and much useful information 
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is given by Winter et al. (1975). For the particular purpose of isolating 
apo-lipoprotein A-I we shall describe the procedure used by Forgez 
and Chapman (1982). 

Equipment. The following details relate to the LKB 21 17 Multiphor 
unit. With the appropriate modifications, it can be used with similar 
equipment from other makers. A power supply capable of operating 
in the ‘constant power’ mode is also required, e.g. the LKB 2103. 

Reagents. Forgez and Chapman (1982) improved the resolution of 
their system by using a mixture of ampholytes that focussed to a pH 
gradient between the limits 4.6 and 5.9. This mixture was obtained 
by the methods of synthesis and fractionation described by Righetti 
et al. (1975) and Gianaua et al. (1975). Alternatively, a commercially 
available ampholyte mixture of pH range 4-6 (LKB-Produkter; Bio- 
Rad Laboratories) can be fractionated by pre-focussing in a dummy 
gel bed for 20 hours (cf. Procedure below). The section of gel that 
lies within the required limits of pH can then be cut out and used to 
make the bed in which the proteins are separated. In this procedure 
however, the gel in which the ampholytes are pre-focussed must not 
be concentrated by evaporation, as it is before the proteins are 
focussed. 
Solution A: 36.0 g of urea 

0.23 g of N-ethyl morpholine 
Water to 100 ml, adjust to pH 8.6 

Solution B: 27.0 g of urea 
1.95 g of ampholyte 
0.1 ml of B-mercaptoethanol 
Water to 100 ml 

Solution C: 360 g of urea 
9.75 g of Tris 
19.4 ml of 1.0 M HCl 
Water to 1.0 litre, adjust to pH 8.6 

The above urea solutions must be prepared with the precautions that have already been 
described in Section 8.1.1. 
Solution D: 10 To trichloracetic acid in water 
Solution E: 0.2 70 Coomassie Blue R-250 in methanol-water-acetic acid (5:5:1 by 

vol.). 
Anolyte: 0.1 M orthophosphoric acid solution 
Catholyte: 0.1 M glycine solution 

Procedure. Prepare apo-HDL, (Section 8.1.1) and dissolve it in 
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solution A to a concentration of 5-10 mg of proteinlml. 
To make up the gel bed, first suspend 6 g of Bio-Gel P-60 (50-100 

mesh; Bio-Rad Laboratories) in 100 ml of solution B and de-aerate 
in vacuo. At each end of the gel tray, put a triple layer of the strips 
that are provided with the equipment. Each strip should be about 
11 cm long and be soaked in solution B. Weigh the tray and fill it with 
a weighed amount of the well-stirred slurry of gel. Then warm the tray 
in an oven at 40 "C until 25 Yo of the water has evaporated. 

Apply the solution of apo-HDL dropwise along a straight line 
across the gel, 7 cm from the cathode strip, until 15-20 mg of protein 
have been added. Saturate the electrode wicks with their respective 
electrolytes and apply the electrodes. Pass the current at a constant 
power of 10 W for 18-20 h, at 10°C. During this time, the voltage 
will rise from the initial setting of 500 to about 1300 V. 

To detect the position of the separated proteins, apply three strips 
of moist filter paper (e.g. Whatman No. 1, 1.5 cm wide) along the 
length of the gel bed, one at each edge and the third in the middle. 
Be sure not to trap air under the paper. When the strips are saturated, 
peel them carefully off the gel and dry at 110 "C for 10 min. Wash 
each print three times, for 15 min, in solution D. Then stain in 
solution E until the protein bands are clearly visible, de-staining in 
methanol-water-acetic acid (55 :  1 by vol.) if necessary. Finally, align 
these strips very carefully beneath the gel tray, to act as a guide to 
the positions of the proteins. 

In this system, apo-lipoprotein A-I is resolved into the four 'poly- 
morphs' that focus between pH 5.35 (A-14) and 5.6 (A-Il) (Fig. 8.3). 
The latter, which forms the most intense of these bands, yields the 
purest product and can be recovered by carfully scooping out the gel 
with a small spatula. Transfer this gel to a short chromatography 
column (e.g. a plastic syringe barrel) and elute with solution C. 
Dialyse exhaustively against 5 mM ammonium bicarbonate solution 
at 4 "C and concentrate to suit requirements. Confirm the purity of 
the product by electrophoresis in polyacrylamide gel and by immuno- 
chemical analysis. 

It may be observed that ampholytes are difficult to remove com- 
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Fig. 8.3.  Preparative isoelectric focussing of apo-HDL. 

pletely from these protein preparations. Up to 5 days of conventional 
dia!vris against repeated changes af 5 mM ammonium bicarbonate 
solution may bc necessary. A quicker and more efficient separation 
can be achieved by electrodialysis (Marcel et al., 1979) which can 
easily be carried out in the ISCO electrophoretic concentrator (Instru- 
mentation Specialities Co.) (Section 6.4.3). However, it will be found 
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that, for many purpose, the presence of traces of ampholyte is of no 
consequence. 

8.2. Isolation of apo-lipoprotein A-II 

The strategy used to isolate this apo-lipoprotein by chromatography 
differs only in detail from that described for A-I in Section 8.1. 
Moreover, this is effectively the only procedure available, since iso- 
electric focussing will not satisfactorily resolve A-I1 from the A-IV, 
C-I1 or C-111, apo-lipoproteins. 

In many laboratories, A-I1 is isolated from HDL (d 
1.063-1.21 g/ml) but there may be some advantage in using a careful- 
ly purified preparation of HDL, which is a slightly richer source of 
this apo-lipoprotein. The raw protein is then usually refined by a stage 
of gel filtration, followed by one of ion-exchange chromatography, 
exactly as used for apo-lipoprotein A-I. However, Herbert et al. 
(1977) prefer to reverse this sequence, a preliminary purification on 
DEAE-cellulose being followed by gel filtration in guanidine hydro- 
chloride. Alternatively, the gel filtration stage can be replaced by a 
second passage through the ion-exchange column. Indeed, according 
to Lux et al. (1972), it is possible to isolate pure A-11, in a yield of 
75070, from only a single stage of ion-exchange chromatography. 
Whichever plan is chosen, it is crucial that a large number of fractions 
is collected from the first column. Each of these must be analysed by 
electrophoresis, and the least contaminated pooled for a second stage 
of purification if necessary. 

Procedure. The reagents, equipment and procedure are as described 
in Section 8.1.1. Collect peak 3 (Fig. 8.la) from the gel filtration 
column in several fractions, and pool the purest of these for subse- 
quent chromatography on DE-52 cellulose. Apo-lipoprotein A-I1 is 
the second protein to be eluted from this column (Fig. 8.2) and this 
peak must also be collected in several fractions. Concentrate and pool 
all those which consist of pure A-11, as shown by electrophoretic and 
immunological analysis. 
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8.3. Isolation of apo-lipoprotein A-IV 

This apo-lipoprotein was first isolated from rat plasma (Swaney et al., 
1977) but has since been obtained in small quantities from the VLDL 
of human thoracic duct lymph (Weisgraber et al., 1978) and from the 
plasma VLDL of non-fasting hypertriglyceridaemic subjects (Beisie- 
gel and Utermann, 1979). With a molecular weight of about 46000, 
this apo-lipoprotein runs slightly faster than apo-lipoprotein E on gel 
filtration chromatography (Fig. 8.lb) but an extra long column is 
needed to achieve a useful resolution. Moreover, if VLDL is the 
source material, the A-IV protein can be difficult to separate from 
the much larger amount of the dissolved apo-lipoprotein B. Weisgra- 
ber et al. (1978) minimised this problem by precipitating the B proteins 
with tetramethyl urea (Section 6.4.1.2) and then resolving the soluble 
apo-lipoproteins by gel filtration chromatography in buffered 4 M 
guanidine hydrochloride solution. By contrast, Swaney et al. (1977) 
effected a preliminary partial purification on a short (100 cm) fil- 
tration column in a mixture of 6 M urea with 2 mM sodium decyl 
sulphate. The appropriate fractions of this eluate were then concen- 
trated, transfered into a solution of 6 M urea in 0.1 To dodecyl 
sulphate and re-chromatographed on a 270 cm gel column. A judic- 
ious fractionation of the eluate then yielded pure apo-lipoprotein 
A-IV. Both Weisgraber et al. (1978) and Swaneyet al. (1977) also used 
the Stephens (1975) method of preparative electrophoresis in SDS-gel 
to refine their product. Beisiegel and Utermann (1979) likewise used 
SDS-gel electrophoresis, but in a continuous elution apparatus. More- 
over, they apparently applied whole apo-VLDL to their gels without 
any prior purification. However, the simplicity and economy of this 
procedure must be set against the fact that the (unstated) yield of pure 
A-IV protein that was obtained from each 10 mg load must have been 
small. 

According to Beisiegel and Utermann (1979), apo-lipoprotein A-IV 
is present in the VLDL of only some 15 Yo of non-fasting hypertrigly- 
ceridaemic subjects. It is therefore necessary to screen the potential 
donors before drawing blood. 
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Equipment. (1) a siliconised glass chromatographic column, 
2.5 cm x 100 cm, packed with Sephadex G200 in solution A (see 
below). (2) an exactly similar column but of total length 300 cm. This 
can be conveniently arranged by using short lengths of fine-bore 
tubing to connect 3 of the 100 cm columns in tandem. 

Reagents. Solution A: 0.1 M Tris-HC1, pH 8.0, in 5 M guanidine 
HCl solution. 

Procedure. Isolate VLDL from the selected hypertriglyceridaemic 
plasma in the conventional way (Section 2.1) and wash at least twice 
by centrifugation at d = 1.006 g/ml. Prepare the lipid-free apo- 
VLDL (Appendix 3) and extract them thoroughly with 5-10 ml of 
solution A. Centrifuge off the undissolved residue and transfer 
50-60 mg of the dissolved protein to the short chromatography 
column. Develop the chromatogram with solution A. Collect the 
trailing half of peak 1 together with peak 2, dialyse against 5 mM 
ammonium bicarbonate and lyophilise. Redissolve the protein in 
solution A and re-run on the 300 cm column in the same solvent. The 
proteins will appear as a diffuse, unresolved distribution which must 
be collected in a number of arbitrary fractions. Analyse these by 
electrophoresis in polyacrylamide gel (Sections 6.4.2.3 and 6.4.2.4) 
and select those which contain pure apo-lipoprotein A-IV. If the 
purification is inadequate, the product can be refined by one of the 
preparative methods of electrophoresis mentioned above. 

8.4. Isolation of apo-lipoprotein B 

When undertaking this preparation, it is important that all the phos- 
pholipids are extracted from the apo-LDL that is used as the raw 
material, otherwise an ‘apo-lipoprotein’ of spurious solubility will be 
obtained. Fully extracted apo-lipoprotein B is virtually insoluble even 
in 8 M urea and, in a number of early experiments, a more tractable 
product was obtained by chemical modification e.g. by succinylation 
or by maleylation of the protein (Scanu et al., 1968; Gotto et al., 1968; 
Kane et al., 1970). Here, however, we shall consider only methods for 
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the isolation of the native apo-lipoprotein. The most successful of 
these make use of the fact that apo-lipoprotein B will dissolve moder- 
ately well in sodium decyl sulphate solutions and can be freed from 
accompanying apo-lipoproteins of lower molecular weight by gel 
filtration chromatography (Brown et al., 1969; Herbert et al., 1973). 
The protein isolated in this way can still be resolved into several 
components by electrophoresis in SDS-gel (Section 6.4.2.4), and Kane 
et al. (1980) have developed this into a preparative procedure. Howev- 
er, the chromatographically purified protein is satisfactory for the 
majority of purposes. 

Lee et al. (1981) recently postulated that the insolubility of the 
isolated B protein may be the result of aerial oxidation during its 
isolation. By taking elaborate precautions to prevent this, they 
claimed that they could prepare apo-lipoprotein B in a form that was 
completely soluble in buffered guanidine hydrochloride solution in 
the presence of reducing agents. Moreover, in this process, the un- 
wanted low-molecular weight apo-lipoproteins were separated from 
the B protein, not by chromatography, but by extraction into N-ethyl- 
morpholine. If the advantages that are claimed for the method can 
be confirmed, it may be a valuable way of preparing relatively large 
amounts of apo-lipoprotein B. At the time of writing however, it is 
interesting mainly for its scrupulous precautions against oxidation. 

The richest source of apo-lipoprotein B is the LDL fraction, of 
which it constitutes nearly 20 070 by weight. However, it is an advan- 
tage to use a narrow cut from the centre of the LDL density range 
(e.g. 1.025-1.045 g/ml) since this contains the smallest proportion of 
the unwanted apo-lipoproteins. 

8.4. I .  Chromatographic procedure 

In this system, the lipid-free apo-LDL is dissolved in 0.1 M sodium 
decyl sulphate solution which is adjusted to pH 8.0-8.5 with any 
convenient buffer, e.g. Tris-HC1, phosphate, or ammonium bicar- 
bonate. The apo-lipoprotein B is then refined by filtration chromatog- 
raphy in buffered 2 mh4 SDeS. The columns used for this purpose 
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have been reported to range in porosity from Sephadex G-150 to 
Bio-Gel A-1.5M, but no clear advantage is claimed for any one of 
these gels. In terms of practical convenience, the gels of lower porosity 
and compressibility may be preferable. 

Equipment. A 2.5 cmx 100 cm siliconised glass column, packed 
with Sephadex G-150 in solution B (see reagents). Auxiliary equip- 
ment as in Section 8.1.1, 

Solution A: 2.6 g of sodium decyl sulphate 
Reagents. 

10 mg of sodium azide 
100 ml of 0.01 M Tris-HC1 buffer, pH 8.0 

0.1 g of sodium a i d e  
1.0 litre of 0.01 M Tris-HC1 buffer, pH 8.0 

Solution B: 0.52 g of sodium decyl sulphate 

Procedure. Extract the lipid from the LDL preparation, which must 
be freshly made from fresh plasma, and dissolve the protein in 
solution A to a concentration of 15-20 m g / d  (Appendix 3). Apply 
50-60 mg of protein to the column and elute with solution B, at 20 "C, 
at a flow rate of about 50 ml/h (10 ml/h/cm2). Collect the eluate in 
fractions of about 7.5 ml. 

The apo-lipoprotein B will emerge from this column as an asymme- 
trical peak at the void volume, the trailing limb being contaminated 

Fig. 8.4. The fitration chromatography of apo-LDL in 2 mM sodium decyl sulphate 
solution. In th is  generalised representation, the arrow indicates the void volume of the 
column and the smaller peak represents contaminants of low molecular weight, such 

as apo-lipoprotein C. 
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with what may be breakdown fragments of apo-lipoprotein B and 
with traces of other apo-lipoproteins. Collect the central one-third of 
this peak and freeze-dry it. Re-dissolve the product in 1-2 ml of water 
and chromatograph it a second time on the same column, Concentrate 
each of the fractions that compose the first peak to emerge and test 
their purity by electrophoresis in SDS-gel (Section 6.4.2.4) and by 
immunochemical analysis (Section 6.5) with antisera raised against 
lipoprotein-free plasma and against a TMU extract of plasma lipopro- 
teins. Pool those fractions that show no contamination. 

8.4.2. Non-oxidative procedure 

The following is a summary of the procedure recommended by Lee 
et al. (1981). 

Reagents. Solution A: 1.3% s-aminocaproic acid, 1.0% EDTA and 0.5% glu- 
tathione in water, adjusted to pH 7.0. 

Solution B: 5000 unitdm1 of penicillin-G, 500 pg/ml of streptomycin sulphate and 
200 pg/ml of chloramphenicol in solution A. 

Solution C: 0.05 070 thiodiglycol, 0.05 M N-ethylmorpholine acetate in a 10-fold 
dilution of solution A. 

Solution D: 6 M ultra-pure guanidine hydrochloride-0.1 M Tris buffer (pH 8.3) in 
a 10-fold dilution of solution A which also contains 0.05 To thiodiglycol, 0.1 070 
dithiothreitol and 0.02 qo tryptamine. 

Procedure. Lee et al. collected plasma by plasmapheresis into a 
plastic bag. If this facility is not available, the blood should be 
collected into a transfusion bag, the plasma separated and transferred 
to a clean bag with the least possible delay or exposure to air. Add 
1 ml of solution B to each 9 ml of plasma and seal the bag with care 
to exclude all air. The isolation of the lipoproteins should preferably 
be started at once, although Lee et al. imply that the plasma may be 
kept for up to 3 days in the sealed bag at 4°C. 

To minimise contact with air during the isolation of the LDL, it is 
best to use a density gradient procedure in Beckman Quick-Seal tubes 
(Section 2.1). Lee et al. used this technique to prepare a fraction of 
density 1.032-1.043 g/ml by centrifugation at 45 OOO rev/min in the 
Spinco 50.2 Ti rotor, for 26 hours at 5 "C. If another density fraction 
is to be isolated, or a different rotor must be used, the method can 
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be easily adapted (Section 2.1). The solutions used to prepare the 
gradient should be de-aerated and contain 10 Yo of solution A. The 
Quick-Seal tubes should be filled as completely as possible and be 
sealed immediately. After the centrifugation, the required density 
fraction is collected with a hypodermic needIe attached to a length of 
fine-bore plastic tubing. Thrust the needle through the wall of the 
centrifuge tube at the point that corresponds to the upper limiting 
density of the lipoprotein fraction (this must be determined from a 
control gradient), and allow the calculated volume of the contents to 
flow into an ice-cooled flask which is continuously purged with 
nitrogen. To each ml of this solution, add 0.3 ml of NaCl of density 
1.19 g/ml (containing 10 070 soln. A) and layer it in a Quick-Seal tube, 
under NaCl solution of density 1.063 g/ml (containing 10 070 soln. A). 
Centrifuge for 20 hours at not less than 200000 g and collect the 
floating layer of LDL as before. 

Follow the isolation of the LDL fraction immediately by extracting 
the lipids with ethanol-diethyl ether at 5 "C. The ether used for this 
operation must be freed of peroxides, dried over anhydrous CaCl, 
and re-distilled immediately before use. The extraction procedure 
used by Lee et al. (1981) is as follows: add 36 ml of ice-cold absolute 
ethanol containing 0.02 To butylated hydroxytoluene (BHT) to a 
50 ml tube and purge with nitrogen. While the gas is still passed 
through the alcohol, add 2.5 ml of the LDL solution, which should 
be equivalent to  about 10 mg of protein. Stand in ice for 20 min, 
under nitrogen, before adding 12 ml of ice-cold ether which contains 
0.02 070 BHT. Mix thoroughly, purge with nitrogen and stopper the 
tube. Continue to agitate gently at 5 "C for 30 min before centrifuging 
down the precipitate and aspirating off the organic phase. Repeat this 
extraction four times with 0.02 070 BHT in cold 3:l (v/v) ethanol: 
ether, followed by a single wash with 0.02% BHT in 5:l (v/v) 
ethanol-ether. All these steps must be carried out in an atmosphere 
of nitrogen . 

After the final extraction, suspend the residue in 20 ml of solution 
C and purge gently with nitrogen for 1-2 hours to remove the residual 
ether. Recover the precipitate by centrifugation and repeat the wash- 
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ing process with 5 mi of solution C. This extraction removes inorganic 
salts and is also said to extract most of the ‘soluble’ apo-lipoproteins 
that are present in LDL (A-I, C-11, C-111, D, E, F). After this 
treatment, Lee et al. claim that the apo-lipoprotein B is completely 
soluble, to a concentration of 5 mg/ml, in solution D. 

8.5. Isolation of the C apo-lipoproteins 

Since the largest proportion of these proteins is to be found in the 
largest lipoprotein particles, i.e. in chylomicrons or the high molecu- 
lar weight VLDL, it is as well to start this preparation with plasma 
from hypertriglyceridaemic subjects. The isolation of the C apo-lipo- 
proteins then takes a course similar to that used to prepare the A 
proteins (Section 8. l), namely the isolation of a crude mixture of the 
C proteins by gel filtration chromatography, followed by refinement 
on an ion-exchange column. However, there are several factors to be 
considered when designing the gel filtration system: 

(a) Because apo-VLDL contains a substantial proportion of apo- 
lipoprotein B, it is not completely soluble in the solvents used for 
apo-HDL and must be dissolved in 0.1-0.2 M sodium decyl sulphate. 
This solution can then be put directly onto a gel filtration column and 
eluted with 2 mM SDeS (Section 8.4.1), or with alkaline 6 M urea 
solution. Unfortunately, SDeS has a low solubility in concentrated 
solutions of guanidine salts and its concentration must be reduced by 
dialysis or by gel filtration before the apo-VLDL can be fractionated 
in a guanidine hydrochloride solution. 
As an alternative to the complete solution of the apo-VLDL, it can 

be extracted with a concentrated solution of urea or guanidine hy- 
drochloride which is buffered to pH 8.0-8.5. In practice, this gives 
a good recovery of the C proteins, and the method has the advantage 
that the extract can be put directly onto a column that is equilibrated 
with guanidine hydrochloride. 

(b) The resolution achieved can be determined, to some extent, by 
the nature of the gel filtration system that is used (Herbert et al., 
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1977). Elution with 6 M urea or 2 mM SDeS from a column of 
Sephadex G200 will result in three peaks (Fig. 8.lb), the third of 
which will contain most of the C proteins, albeit they will be contam- 
ined with other apo-lipoproteins (and plasma proteins). If a gel bed 
of greater porosity is used (e.g. Bio-Gel A-0.5M) the peaks eluted in 
SDeS become more diffuse but, by a judicious pooling of the collected 
fractions, it is possible to obtain C fractions that are not only less 
contaminated, but are also partially resolved. Because guanidine 
hydrochloride dissociates the apo-lipoproteins more completely than 
either SDeS or urea, it gives the better resolution of C-I from the C-I1 
and C-I11 proteins, even on columns of lower porosity, e.g. Bio-Gel 
P-100. The high cost of ultra-pure guanidine hydrochloride or urea 
makes the SDeS system the more economical for large-scale use but, 
as we pointed out in the introduction to this chapter, the detergent 
is strongly adsorbed to the proteins and must be removed during the 
later stages of the purification. 

The first crude mixture of C proteins is resolved by chromatogra- 
phy on DEAE-cellulose in a gradient of increasing ionic strength 
(Fig. 8.2). The system used is akin to that described in Section 8.1.1, 
for the purification of the A apo-lipoproteins but, since C-I1 and C-I11 
are more strongly adsorbed than the A proteins, the final concen- 
tration of the eluent must be greater. Even after this treatment 
however, the separated C proteins are generally still contaminated and 
a careful selection must be made from the fractions collected across 
each peak if a pure product is to be obtained. In this context, it may 
be more profitable to collect a greater proportion of the peak and to 
subject the product to a third stage of purification. 

Isoelectric focussing would be an attractively simple and accessible 
technique for this final refinement (Holmquist and Brostrom, 1979; 
Marcel et al., 1979), particularly if the technical modifications intro- 
duced by Forgez and Chapman (1982) are found to be effective in 
raising the recovery of the C proteins. Marcel et al. support their claim 
that the C proteins can be purified in this way by appeal to the 
evidence of electrophoretic and aminoacid analysis. However, it must 
be said that the apo-lipoproteins C-11, C-IIIo, A-IV and A-I1 have 
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very similar isoelectric points and are therefore difficult to resolve. 
Moreover, it is not yet certain whether complexes of these apo-lipo- 
proteins are entirely dissociated during the focussing procedure. By 
contrast, because its plis higher than that of the other major apo-lipo- 
proteins, the C-I protein is probably a good subject for purification 
in this way, although it is worth noting that Herbert et al. (1977) 
recommend that this protein be purified by the simpler process of 
chromatography on Bio-Gel P-100 or Sephadex G-75, in 5 M 
guanidine hydrochloride. To those with access to equipment for 
HPLC, the reversed phase systems described by Hancock et al. (1981) 
and by Ronan et al. (1982) may also be attractive for the final 
purification of the C-I1 and C-I11 apo-lipoproteins. Of the two 
techniques however, iso-electric focussing seems to give the better 
resolution of the polymorphs of C-111. Moreover, focussing may be 
used to give at least a preliminary fractionation of the whole apo- 
VLDL mixture (Marcel et al., 1979). 

Like all the apo-lipoproteins, the isolated C proteins tend to aggre- 
gate and to become progressively less easily soluble on repeated 
freeze-drying. When the dried protein is to be re-dissolved in prepa- 
ration for a further stage of purification, and exposure to extreme pH 
can be brief, 0.1 M ammonium bicarbonate or 1-2 M acetic can be 
used, as appropriate. However, if the specimen is to be stored in 
solution, it is better to use 3 M guanidine hydrochloride, buffered to 
pH 7.5, at a temperature down to - 15 "C. 

8.5.  I .  Chromatographic procedure 

Equipment. (1) A siliconised glass column 2.5 cm x 150 cm, packed 
with Bio-Gel P-100 (or Sephadex G100) in solution A (see below). 
(2) A siliconised glass column 2.5 cm x 50 cm, packed with DE-52 
microgranular DEAE-cellulose (Whatman) in equilibrium with so- 
lution B (see below). Auxiliary equipment as in Section 8.1.1. 

Reagents. Solution A: 477.7 g of guanidine hydrochloride (high grade) 
3.95 g of ammonium bicarbonate 

Water to 1.0 litre 
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Solution B: 0.01 M Tris-HC1 buffer, pH 8.0, in 6 M urea 
Solution C: 0.125 M Tris-HCI buffer, pH 8.0, in 6 M urea 

Both solutions B and C must be prepared with deionised solutions of highly purified 
urea and should be stored for the shortest possible time at 4 ° C  before use 
(Section 8.1 . I ) .  

Procedure. Prepare VLDL (d c 1.006 g/ml) with the minimum of 
delay, from freshly collected plasma. Extract the lipids and suspend 
75-100 mg of protein in solution A with gentle agitation overnight. 
Centrifuge off any insoluble material and transfer the supernatant to 
the gel filtration column. Elute with the solvent A, at 20 "C, at a flow 
rate of about 50 ml/h and collect fractions of 10-12 ml. 

Analysis of the individual fractions from peak 3 (Fig. 8.lb) by 
electrophoresis on polyacrylamide gel (Section 6.4.2.3) will generally 
show that the leading limb consists of apo-lipoproteins C-I1 and C-I11 
contaminated with larger apo-lipoproteins, whereas C-I is concentrat- 
ed towards the trailing limb. Accordingly, a judicious selection of the 
fractions that are to be pooled may effect a useful preliminary 
separation of the C proteins. The combined fractions must then be 
dialysed exhaustively against 5 mM ammonium bicarbonate in tubing 
of molecular weight cut-off 3500 (Spectrapor 3; Spectrum Medical 
Industries Inc.) and freeze-dried. 

To minimise the carbamylation of the proteins, all the following 
stages, including the running of the DEAE-cellulose column, must be 
carried out at 4 "C. Dissolve the crude preparation of C proteins in 
a smalI volume of freshly made solution B and dialyse (Spectrapor) 
against the same solvent. Purge the column of DE-52 with fresh 
solution B, apply up to 100 mg of the protein mixture and wash with 
350 ml of solution B. Continue the elution with a linear gradient 
formed by the progressive mixture of 1.0 litre of solution B with 
1 .O litre of solution C, until apo-lipoprotein C-II12 has emerged (i.e. 
at a buffer concentration of about 0.1 M; conductivity approx. 
2.5 mmho; Fig. 8.2). Collect the eluate from the column in fractions 
of 10 ml which should be dialysed without delay against 5 mM 
ammonium bicarbonate solution at 4 "C. Finally, wash the column 
with 250 ml of 0.5 M Tris-HC1, pH 8.0, in 6 M urea and re-equili- 
brate with 0.01 M Tris-HC1, pH 8.0. If the column is not to be 
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immediately used again, it should be stored in this condition and 
purged with solution B when required. 

Check the purity of each fraction from the peaks of C protein by 
electrophoresis (Sections 6.4.2.3 and 6.4.2.4) and select those that are 
the least contaminated. In this context, note that, according to 
Herbert et al. (1977), apo-lipoprotein C-II12 is often contaminated 
with proteins of similar size and electrophoretic mobility. If further 
purification is necessary, use the method of isoelectric focussing 
described in Section 8.1.2. 

The total yield of C protein that is obtained by this chromatogra- 
phic procedure will not exceed 50% and, in practice, the yield of pure 
material will be still further reduced by the need to select fractions that 
are uncontaminated. 

8.5.2. Zsoelectric focussing 

This technique was used by Holmquist and Brostrom (1979) to purify 
a mixture of apo-lipoproteins C-I1 and C-111 that had been prepared 
by solvent extraction. These proteins were focussed on a gradient of 
p H  4.7-5.5 in a bed of Sephadex G-200, which was found to give a 
better resolution than Bio-Gel P-200. By contrast, Marcel et al. (1979) 
used the method on whole apo-VLDL and were able to isolate all the 
individual proteins in a single focussing on a gradient of pH 4-6. 
However, they obtained a better separation of C-I1 and C-111 by a 
second focussing on a gradient of about pH 4.5-5.3. The first 
gradient is also intrinsically inappropriate for the preparation of 
apo-lipoprotein C-I, which has a pZ of about 6.5. This protein was 
recovered in the experiments of Marcel et al., presumably because the 
sodium hydroxide that was used as catholyte modified the upper end 
of the gradient. Better results were obtained on a gradient from pH 5 
to 7. In the following, we shall apply the method described in 
Section 8.1.2. 

Equipment. As in Section 8.1.2. 
Reagents. Ampholytes (LKB-Produkter; Bio-Rad Laboratories); for the separation 

of apo-VLDL, mixtures of pH range 4 4  and 5-7 are needed. For the final refinement 
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Fig. 8.5.  Preparative isoelectric focussing of the soluble components of apo-VLDL. 
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of partially purified C-I1 and C-111, prepare a gradient of pH range 4.5-5.3 by 
pre-focussing, as described in Section 8.1.2. For the purification of C-I, use ampholyte 

Solution B: 29.0 g of urea 
of pH 5-7. 

1.95 g of ampholyte 
Water to 100 ml 

All other reagents as in Section 8.1.2 

Procedure. Dissolve the purified apo-lipoprotein C in solution A 
to a concentration of 5-10 mg of protein/ml. (If the method is to be 
applied directly to apo-VLDL, extract this with the same solvent and 
centrifuge off the undissolved gel of apo-lipoprotein B.) 

Fill the gel tray as described in Section 8.1.2, using the appropriate 
ampholyte. Apply the protein mixture and focus for 18-20 hours. The 
proteins form bands at the positions that correspond approximately 
to the following pH (Fig. 8.5): 

Protein PH 

c-I 6.5 
c-I1 5 .O 
G I &  5.05 

c-111, 4.8 
c-111, 4.95 

Recover the apo-lipoproteins, concentrate them and check their purity 
as before. 

8.6. Isolation of apo-lipoprotein D 

This is a difficult protein to purify, even in the small amounts required 
for the preparation of an antiserum. Indeed, Herbert et al. (1977) 
point out that it may be easier to raise an antiserum against crude 
apo-lipoprotein A-I1 and then to prepare a specific anti-apo-lipopro- 
tein D from this by absorption. Once such an antiserum has been 
isolated, it can be used to prepare an immuno-adsorbent with which 
to separate the D-containing particles from the large excess of other 
lipoproteins. This technique has been used by McConathy and Alau- 
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povic (1976), in combination with chromatography on hydroxyapatite 
(Section 2.3.3) to isolate lipoprotein particles which contain only 
apo-lipoprotein D ('LP-D'). However, the D protein was originally 
isolated from apo-HDL, by chromatography on hydroxyapatite 
(McConathy and Alaupovic, 1973). A more conventional procedure, 
closely akin to that used for the isolation of the A apo-lipoproteins, 
was used by Kostner (1974), namely a preliminary separation of 
apo-HDL, by chromatography in the acetic acid/Sephadex system, 
followed by chromatography on DEAE-cellulose. Since the overall 
yield from this process is only about 0.25'3'0, it is clear that the 
preparation of apo-lipoprotein D should only be attempted by those 
to whom fresh plasma is freely available. However, because there has 
been so little published work on this subject, it is less clear whether 
the method of Kostner is superior to that of McConathy and Alaupo- 
vic. In the former, apo-lipoprotein D elutes from the ion-exchange 
column between apo-lipoproteins A-I1 and A-I, with both of which 
it is heavily contaminated. Kostner (1974) therefore found it necessary 
to collect the eluate in small fractions and to select those which were 
pure. The alternative method depends on the fact that apo-lipopro- 
tein D is desorbed from hydroxyapatite at a lower ionic strength than 
other apo-lipoproteins. The protein fraction was therefore passed 
repeatedly over the adsorbent until only one band was seen on 
electrophoresis in urea gel (Section 6.4.2.3). A final stage of chroma- 
tography on Sephadex, in 2 M acetic acid, provided a pure product 
in an unstated yield. 

In a laboratory where the A proteins are in regular production by 
the method described in Section 8.1.1, the appropriate D-containing 
fractions from the gel filtration column can be acculumated for later 
treatment. However, it is uncertain whether chromatography on 
hydroxyapatite or on DEAE-cellulose is the better choice for the final 
purification. Although at first sight, the hydroxyapatite procedure is 
the simplest to operate, it must be remembered that this adsorbent is 
notoriously variable in its properties and that it may be necessary to 
adjust the procedure if the hydroxyapatite is from a source different 
to that used by McConathy and Alaupovic. 
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Equipment. (1) A siliconised glass column 2.5 cm x 15 cm, packed 
with a mixture of 2 volumes of hydroxyapatite (Bio-Gel HT; Bio-Rad 
Laboratories) with 1 volume of microcrystalline cellulose (Baker TLC 
reagent; Baker Chemical Co.) in 0.001 M K2HP0,. These volumes 
are measured after the adsorbent has settled after suspension in the 
phosphate solution. 

(2) A siliconised glass chromatography column, 2.5 cm x 100 cm, 
packed with Sephadex Gl00 in 2 M acetic acid. 

Reagents. 
Solution A: 8 M urea in 0.001 K,HPO, solution 
Solution B: 0.001 M K,HPO, solution 

Procedure. From 1 litre of fresh plasma, isolate the HDL fraction 
of density 1.12-1.27 g/ml by centrifugation and wash the product 
twice at d = 1.27 g/ml. Dialyse the HDL exhaustively against distilled 
water, freeze-dry and extract five times with chloroform:methanol, 
followed by two washes with diethyl ether. Dissolve the apo-HDL in 
10 ml of solution A and dilute to 2 M with respect to urea by the 
addition of 30 mi of solution B. 

Purge the hydroxyapatite column with 1.0 M K2HP0, solution 
and re-equilibrate with solution B. Apply the apo-HDL solution to 
the column and wash with 50 ml of solution B. Repeat this whole 
process a second time and analyse the eluate by electrophoresis in 
basic urea-gel (Section 6.4.2.3). If more than one band is found, 
continue the purification until no contamination can be detected. To 
remove the urea and to effect a final refinement of this product, 
concentrate it and transfer it to the Sephadex GlOO column. Elute with 
2 M acetic acid and collect the principal protein peak. Confirm the 
identity of this by electrophoretic and immunochemical analysis. 

8.7. Isolation of apo-lipoprotein E 

This protein is difficult to isolate, in part because it is normally present 
in plasma at a relatively low concentration, and in part because it can 
only be dissolved in the most powerful solvents, i.e. 5-6 M guanidine 
hydrochloride, 0.1 M SDeS, or 0.1 M ammonium hydroxide. Con- 
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ventionally, it can be prepared by the same sequence of gel filtration 
and ion-exchange chromatography that is used to isolate the C apo- 
lipoproteins (Section 8.1.1). The best of the gel filtration systems for 
this purpose is probably 5 M guanidine hydrochloride-Sepharose 6B 
(or Bio-Gel 1.5 M) and in some laboratories this procedure is repeated 
until the desired degree of purity is attained. Alternatively, the partial- 
ly purified product can be refined by ion-exchange chromatography 
in the DEAE-cellulose/6 M urea system, from which apo-lipopro- 
tein E is eluted by approximately 0.05 M Tris-HC1 buffer, pH 8.2 
(Shore and Shore, 1973; Shelburne and Quarfordt, 1974). Utermann 
(1975) has also successfully refined this protein by preparative electro- 
phoresis in SDS-polyacrylamide gel. However, isoelectric focussing 
is, at present, the more versatile of the electrophoretic methods and 
has the advantage that it can resolve the polymorphs of apo-lipopro- 
tein E. 

Because filtration chromatography in ultra-pure guanidine or urea 
is expensive, some operators have used 2 M acetic or 2 mM sodium 
decyl sulphate instead. The crude preparations made in this way can 
then be further purified in the guanidine hydrochloride system. How- 
ever, apo-lipoprotein E that has been dissolved in SDS will adsorb 
detergent that may not be completely removed by a gel filtration 
procedure. Protein that is contaminated in this way can be used to 
prepare antisera but may be unfit for other purposes. For critical 
experiments it may therefore be necessary to refine the apo-lipopro- 
tein by chromatography on DEAE-cellulose, or to remove the deter- 
gent as described in the introduction to this chapter. 

The richest source of apo-lipoprotein E is to be found in the VLDL 
fraction, and especially in that of patients who suffer from Fredrick- 
son’s Type I11 hyperlipoproteinaemia (primary dysbetalipoprotei- 
naemia). However, this disorder is rare and is not generally a practi- 
cable source of the apo-lipoprotein, which must be isolated from the 
more common forms of hypertriglyceridaemia. 

Equipment. (1) A siliconised glass column 2.5 cm x 250 cm, packed 
with Sepharose 6B-CL (or Sephadex G200) in solution A (see below). 
(2) Equipment for iso-electric focussing as in Section 8.1.2. 
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Auxiliary equipment as in Section 8.1.1. 
Reagents. Solution A: 477.7 g of guanidine hydrochloride (high grade) 

3.95 g of ammonium bicarbonate 

Also reagents for iso-electric focussing as in Section 8.1.2. 
Water to 1.0 litre 

Procedure. Prepare washed VLDL from the fresh plasma of hypertri- 
glyceridaemic subjects and extract the lipids (Appendix 3) with the 
minimum of delay. Suspend about 75 mg of the protein in 5-7 ml of 
solution A and agitate gently until dissolved, or overnight. Remove 
any insoluble material by centrifugation, transfer the supernatant to 
the gel filtration column and develop with solution A. The elution 
pattern will be in the form of three partially resolved peaks 
(Fig. 8. lb). Collect the second of these, concentrate it and re-chroma- 
tograph under the same conditions. Continue to re-run the central 
peak until it is possible to collect fractions from it that contain 
uncontaminated apo-lipoprotein E, as shown by electrophoresis in 
urea-polyacrylamide gel (Section 6.4.2.3). 

The iso-electric focussing technique described in Section 8.1.2 is a 
quicker method of refinement that may also give better yields. If this 
is adopted, the partially purified E protein from the second stage of 
gel filtration chromatography must be concentrated and then 
thoroughly dialysed against 5 mM ammonium bicarbonate, followed 
by 20 mM N-ethylmorpholine in 6 M urea (solution A of 
Section 8.1.2). Focus this protein mixture on a pH gradient from 
about 4.6 to 5.9, as described for the preparation of apo-lipoprotein 
A-I. The polymorphs of apo-lipoprotein E will then be resolved into 
the five major bands at the alkaline end of the gradient (Fig. 8.5). The 
third and fourth bands of this group lie very close together and appear 
to be forms of E,. Moreover, there is some cross-contamination of 
the other polymorphs and the most acidic of them (E,) is usually 
slightly contaminated with apo-lipoprotein A-I. Elute the proteins 
separately and characterise them by electrophoresis (Sections 6.4.2.3 
and 6.4.2.6) and by immunochemical analysis (Section 6.5). Finally, 
remove the ampholytes by exhaustive dialysis against 5 mM bicarbon- 
ate solution, or by electrodialysis, and concentrate as required. 
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8.8. Isolation of apo-lipoprotein F 

This protein was isolated in minute yield from apo-HDL by Olofsson 
et al. (1978) and the subsequent preparation of an ‘LP-F’ (Koren et 
al., 1982) may lend some colour to the belief that F is a functional 
apo-lipoprotein. However, it is at present of purely academic interest. 
It is a protein of molecular weight about 30000 and when dissolved 
in a highly dissociating solvent should run with apo-lipoprotein A-I 
on gel filtration chromatography (Fig. 8. la). However, perhaps 
because of its acidic nature (PI approximately 4), it tends to form 
complexes when dissolved at high concentration in 2 M acetic acid. 
These complexes elute first from a column of Sephadex Gl00 
(Section 8.1.1) and it was this material that Olofsson et al. (1978) used 
as their source of apo-lipoprotein F. This crude eluate was lyophilis- 
ed, re-dissolved in a mixture of 2-butano1:acetic acid:water (4: 1 :5 by 
vol.) and chromatographed (Rudman et al., 1970) on a column of 
Sephadex LH-20, using the same solvent, to ‘remove any residual 
lipid’. The necessity for this step was not explained. The lipid-free 
protein recovered from this column was dried, dissolved in an 8 M 
urea solution containing 0.001 M potassium dihydrogen phosphate, 
pH 3.5, and then run through a column of carboxymethyl cellulose 
(Cellex-CM; Bio-Rad Laboratories) in the same solvent. Apo-lipopro- 
tein F is not retained under these conditions and, by repeating this 
step two or three times, it was possible to obtain a product that was 
free of contaminating apo-lipoproteins as judged by immuno-chemi- 
cal analysis. 

8.9. The estimation of apo-lipoproteins 

At the outset, it must be said that there is little evidence that the 
available methods for the estimation of individual apo-lipoproteins 
are the products of exhaustive technical investigation. The different 
protocols used in different laboratories may indicate that variations 
in at least some of the experimental conditions can be tolerated. 
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TABLE 8.1 
Mean apo-lipoprotein levels in normal human serum (Alaupovic et al., 1983) 
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However, the limits of this variation are not generally known and the 
procedures that are described below must be taken as a guide only. 
Each method must be exhaustively validated before it can be confi- 
dently brought into use. However, here the analyst may meet another 
obstacle. The specificity of immunoassays opens the prospect, espe- 
cially attractive for routine clinical purposes, of estimating an apo- 
lipoprotein in a native lipoprotein, or in serum, without prior delipid- 
ation and isolation. Unfortunately, under these circumstances, there 
is no satisfactory reference method of analysis and each procedure 
must be confirmed by parallel analyses using several other methods. 

Three general procedures have been used to quantify the apo-lipo- 
proteins: 

(1) Separation by chromatography, followed by conventional de- 
termination of the proteins. The principal disadvantages of this 
method are its low sensitivity and the poor resolution that is achieved. 
Added to this, it is first necessary to isolate a purified specimen of 
the lipoprotein, and the final recovery of protein is often substantially 
short of 100%. In general, the technique is too inaccurate for critical 
work and too cumbersome for clinical studies. Nevertheless, it has 
occasionally been used to obtain, for example, an approximate esti- 
mate of the amount of apo-lipoprotein C in VLDL. The value of the 
technique may be improved by the introduction of HPLC (Hancock 
et al., 1981) but the promise of this development has yet to be 
substantiated. 

We do not propose to describe these methods in detail, but shall 
refer would-be users to the survey by Herbert et al. (1977). 

(2) Separation by electrophoresis, followed by staining and pho- 
tometric estimation. This technique is more sensitive than the chroma- 
tographic method but is subject to essentially the same disadvantages. 
Moreover, the proteins may not all be equally ‘chromogenic’ under 
the staining conditions that are used and, unless this can be decided 
with the aid of pure, authentic apo-lipoproteins, the estimates will be 
subject to a degree of uncertainty. In addition, the reproducibility of 
the staining and the linearity of the photometric response must not 
only be determined at the outset, but must be regularly monitored 
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while the method is in use. In short, if this method is to yield really 
creditable results, the most assiduous attention must be paid to the 
strict control of the working conditions. 

Despite these drawbacks, electrophoretic analysis has attractions 
for those laboratories that lack facilities for quantitative immunoas- 
say. In particular? it allows an estimate to be made of those apo-lipo- 
proteins for which specific antisera are not readily available. 

(3) Immunoassays. Four different immunochemical techniques 
have been used to determine plasma apo-lipoproteins. These have 
been reviewed in the context of apo-lipoproteins A-I and B by the 
Standardisation Committee of the International Union of Immunol- 
ogical Societies, whose summaries of the subject should be read by 
all who propose to estimate these proteins by immunoassay (Steinberg 
et a]., 1983; Rosseneu et al., 1983). The three most widely used 
methods for the immunoassay of apo-lipoproteins have also been 
reviewed by Karlin and Rubenstein (1979). Practical descriptions of 
the general techniques are available in many monographs (e.g. 
Clausen, 1981; Chard, 1981; Walker, 1977). 

These methods are all not only more sensitive and more specific 
than the chromatographic or electrophoretic procedures, but they do 
not require the preliminary isolation of the lipoproteins. Thus, 
although they are at least as technically exacting, they tend to be less 
time-consuming and are the better suited to clinical use. However, 
their requirement for monospecific antisera to the apo-lipoproteins is 
considerable and, in many laboratories, this is a serious limitation to 
their use. In addition, there are several practical difficulties that are 
common to most methods for the immunoassay of apo-lipoproteins 
and which can arise from the characteristic properties of antisera and 
lipoproteins (Karlin and Rubinstein, 1979; Albers et al., 1980; 
Cheung, 1981): 

(a) In general, the antiserum to a given apo-lipoprotein will consist 
of a heterogeneous population of antibodies which are directed, with 
different affinities? to different antigenic sites. Consequently, differ- 
ent batches of antiserum may not yield the same results when used 
in the same assay system. 
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(b) When the apo-lipoprotein forms a part of the lipoprotein 
complex, some of its antigenic sites may be masked by the lipid 
moiety, with a consequent loss of reactivity towards an antiserum that 
has been raised against the purified apo-lipoprotein. This can lead to 
a serious error if the apo-lipoprotein in the intact lipoprotein is 
assayed by reference to the pure protein. To avoid this, it may be 
necessary to dissociate the lipid from the protein before the analysis, 
using the methods that we shall describe later. 

(c) Because the lipoprotein particles are not all identical, their 
reactivities towards a given antiserum may also differ. This is particu- 
larly relevant in the case of apo-lipoprotein B, which must be assayed 
in the intact low-density lipoprotein particles. Because these are 
widely different in size and composition, their immuno-reactivity may 
not be uniform over the whole range, and the observed result will 
depend on the lipoprotein distribution. 

(d) Free apo-lipoproteins tend to aggregate and to form a mixture 
of oligomers, the nature of which depends on the protein concen- 
tration and on the pH, ionic strength and temperature of the solution. 
Since these oligomers will differ in their physical properties (e.g. 
diffusivity) and possibly in their immunochemistry also, differences 
in the conditions under which the samples or standards are assayed 
can be a source of error. The apo-lipoproteins that are used as 
standards should be stored at low temperature and low concentration 
in 3 M guanidine hydrochloride solution. 

(e) The immuno-reactivity of lipoproteins and of isolated apo-lipo- 
proteins can decrease on storage. However, the rate at which the 
activity is 'lost' tends to be unpredictable and appears to depend on 
unidentified features of the storage conditions. According to Kahan 
and Sundblad (1969), serum apo-lipoprotein B is stable for 6 months 
at 5 "C but is slowly lost at - 20 "C. By contrast, Karlin et al. (1978) 
found it to be stable for up to 12 months in frozen serum. More 
surprisingly perhaps, Albers et al. (1975) were able to recover 100% 
from lyophilised serum after 4 months and Alaupovic et al. (1979) 
found no loss of apo-lipoprotein B in serum that had been stored for 
15 days at 37 "C. Under these conditions however, apo-lipopro- 
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tein A-I was markedly unstable, 40% being lost even when penicillin 
or 0.1% EDTA was present. The addition of 0.1% Thimerosal 
improved the stability slightly, cutting the loss after 15 days to 28%. 
The importance of temperature is reflected in the fact that 13% of 
the A-I in native serum was lost after 15 days at 4 "C, while there was 
no loss after the same period at - 5 "C. In these experiments, storage 
at 37 "C had no effect on the recovery of apo-lipoproteins A-I1 or 
c-111. 

By contrast with the apparent stability of apo-lipoprotein B in 
serum, its immunological integrity in isolated LDL falls by about 1 Yo 
per day during storage at 4 "C. Clearly, this phenomenon is significant 
for the maintenance of reliable standards, and for the preservation 
of specimens prior to their analysis. It is one that should be investigat- 
ed under local conditions. 

( I )  Radial immuno-diffusion. This method (Mancini et al., 1965) has 
the merit that it requires the simplest of apparatus and is economical 
to run. On the other hand, it consumes relatively large quantities of 
antiserum and is comparatively insensitive, having a lower limit of 
about 10 pg/ml, although intensification techniques will lower this to 
about 1 pg/ml (Simmons, 1971; Sieber and Becker, 1974; Wieja and 
Smith, 1976). It is also comparatively slow because the timethat must 
elapse before the plates can be read is usually considerably more than 
24 hours. 

In a critical discussion of the technique, Albers et al. (1980) pointed 
out that, not only must the antibody be specific for the antigen but 
that the latter must be able to migrate freely into the agar gel. 
Moreover, the protein under assay should have about the same 
specific immunoreactivity as the standard and also have a comparable 
molecular weight or molecular weight distribution. That these con- 
ditions may not always be satisfied can be seen from paragraphs (b) 
to (d) above. In particular, it is impossible to  obtain generally reliable 
estimates of total plasma apo-lipoprotein B by RID, since the larger 
of the low-density lipoprotein particles may not enter the gel at all. 
Moreover, it is important to note that apo-lipoprotein A-I is largely 
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inaccessible to antiserum when it is bound to the lipoprotein. This 
obstacle can be overcome by adding tetramethyl urea to the serum and 
then diluting it with Tris/8 M urea before the assay. Denaturation is 
apparently unnecessary for the estimation of other apo-lipoproteins, 
or for Lp(a). Although Kushwaha et al. (1977) added TMU to their 
assays of apo-lipoprotein E, this was apparently a precautionary 
measure. 

Despite its simplicity, RID requires the most careful attention to 
technical detail if accuracy is to be maintained. For example, errors 
can result if the gel is of uneven thickness or is not thoroughly mixed 
with the antiserum, if the test wells are too close together or are 
clumsily filled, if the samples are inaccurately diluted, or the tempera- 
ture varies while the plates are incubated. 

Methods have been published for the estimation of the following apo-lipoproteins 
by RID: 
A-I: 
A-11: Cheung and Albers (1977) 
B: 

D: 
E: 
and also for Lp(a): Albers et al. (1975a). 

Albers et al. (1976); Reman and Vermond (1978) 

Lees (1970); Albers et al. (1975); Sniderman et al. (1975); Curry et al. (1978); 
Havekes et al. (1981) 
Curry et al. (1977); Albers et al. (1981) 
Curry et al. (1976b); Kushwaha et al. (1977) 

(2) Electro-immunoassay (EIA). The technique can be more sensitive 
than RID, uses less antiserum and is considerably quicker. However, 
it is no less demanding in its standard of expertise and requires the 
equipment for electrophoresis in agarose gels. All the major apo-lipo- 
proteins have been assayed by this method, with what appear to be 
satisfactory results, despite some unresolved technical reservations. 
For example, Laurel1 (1972) considered that EIA was not satisfactory 
for the estimation of substances with a molecular weight much in 
excess of 40 OOO, and cited &lipoprotein as an example which would 
fail, probably because the antigen-antibody precipitate would clog the 
pores of the gel. Nonetheless, EIA has been used to obtain estimates 
of the apo-lipoprotein B in both LDL and VLDL, and also of the 
apo-lipoprotein A (i.e. A-I + A-11) in HDL, which were in acceptable 
agreement with the results of gravimetric analysis (Curry et al., 1976a, 
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1978). Moreover, the estimates of apo-lipoprotein B in LDL were 
confirmed by parallel analyses made by RID and by radio-immunoas- 
say (RIA) (Curry et al., 1978). However, a similar comparison of the 
analyses of isolated VLDL showed that the amount of apo-lipopro- 
tein B measured by EIA was about 65% greater than was estimated 
by either RID or RIA. Calvert et al. (1979) have also found the same 
difference between EIA and RIA, in experiments in which the EIA 
was confirmed by a colorimetric TMU extraction method. The differ- 
ence between EIA and RID may be at least partly explained by the 
restricted diffusion of the large VLDL particles in agarose gel. It is 
less easy to account for the disagreement with RIA, in which VLDL 
is said to react like LDL. Calvert et al. (1979) have suggested that the 
concordance between the EIA and gravimetric analyses of VLDL is 
fortuitous, low immuno-reactivity in these particles being counter- 
balanced by their greater electrophoretic mobility, but this hypothesis 
is unconfirmed. While it is clear that EIA can be used to make 
acceptable estimates of apo-lipoprotein B in normal sera, the circum- 
stances in which it can be used to obtain valid results with hypertrigly- 
ceridaemic sera deserve further investigation. 

A second uncertainty arises from the fact that the reactivity of 
apo-lipoprotein A-I towards its antiserum in the EIA is apparently the 
same when it is bound to the lipoprotein particle as when it is free 
(Curry et al., 1976a). This is in contrast to the other immunoassays, 
in which it has been found necessary to add dissociating agents to 
plasma or lipoproteins to ensure that all the antigenic sites on the A-I 
protein are available. In practice, the addition of urea, tetramethyl 
urea, Triton X- 100 or sodium dodecyl sulphate lowered the recovery 
of apo-lipoproteins A-I and A-I1 in the electro-immunoassays report- 
ed by Alaupovic et al. (1979). Even the removal of lipid by solvent 
extraction did not expose any additional determinants to the antisera 
to these two proteins (Curry et al., 1976a). 

Some doubt has also been expressed as to exactly what is measured 
if the antiserum used in the EIA is polyspecific, e.g. anti-apo-HDL 
or anti-apo-lipoprotein C. In practice however, it appears that accept- 
able results can be obtained with antisera of this kind, which are often 
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the only ones that are commercially available. 
As it is generally operated, the sensitivity of the EIA is such that 

the lowest measurable concentration of apo-lipoprotein is approxi- 
mately 2 pg/ml (i.e. 20 ng/lO pl sample). To attain and maintain a 
satisfactory performance at this sensitivity requires careful attention 
to the experimental conditions under which the assay is run. These 
are complex (Laurell, 1972; Weeke, 1973; Verbruggen, 1975) and 
must be determined by an exhaustive study for each apo-lipoprotein. 
This is a laborious operation which makes EIA less suitable for casual 
analyses than RID. On the other hand, the greater sensitivity of EIA 
makes it more easily possible to measure apo-lipoproteins such as D 
and E directly in plasma despite their relatively low concentration. 
Unfortunately, EIA is less well adapted to large-scale routine clinical 
use than RIA, even when the precipitin ‘rockets’ are read directly into 
a computer (Weech, 1981), and it is probably significant that essen- 
tially only one laboratory has adopted this procedure on a large scale. 

The intra-assay coefficient of variation for EIA has been variously 
reported to be between about 1.5 and 8% with an average of about 
4.5%. Between assays, the CV has ranged from about 3% to about 
lo%, with a mean of about 6.5%. 

Detailed procedures have been published for the electro-immunoassay of the follow- 
ing apo-lipoproteins. 
A-I and A-11: Curry et al. (1976a); Hosler (1980); Miller et al. (1980); Mordasini and 

Riesen (1980); Fruchart et al. (1982) 
B: Curry et al. (1978); Reardon et al. (1981); Fruchart et al. (1981, 1982); 

Havekes et al. (1981) 
C-I and C-11: Curry et al. (1981); Jauhiainen et al. (1983) 
c-111: Curry et al. (1980) 
D: Curry et al. (1977) 
E: Curry et al. (1976b) 

(3) Radio-immunoassay (RIA). Of the three immunoassays, this is the 
most sensitive and economical of antiserum, but it requires the most 
elaborate equipment. High sensitivity is not generally needed for the 
determination of the apo-lipoproteins in human serum but it makes 
RIA the method of choice for metabolic studies, where the amount 
of protein is often small, e.g. in small animals, perfused livers, or in 
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tissue cultures. On the other hand, RIA is a well established technique, 
which is widely documented (e.g. Chard, 1981). Its use for the routine 
estimation of the apo-lipoproteins in plasma may therefore be attrac- 
tive to laboratories in which other radio-immunoassays are already 
in use. This application of RIA has been reviewed by Karlin and 
Rubenstein (1979), and follows established practice, although there 
are special considerations that arise from the nature of the lipopro- 
teins : 

(a) As usual, the antiserum should be monospecific and of high 
titre. However, if it is prepared from a pure apo-lipoprotein, the 
antibodies may be directed towards determinants that are not fully 
exposed in the native lipoprotein. It is then necessary to unmask these 
sites, as is well established for the case of apo-lipoprotein A-I. This 
can be done by extracting the lipids (Schonfeld and Pfleger, 1974), 
but it is a laborious procedure when many samples must be treated. 
Karlin et al. (1976) simply diluted the plasma (or HDL) and heated 
it at 52°C for 3 hours and found this to give recoveries as good as 
those obtained after extraction with solvents. However, the same 
result can be achieved even more easily by performing the assay in the 
presence of either 0.05 M sodium decyl sulphate (Fainaru et al., 1976) 
or 0.32% of Tween 20 (Ma0 and Kottke, 1980a). 

The apo-lipoprotein B component of LDL appears to be complete- 
ly available to antisera to either the isolated protein, or to whole LDL, 
but there is some uncertainty about the accessibility of the apo-lipo- 
protein B in VLDL. According to Albers et al. (1975), the RIA will 
detect only 65% of the apo-lipoprotein B in isolated VLDL but will 
measure all of it when the VLDL is present in serum. By contrast, 
Curry et al. (1978) found low recoveries of apo-lipoprotein B in both 
isolated VLDL and in plasma. Schonfeld et al. (1974) differed from 
both of these in finding substantial agreement between RIA and a 
chromatographic assay of the B protein in isolated VLDL. Unfortu- 
nately, as we have already pointed out, immunoassays are difficult 
to check by reference chemical analysis and, despite the optimistic 
reports from some laboratories, further studies are needed to deter- 
mine the conditions under which satisfactory analyses of VLDL are 
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possible. 
It is generally agreed that no denaturation is necessary for the 

estimation of apo-lipoproteins A-I1 and C-111, but the position is less 
clear in the case of the C-11 and E proteins. According to Kashyap 
et al. (1977), bound apo-lipoprotein C-I1 is completely accessible and 
requires no pretreatment of serum. By contrast, Barr et al. (1981) 
found that some of the antigenic sites on this protein are masked but 
could be made accessible by adding 0.06% of Tween-20 to the assay 
medium. Likewise, Fainaru et al. (1977a) found pretreatment to be 
unnecessary for the estimation of apo-lipoprotein E, whereas Falko 
et al. (1980) incubated plasma in 7.2 M urea for 2 hours at 37 "C. The 
reason for these disagreements is not certain but may be the result of 
differences between the antisera used in the experiments. In any event, 
it appears that it may always be prudent to check the necessity for 
pretreatment of serum samples under the conditions that prevail in 
each laboratory. 

(b) Labelling of the tracer antigen. This should be of a high specific 
activity but must be immunochemically indistinguishable from the 
unlabelled antigen. This presents little problem with the apo-lipopro- 
teins which, with the exception of apo-lipoprotein C-I, can be satis- 
factorily labelled with radioactive iodine by any of the conventional 
methods, e.g. using chloramine-T (Greenwood et al., 1963; Hunter, 
1970), iodine monochloride (McFarlane, 1958) or lactoperoxidase 
(Marchalonis, 1969). The labelling of intact lipoproteins can be more 
difficult however, because the reIatively fragile particles are easiIy 
degraded and the presence of many unsaturated lipids leads to the 
incorporation of label into the lipid moiety. The latter can be a 
particularly difficult problem if the lipoprotein is not human, because 
the proportion of unsaturated fatty acids in animals if often greater 
than in man. For the technique of labelling, see Appendix 6. The 
labelled tracer is open to degradation by the radiolytic fission pro- 
ducts of the water in which it is dissolved, a process that can be 
minimised by the addition of an excess (e.g. 1-3 g/dl) of a scavenger 
protein such as bovine serum albumin. In the case of apo-lipopro- 
tein E however, Fainaru et al. (1977a) found that both the labelled 



432 A GUIDEBOOK TO LIPOPROTEIN TE.CHNIQUE 

and the unlabelled protein were ‘unstable’ in the absence of sodium 
decyl sulphate. They therefore dissolved the labelled E protein in a 
solution of 0.1 M sodium decyl sulphate in 0.05 M phosphate buffer, 
pH 7.2, which contained 1% of bovine serum albumin. Under these 
conditions, the tracer could be stored for up to 4 weeks at 4°C. 
Despite the presence of albumin however, all the tracer proteins 
undergo some degradation during storage at 4 ° C  and it is a good 
practice to remove the breakdown products by gel chromatography, 
not less than 24 hours before use. 

Like the EIA, radio-immunoassay is laborious to set up and to 
maintain, and is therefore unsuitable for casual analyses. The useful 
limit of detection can extend down to about 3-5 ng of apo-lipopro- 
tein, with a discrimination of about 1 ng within the working range. 
However, since this sensitivity is rarely needed for the estimation of 
apo-lipoprotein in human plasma, it may be convenient to adjust the 
conditions of the assay to give a lower response. This also lessens the 
need for an extensive dilution of the plasma, which can be a source 
of error. The average coefficient of variation of the published proce- 
dures is about 6Vo within assays (3.5-10.5) and about 8% between 
assays (4-1 1). 

Since apo-lipoprotein C-I contains no tyrosine, it cannot be labelled 
satisfactorily with radioactive iodine. 

proteins are of the double-antibody type: 
A-I: 

A-11: 

B: 

C-11: 
C-111: 
E: 

son et al. (1976). For the assay of Lp(a), see Albers et al. (1977). 

Most of the procedures that have been published for the RIA of the other apo-lipo- 

Schonfeld and Pfleger (1974); Fainaru et al. (1975, 1976); Karlin et al. (1976, 
1979); Schonfeld et al. (1976); Assman et al. (1977) 
Mao et al. (1975); Assman et al. (1977); Schonfeld et al. (1977); Goldberg et 
al. (1980) 
Eaton and Kipnis (1%9); Gotto et al. (1973); Schonfeld et al. (1974); Albers 
et al. (1975); Bautovich et al. (1975); Bedford et al. (1976); Karlin et al. (1978) 
Kashyap et al. (1977); Schonfeld et al. (1979); Barr et al. (1981) 
Schonfeld et al. (1979); Mao et at. (1980); Kashyap et al. (1981) 
Falko et al. (1980); Blum et al. (1980). 

In addition, a solid-phase assay for apo-lipoprotein B has been described by Thomp- 

(4)  Immuno-nephelometry. This comparatively new technique has 
been successfully used to determine serum proteins and could prob- 
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ably be used equally well to estimate isolated apo-lipoproteins. In 
practice however, interest has centred entirely on its use for the 
measurement of apo-lipoproteins A-I and B in native serum. Unfor- 
tunately, the presence of the lipoproteins themselves is a serious 
obstacle insofar as they contribute significantly to the light scattering 
potential of the serum, especially in cases of hypertriglyceridaemia. 
The effects of this have been considered is some detail by Heuck et 
al. (1983), who considered that satisfactory estimates of apo-lipopro- 
teins A-I could not be made in solutioiis of intact lipoproteins. They 
therefore extracted the serum with organic solvents before the assay. 
Other workers have minimised the problem by restricting their assays 
to normolipaemic sera, and still others have ignored it. This last 
approach has led, at least in some cases, to results that are clearly 
unsatisfactory. Regrettably it must be said that, at the time of writing, 
the immunonephelometric assay of apo-lipoproteins is at an early and 
tentative stage of development and we shall not describe it in detail. 
To those who wish to study the potential of the method, we recom- 
mend, in addition to the paper by Heuck et al. (1983), the useful 
practical survey by Whicher and Blow (1980) and the description of 
the rate nephelometer by Sternberg (1 977). 

Preparation and storage of reference standards. A significant difficul- 
ty that is common to all micro-methods of apo-lipoprotein assay is 
that of standardisation. Although reference solutions of the more 
readily soluble apo-lipoproteins can be prepared from pure, dry 
protein in the conventional way, this can make demands on the supply 
of protein that it is not feasible to satisfy. Moreover, as we have 
already remarked, the isolated apo-lipoproteins are not completely 
stable in solution, their immuno-reactivity declining slowly during 
storage. It is therefore usually necessary to set up secondary standards 
of serum in which the relevant apo-lipoproteins have been accurately 
determined by reference to a freshly prepared primary standard. Since 
these secondary standards are stable only when frozen and must not 
be repeatedly frozen and thawed, a large batch must be divided into 
many separate small samples which can be used for a brief period and 
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then discarded. 
Because of its insolubility, primary standards of apo-lipoprotein B 

are somewhat more difficult to prepare and maintain than those of 
other apo-lipoproteins. Purified apo-lipoprotein B is the best refer- 
ence, and is relatively easy to prepare in large amounts. However, it 
is often dissolved in alkaline solvents that are not conducive to 
prolonged stability. LP-B is soluble in neutral buffers but is tedious 
to prepare and is no more stable than any other isolated lipoprotein. 
In fact, it is common practice to use a narrow fraction of LDL, or 
the protein extract thereof, on the assumption that the error introduc- 
ed by the impurity of such a standard is comparable with that intrinsic 
to the assay procedure. For example, Karlin et al. (1978) dissolved 
apo-LDL (from LDL of d = 1.030-1.040 g/ml) in 0.02 M glycine 
buffer of pH 10 and stored this at 4 "C, but they quote no effective 
life-time for the solution. The same authors also used a standard 
solution of LDL which was said to be usable for up to 4 weeks if stored 
under nitrogen at 4 "C, an experience that confirmed the observations 
of Thompson et al. (1976). It is possible that a longer period of 
stability would result if the lipoprotein is dissolved in 20 070 sucrose 
solution, but this has apparently not been investigated. 

The protein content of the primary standard, whether it is prepared 
from lipoprotein or apo-lipoprotein, must be confirmed by chemical 
estimation: 

(1) The method of Lowry et al. (1951) is the most widely used for 
this purpose, appropriate adjustments being made for differences 
between the chromogenicity of the apo-lipoproteins and of the albu- 
min that is commonly used as the standard (Section 6.4.1). 

(2) Quantitative aminoacid analysis has also frequently been used. 
This has the advantage that it will allow the identity and purity of an 
apo-lipoprotein that is characterised by the lack of an aminoacid(s) 
to be confirmed. 

(3) Kjeldahl nitrogen determination (Williams and Chase, 1968). 
The factor that is needed to convert the estimate of nitrogen into 
weight of apo-lipoprotein can be determined from the published 
aminoacid analyses in each case. 
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Secondary standards, which contain more than one apo-lipopro- 
tein, are generally calibrated by an immunoassay in which the refer- 
ence has been standardised by one or more of the above methods. 
However, Weech et al. (1980) have pointed out that it is also possible 
to do this successfully by isotope dilution methods. 

The method used by Albers et al. (1976; 1981) to prepare secondary 
standards is simple and effective, but it is not clear for how long the 
storage can be extended. A preservative solution containing 5.0 g of 
sodium azide, 0.1 g of chloramphenicol and 0.05 g of gentamycin per 
litre is added to a normal human serum at the rate of 1 part per 100 
by volume. Small samples of this mixture (0.25-0.5 ml) are sealed into 
ampoules, quick frozen on dry-ice and stored at - 20 "C until needed. 

In the procedure described by Curry et al. (1976a), which has been 
used to standardise the immuno-assay of several apo-lipoproteins, a 
normal human serum pool is diluted to the appropriate degree with 
a solution that contains 85.5 g of sucrose, 9 g of NaCl and 1.0 g of 
sodium azide per litre. The diluted serum is then dialysed against the 
same diluent, after which the concentration of the relevant apo-lipo- 
protein is carefully determined and the solution sub-divided into 
volumes of 0.5 ml, in 2 ml ampoules. These are rapidly frozen at 
-70°C and lyophilised, following which the ampoules are purged 
with nitrogen and sealed. Under these conditions, the serum is said 
to be stable at - 30 "C for up to three years and can be re-dissoIved 
in distilled water when required. 

8.9. I .  Apo-lipoprotein assay by electrophoresis 

The following procedure is that of Kane et al. (1975), in which the 
apo-lipoproteins are resolved by electrophoresis in alkaline-urea gel. 
In some cases however, iso-electric focussing may give a better reso- 
lution, and Catapano et al. (1978) have described a similar method 
that was designed to analyse the C apo-lipoproteins in this way. 

The lipoprotein is treated with tetramethyl urea (Kane, 1973) and 
the soluble apo-lipoproteins separated by electrophoresis, essentially 
as described in Section 6.4.2.3. 
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Equipment. As in Section 6.4.2.3. Kane et al. (1975) also recom- 
mend the use of a continuous-flow de-staining apparatus (e.g. Hoefer 
Scientific Instruments) to ensure the rapid and reproducible de- 
staining of the gels. A photometric densitometer is also needed. This 
must be capable of scanning a 6 mm gel of up to 120 mm length. 

Reagents. In addition to those given in Section 6.4.2.3, the follow- 
ing solutions are needed. 
Reducing reagent: 0.1 ml of thiodiglycol 

0.25 ml of mercaptoacetic acid 
0.2 g of tetrasodium ethylenediamine tetra-acetate 
10 ml of cathode buffer adjusted to pH 8.5 
the Tris-glycine catholyte of Section 6.4.2.3 is titrated to pH 9.7 
with NaOH 
1 9'0 Amidoschwarz 10B (w/v) in 7 9'0 acetic acid (v/v) 

pH 9.7 buffer: 

Stain: 

Apo-lipoprotein standards: dissolve the pure protein in 0.05 M 
ammonium bicarbonate solution and determine the concentration by 
the Lowry method (Section 6.4.1.1). Dilute with pH 8.91 cathode 
buffer (Section 6.4.2.3) to give a series of six standards with concen- 
trations in the range 0.2-5.0 mg/ml. 

Procedure. The gels are prepared as described in Section 6.4.2.3, 
except that the separating gel is increased in length to an extent that 
is consistent with the size of the sample that is to be applied (a sample 
of 0.25 ml is the largest that can be accommodated on a gel 115 mm 
long). 

When the method is first set up, it is necessary to establish the 
dose-response curve for each apo-lipoprotein under the conditions of 
the analysis. This must be done by running pure apo-lipoprotein 
preparations at several different known concentrations, which are 
determined by conventional protein estimation (Kane et al., 1975, 
used aminoacid analysis). A plot of protein concentration against the 
corresponding area under the densitometric response curve should be 
a straight line of characteristic slope. Under the conditions used by 
Kane et al., the values for the following apo-lipoproteins were 
C-I 
C-11 
C-Ill 
E 

1.36 +_ 0.11 O.D. units/gg of protein 
1.59 f 0.1 O.D. units/pg of protein 
1.09 2 0.06 O.D. units/pg of protein 
1.06 * 0.02 O.D. units/gg of protein 
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Note that it is important to ascertain that the dose-response curve 
obtained when different dilutions of lipoprotein are analysed is paral- 
lel to that given by the pure apo-lipoprotein. 

The range over which the response is linear may extend to as much 
as 400 pg of protein. In practice however, the upper limit is likely to 
be set by the proportion of the apo-lipoprotein in the material under 
analysis. For example, because apo-lipoproteins C-I and C-I1 are 
normally present in only small amounts, it may be necessary to apply 
as much as 200 pg of TMU soluble protein to the gel in order to obtain 
reliable analyses. But a load of this magnitude may lead to an 
inadequate resolution of other, more prominent apo-lipoproteins 
which must be estimated from gels run with a lower load factor. 
Moreover, Kane et al. (1975) found that, although the response curve 
obtained with pure apo-lipoprotein E is linear up to 150 pg, there is 
a progressive fall in the recovery from VLDL when the total protein 
in the sample exceeded 350 pg. This accordingly sets a practical limit 
to the load when this apo-lipoprotein is estimated. 

Each lipoprotein sample should therefore be run in duplicate, at 
several different loads of between 50 and 250 pg of TMU-soluble 
protein, in a volume of at least 50 pl of buffer of ionic strength not 
less than 0.05, and of pH between 6 and 9. Replicate standard 
mixtures must also be run concurrently, under the same conditions. 
Pipette each sample onto the prepared gel and immediately add an 
equal volume of pure TMU. Mix with the tip of a Pasteur pipette and 
add the reducing reagent and 80 070 sucrose solution, both in amount 
equal to 10 070 of the sample volume. After a final mix, fill the gel tube 
and the cathode chamber with the pH 8.91 electrolyte as described in 
Section 6.4.2.3. Apply a current of 1.25 mA/gel at once. When the 
tracking dye has entered the separating gel, remove the cathode buffer 
and replace it with the pH 9.7 buffer. Continue the electrophoresis 
at a current of 2.5 mA/gel until 30 min after the tracking dye has 
passed out of the bottom of the tube. 

Take the tube from the apparatus and wash the precipitate of lipid 
and apo-lipoprotein B off the top of the gel with a fine jet of water. 
Next remove the gel from the tube as in Section 5.5.1 and immerse 
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it in a test-tube full of the Amidoschwarz stain for 18 hours. De-stain 
the gel in 7 070 acetic acid in the continuous-flow apparatus for 5 hours. 
Then re-charge the apparatus with fresh 7 'To acetic acid and continue 
to de-stain for a further 18 hours. Finally, discard this extract and 
replace it by a solution of 0.5 mg of Amidoschwardlitre of 7 070 acetic 
acid, in which the gel is allowed to equilibrate for 24 hours. 

Scan each gel in the photo-densitometer and determine the area 
under each peak. The dose-response curves can then be plotted for 
each apo-lipoprotein standard and used to estimate the amount pres- 
ent in the test samples. This operation can easily and advantageously 
be carried out on a micro-computer. 

8.9.2. Radial immuno-diffusion 

The following general method for the assay of apo-lipoproteins is 
based on the procedures of Albers and Hazzard (1974) and Albers et 
al. (1981). In each case however, the details of the method must be 
established by comprehensive trials before it is put to use. 

Equipment. It is convenient and economical to cast the gels in 
rectangular plastic dishes (e.g. 125 x 125 x 12 mm) which must be 
rinsed with a 1 070 solution of silicone before use. Provision must also 
be made for incubating the prepared plates at a constant temperature, 
in a moist atmosphere. 

The diameter of the precipitin rings must be measured to an 
accuracy of 0.1 mm, either with a magnifying lens that incorporates 
a micrometer scale (e.g. Bausch and Lomb Inc.) or with equipment 
specifically designed for the purpose (e.g. Transidyne General Corp.). 

Reagen fs. 
Agarose as in Section 5.4 
Tetramethylurea (Section 6.4.1.2) 
8 M urea in half-strength buffer A. 
Buffer A: 2.42 g of Tris@ydroxymethyl)aminomethane 

30 ml of 0.1 M HCI 
8.78 g of sodium chloride 
0.372 g of disodium EDTA 
0.5 g of sodium azide 
Water to 1.0 litre (adjust pH to 8.0) 

Buffer B: 1 g of bovine serum albumin in 100 ml of buffer A 
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Apo-lipoprotein standards: dissolve the pure protein in 0.05 M 
ammonium bicarbonate solution and determine the concentration by 
the Lowry method (Section 6.4.1.1). Dilute with buffer A, to which 
0.1 Vo Tween 20 has been added, to give a series of six standards with 
concentrations in the range 40-450 pg/ml. 

Procedure. The antiserum must first be diluted with buffer B to an 
extent that must be determined by preliminary experiments and may 
range from 1: 10 to 1: 100. A sufficient quantity of the dilute antiserum 
is then mixed with an equal volume of 2 %  agarose in buffer A to 
provide enough mixture to fill the dishes to a depth of 1.5 mm (i.e. 
15 ml for each 100 sq. cm. of area). 

Prepare the 2 '7'0 agarose solution by heating on a water-bath as in 
Section 5.4. Meanwhile warm the appropriate volume of diluted 
antiserum and the siliconed dishes to 55°C. When the agarose is 
completely dissolved, coo1 it to 55 "C and mix thoroughly with the 
warm antiserum (avoid introducing air bubbles). Set the warm dishes 
on a level surface and immediately pour in the calculated volume of 
gel mixture. Allow to set for 30 minutes. 

The number of wells that can be punched in the gel will depend on 
their size and on the concentration of the antiserum. As a guide, 4 p1 
welis (about 1.8 mm diam.) can be 11-12 mm apart from centre to 
centre, whereas 5 pl wells (about 2.2 mm diam.) should be 14-15 mm 
apart. Set the cold gel over an appropriately ruled grid and punch the 
required array of holes. 

Preparation of samples. Samples of lipoprotein or serum that are 
to be assayed for the A-I and A-I1 apo-lipoproteins must first be 
treated with tetramethyl urea and urea as follows. To 50 p1 of sample, 
add 50 pl of TMU and mix. Next add 400 p1 of 8 M urea in 0.01 M 
Tris buffer and stand for 30 minutes before transferring an aliquot 
to the gel. 

Because RID is unreliable for the estimation of apo-lipoprotein B 
in the VLDL, these should be removed from plasma by a preliminary 
centrifugation before samples, suitably diluted with buffer A, are 
applied to the gel. 

Samples that are to be assayed for apo-lipoproteins D and E need 
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only to be appropriately diluted with buffer A before analysis. 
Notice that the dilution and volume of the sample should be such 

that, at the concentration of antiserum used, the precipitin rings are 
from about 3.5 to 10 mm in diameter. 

Run each sample in duplicate, in wells that are different quadrants 
of the gel. Likewise, distribute each of the six different standards, in 
duplicate, at random across the gel. As soon as the gel is loaded, 
transfer it to a level surface in the humid chamber and incubate at 
37 "C until the precipitin rings reach their equilibrium positions. This 
may take from 24 to 172 hours. Finally, measure the diameter of the 
rings, in at least two directions, to 0.1 mm. 

Computution. Calculate the mean area of the precipitin ring for 
each sample and standard. A plot of area vs. concentration for the 
six standards should fit closely to a straight line (r>0.99) over the 
working range of the assay, although the latter, like the slope of the 
line, will be different for each apo-lipoprotein. Note that, when the 
assay is first set up, it is important to determine whether dilutions of 
a single plasma give a straight line of the same slope as that obtained 
with standards of pure apo-lipoprotein. If this is not the case, as when 
the A apo-lipoproteins are assayed without the preliminary treatment 
with urea-TMU, the conditions of the assay must be adjusted. 

8.9.3. Electro-immunoassay 

The following procedures were developed at the Oklahoma Medical 
Research Foundation by Alaupovic and his colleagues. Because of 
variations in the properties of different batches of agarose, in the titre 
of antiserum and the geometry of the electrophoresis equipment, it 
may be necessary to adjust the details slightly to maintain a satisfacto- 
ry performance. In this context, it is important to ensure that the 
immuno-precipitate is formed under stable, equilibrium conditions 
i.e. that the tip of the 'rocket' is pointed rather than rounded. 

Equipment. The gels should be of uniform thickness and are best 
cast between two glass plates that are separated by a U-shaped spacer 
1.5 mm thick. A sheet of Cronar film (type P-47, clear base, thickness 
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0.007 inch; duPont de Nemours and Co.) placed between the spacer 
and one of the plates, provides a support for the gel when the mould 
is dismantled. The details that follow refer to a gel that is 
20.5 cm x 11.0 cm. 

The electrophoresis chamber and auxiliary equipment are as used 
for conventional electrophoresis in agarose gel (Section 5.4). The 
power supply should be capable of providing at least 150 mA at 
250 V. The reproducibility of the assay is improved if the plate on 
which the gels lie during the electrophoresis is cooled by a flow of 
water at a constant 15 "C. 

Agarose (the original procedures were developed with lndubiose, obtained from the 
Industrie Biologique FranGaise) 
Agar: special agar-Noble (Difco Laboratory) 
Dextran T-10 (Pharmacia Fine Chemicals) 
Buffer A: 8.6 g of sodium diethylbarbiturate 

1.66 g of diethylbarbituric acid 
0.13 g of sodium azide 
0.08 g of Thimerosal 
Water to 1.0 litre (PH 8.5) 

9 ml of concentrated HC1 
0.13 g of sodium azide 
0.08 g of Thimerosal 
Water to 1.0 litre (adjust pH to 8.5) 

Reagents. 

Buffer B: 48.4 g of tris (hydroxymethy1)aminomethane 

Buffer C: Mix equal volumes of buffers A and B 
Buffer D: Mix buffers A and B with water in the proportions 2:0.75: 1.25 by volume 
Stock stain solution: 0.6 g of Coomassie Brilliant Blue R250/litre of water 
Working stain solution: 40 ml of stock stain 

20 ml of acetic acid 
10 ml of 95 % ethanol 

Primary standards: standards of the pure apo-lipoproteins should cover the range 
5-50 pg/ml in buffer A. Note that the ionic strength of the standard should not differ 
significantly from that of the samples to be assayed. 

Procedure. The optimum conditions are slightly different for the 
eiectroimmuno assay of each apo-lipoprotein, those summarised in 
Table 8.2 being typical. Notice however, that the amount of agar to 
be added to the gel used for the estimation of the C apo-lipoproteins 
will depend on the agaropectin content of the agarose and may require 
adjustment. 



> 
0 TABLE 8.2 

Conditions for electroimmunoassays c 
8 
B Assay variable Apo-lipoprotein 
R 
+ 
0 

A-1 A-I1 B c-I C-I1 C-111 D E 

c Buffer A A A C C D A C w 
8 Agarose concn. (g/dl) 2 2 2.5 3 3 3 2 2 

Dextran concn. (g/dl) 5 5 0 5 5 5 5 5 2 
Agar concn. (g/dl) 0 0 0 0.4 0.4 0.4 0 0 
Antiserum concn. (ml/dl) 1 1 0.4 4 4 4 1 2 

s 

rn 
2 

10 10 10 I 
Sample dilution 1/150 1/150 1/20 116 116 1/6 1 /a 116 2 
Time (h) 4.5 3.5 3 5.5 5.5 3.5 3 3.5 5 
Potential gradient (V/cm) 10 10 10 6 6 

s 
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Dissolve the required weight of agarose in the appropriate buffer 
(Table 8.2) by heating on a boiling water bath, with continuous 
stirring. Add the necessary amount of dextran and agar to this mixture 
and continue to stir on the water-bath until they are completely 
dissolved. Cool the solution to 50-55 "C and mix in the monospecific 
antiserum to the apo-lipoprotein that is to be determined. The amount 
of this antiserum that will give the best results must be determined by 
preliminary trials; the dilutions given in the table may be taken as a 
guide. Pour the warm mixture into the gel mould and allow it to 
congeal. For the maximum reproducibility, mature the gels in a moist 
atmosphere for 24 hours before use. 

A slab of gel 20 cm long will accommodate 18 wells 4 mm in 
diameter, spaced 10 mm from centre to centre, or 35 wells, 2.5 mm 
in diameter at 5 mm spacing. Punch the chosen size of well along a 
straight line parallel to, and 2 cm away from the long edge of the gel. 
Before starting to load the gel, prepare the appropriate dilutions of 
the samples (Table 8.2) and standard, taking into account that the 
standard must be run in duplicate at three different concentrations on 
each gel and that each test sample must also be run in duplicate at 
each of two (or better, three) concentrations. Note that it is not 
necessary to dissociate the lipoproteins unless the concentration of 
chylomicrons is very high, i.e. the plasma triglyceride exceeds about 
650 mg/dl(7.5 mmoles/l). Under these conditions the recovery of the 
C and E apo-lipoproteins will be low unless the sample is subjected 
to a preliminary extraction with n-butanol/di-isopropyl ether (see 
final section of Appendix 3). Use a micro-dispenser (Drummond) to 
transfer, as accurately as possible, a known volume of diluted sample 
or standard into the wells: put 10 kl in a 4 mm well and 5 p1 into the 
2.5 mm size. 

As soon as the loading is complete, transfer the gel to the electro- 
phoresis cell and apply the potential gradient specified in Table 8.2 
(Note that the electrode compartments are filled with the same buffer 
that is used to prepare the gel.) During the run, maintain the tempera- 
ture of the plates at 15OC with circulating water. 

When the electrophoresis has continued for the appropriate time 
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(Table 8.2), transfer the gel to  a bath of 0.9% NaCI solution for 2 
hours, then blot off the surplus liquid with filter paper and dry, either 
at room temperature overnight, or in a stream of warm air. Finally, 
immerse the dry gel in the working stain for 10 minutes and then 
de-stain in acetic acid/95 Vo ethanoVwater (1:3:5 by vol.) until the 
background is colourless. 

When setting up the analysis, it is important to establish two 
characteristics of the system. 

(1) Whether it is necessary to measure the area of the rocket, or 
whether measurements of height alone will suffice. The latter, easier 
procedure can only be used when the precipitin curve develops in such 
a way that its area is proportional to its height. This has been found 
to be the case with apo-lipoproteins A-I, A-11 and B. With apo-lipo- 
proteins C-I, C-11, C-I11 and E however, it may be necessary to 
measure the area within the curve to obtain a linear response. 

Although the dimensions of the ‘rocket’ can be measured to 
0.5 mm with an ordinary rule, it is better to use a simple magnifying 
comparator with which estimates can be made to 0.1 mm (Section 
8.9.2). Measure the height of the peak (h) from the centre of the 
sample well, and its width (w)  at the half-height position. The area 
of the curve is then approximated by the product h w. 

(2) Determine the slope and linearity of the calibration curve. This 
is done by running replicate analyses of 6-8 dilutions of the apo-lipo- 
protein standard on at least three different gels. Fit a straight line to 
these readings by the method of least squares. If an adequate fit does 
not result (i.e. r<0.97), some adjustment to the system may be 
needed. Even so, it may sometimes be difficult to obtain a linear 
response over an adequate range (cf. the estimation of apo-lipoprotein 
D; Curry et al., 1977). Under these circumstances, the points can be 
fitted to an exponential or a polynomial function. However, it is then 
less easy to compare the dose-response curve given by the standards 
that are run during a routine analysis with the calibration curve. 

Note. A re-calibration should be carried out whenever a new batch 
of antiserum is used, and periodic checks should also be made against 
the primary standards to confirm the stability of the working stan- 
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dards and of the general performance of the assay. Unfortunately, no 
recommendations on this aspect of the method have been published. 

Before calculating the results of an assay, plot a graph of the 
readings obtained for the standards on the relevant gel. If these do 
not fall on a straight line, or if the slope of the line differs significantly 
from that of the calibration curve, the assay is suspect and should be 
repeated. A small, constant difference between the working and the 
primary calibration curves can be corrected by an appropriate factor. 

8.9.4. Radio-imrnunoassay 

The following procedure is typical of those used for the RIA of 
apo-lipoproteins but may .need modification to suit it to particular 
requirements or circumstances. Before attempting to set it up, an 
inexperienced operator should study either a comprehensive manual 
on the technique of RIA, or at least the concise introduction by 
Walker (1977). 

Equipment. Test-tubes, 10 mm x 75 mm. These may be of glass, 
coated with silicone (e.g. Siliclad; Clay Adams Inc.) to minimise 
non-specific adsorption, or of plastic, e.g. polypropylene. The latter 
have the advantage that they transmit more of the weak radiation 
from 1251. Do not mix tubes of different batches or manufacture, 
since they can vary slightly in thickness or composition and this will 
diminish the precision of the assay. 

Piston pipettes can be used for diluting the samples and for dispens- 
ing the reagents but, if the work load is heavy, automatic pipetting 
equipment may be needed. To maintain the highest precision, use the 
same pipette for both the standards and the samples. 

A centrifuge capable of handling large numbers of the 
10 mm x 75 mm tubes at about 2500 g is required. 

Since a large number of tubes must be counted, it is desirable that 
the gamma-spectrometer has a large capacity and is capable of pro- 
longed automatic operation. 

Reagents. 
Assay buffer: 9.0 of sodium diethyl barbiturate 

64.5 ml of 0.1 M HCI 
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0.29 g of EDTA 
3 g of bovine serum albumin (Fraction V) 
Water to  1.0 litre (adjust to  pH 8.6) 

Radio-iodinated tracer: label with 1251 as in Appendix 6, to a 
specific activity of about 10 mCi/mg protein. Use LDL of density 
1.025-1.045 g/ml as the tracer for the assay of apo-lipoprotein B. For 
the estimation of other apo-lipoproteins, label the purified protein. 
Stock solutions of tracer can be stored briefly in the assay buffer, as 
follows: 

Labelled LDL: 2-3 weeks at 4°C. 
Labelled apo-lipoprotein: up to 4 weeks at - 20 "C (but also see 

above for apo-lipoprotein E). 
Before preparing the working tracer solution, purify the stock by 

passing it through a 50 cm gel filtration column in the assay buffer. 
Use a column of Sephadex G-150 for the LDL tracer and one of (3-75 
for the apo-lipoprotein preparations. Determine the activity of this 
filtered product and dilute it to give a working tracer with an activity 
of about IOOOO cpm/100 p1. 

Rabbit anti-apo-lipoprotein serum: this must be mono-specific for 
the apo-lipoprotein to be determined. The native anti-serum must be 
diluted with assay buffer to such an extent that it will bind 60-70 'To 
of the labelled tracer in the absence of unlabelled standard. Prelimina- 
ry experiments will establish the magnitude of this dilution, which will 
vary with the batch of antiserum from about 1:1000 to 1:5OOOO. 

Non-immune rabbit serum: dilute with assay buffer to about 1 : 100. 
Anti-serum to rabbit y-globulin: this is produced commercially in 

goat or sheep and must be diluted to a concentration that will bring 
about maximum precipitation of the apo-lipoprotein-tracer complex 
when 100 pl is added to the assay system. This dilution will typically 
be between 1 5  and 150. 

Apo-lipoprotein standard: prepare a stock solution as in Section 
8.9.1, and dilute with assay buffer to give working standards at the 
concentrations defined below. 

Procedure. Each assay should consist of the following series of 
tubes, all of them in duplicate: 



Ch. 8 ISOLATION AND ASSAY OF APO-LIPOPROTEINS 447 

(1) Control tubes, containing only tracer and buffer, to check the 
level of adsorption to the tubes. 

(2) Control for non-specific precipitation, in which no anti-apo- 
lipoprotein is added. 

(3) The standards. The first of these is the zero level, i.e. no 
unlabelled apo-lipoprotein is added. This is followed by 5 or 6 
standards which are distributed over the range of the assay. Of these, 
the first should be slightly above the lower limit of the assay. If the 
estimates are to be made for diagnostic purposes, it is prudent to have 
a standard near the upper and lower limits of the normal range. 

(4) Quality control samples. These should be in the low, middle and 
upper registers of the assay. 

(5) The unknown samples. Run each sample at two dilutions. If 
experience shows that the assay is sufficiently reliable, these dilutions 
need not be run in duplicate. Insert a mid-range quality control at 
every tenth position in the series. 

(6) Repeat the quality controls. Prepare these tubes as follows: 
Control 1: 

Control 2: 

400 p1 of assay buffer 
100 p1 of labelled tracer 
250 p1 of assay buffer 
100 p1 of labelled tracer 

100 pl of standard 
150 p1 of assay buffer 
100 p1 of labelled tracer 

100 pl of apo-lipoprotein standard 
100 p1 of anti-apo-lipoprotein 
make these up in the same way as the standards, but with the latter 
replaced by 100 pl of the diluted sample 

Mix the prepared tubes thoroughly and stand them for 36-48 hours 
at 4 "C. Then add 100 p1 of anti-rabbit y-globulin, mix and stand for 
a further 24 hours at 4°C. Centrifuge the tubes for 30 minutes at 
2500 g, aspirate off the supernatant and wash the precipitate twice by 
centrifugation in 2 ml of ice-cold assay buffer. Finally, count the 
radio-activity in the tubes to an accuracy of 1.5 Yo. 

Computation. Calculate the following variables (Rodbard et al., 
1 969). 

50 p1 of non-immune rabbit serum 

Standards: 

50 pl of non-immune rabbit serum 

Assay tubes: 



448 A GUIDEBOOK TO LIPOPROTEIN TECHNIQUE 

B, = (mean counts in zero standard) - (mean counts in control 2) 
B = (mean counts in sample) - (mean counts in control 2) 

logit B/B,  = In 
B/B, 

1 - B/B,  

A plot of logit B/B,  (ordinate) against log (dose of protein standard) 
should be linear over a substantial range and can be used to estimate 
the amount of apo-lipoprotein in the test samples. Fit a straight line 
to the observed points, preferably by a weighted least-squares proce- 
dure (Rodbard and Lewald, 1970; Dell et al., 1973). 

As with the other immunoassays, it is important that the slope of 
the line produced by different dilutions of the material being assayed 
does not differ significantly from that of the standard curve. 
Although this complication is not often reported in apo-lipoprotein 
assays, Goldberg et al. (1980) found difficulty in satisfying this 
condition when estimating serum apo-lipoprotein A-11. This they were 
able to overcome by a gel-filtration of the iodinated tracer A-I1 on 
Sephadex G-100. When the fraction that emerged at the void volume 
was used as the tracer, satisfactory assays resulted. 
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The collection and preservation of blood 
plasma 

The different lipoproteins are present in the plasma in amounts that 
are the steady state resultant of many biochemical reactions, some of 
which are influenced by environmental factors such as diet or exercise. 
It is therefore important to be sure, so far as is possible, that subjects 
whose lipoproteins are to be examined are in a stable and reproducible 
condition. They should have been consuming their normal diet for 
several days before blood samples are taken and, to ensure the most 
reproducible profiles of the VLD-lipoproteins, should have fasted 
overnight. This is as true for laboratory animals as it is for Man, and 
it is important to maintain all animals that are to be used for 
lipoprotein studies in the very best of health, under strictly defined 
conditions. For example, changes in the amount or nature of the diet, 
or in the ambient temperature, cause marked changes in the lipopro- 
tein profile of guinea pigs. We have also found that rabbits of the 
same breed, that are maintained in different environments, may differ 
widely in the way their lipoproteins are distributed. 

According to Tan et al. (1973) the concentration of plasma lipids 
can be influenced by the posture of the patient when the blood sample 
is drawn. After 30 minutes in a sitting position, the levels of choleste- 
rol and triglyceride may have fallen by 5'70, and after 30 minutes lying 
flat the difference q a y  amount to 10%. In practice, it is difficult to 
control this variable and the majority of subjects are probably bled 
while seated because this is convenient. As the N.I.H. Manual of 
Laboratory Operations (1975) points out, many subjects will have 
spent a considerable time in a waiting room at a clinic, but it is rarely 
possible to standardise this situation. 

449 
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There is also some evidence that the prolonged application of a 
tourniquet (i.e. 5-10 min) can significantly raise the concentration of 
plasma lipoproteins (Koerselman et al., 1961; Page and Moinuddin, 
1962). It is prudent therefore to release the tourniquet as soon as 
possible, although in some cases it may be necessary to maintain the 
constriction to obtain a good flow of blood. But even then, it should 
be possible to draw the sample in a time substantially less than that 
just quoted. 

As a general rule, plasma should be used as soon as possible after 
preparation. However, limitations imposed by equipment or person- 
nel may enforce the storage of some specimens and the following 
paragraphs will summarise the conditions under which this may be 
done, and the consequences to be expected. 

It is well established that plasma contains enzymes that can, at least 
under some conditions, modify the composition and structure of the 
lipoproteins. the best characterised being lipoprotein lipase and leci- 
thin:cholesterol acyl transferase (LCAT). However, there are prob- 
ably others that have not yet been described. To minimise the effects 
of these enzymes, it is essential to keep the plasma cold (cf. below). 
It is also desirable to add Ellman's reagent (5,5'-dithiobis(2-nitro- 
benzoic acid)) to a concentration of 1.5 mM to inhibit LCAT, and 
phenyfmethyl-sulphonyl fluoride or diisopropyl fluorophosphonate 
(2 mM) to inhibit proteolytic enzymes. If the plasma is kept at 0-4 "C, 
a bactericide such as Thimerosal (also known as Thiomersal) or 
sodium a i d e  should also be added. According to Lee (1976), Thime- 
rosal may have the additional merit of inhibiting lipoprotein lipase. 

It has been known for many years (Ray et al., 1954) that lipopro- 
teins are susceptible to oxidative degradation that is catalysed by 
heavy metals. Schuh et al. (1978) found this reaction to be stimulated 
by the presence of azide. At the time of writing, this observation has 
not been confirmed, but it may be prudent, when designing an 
experiment, to consider whether such an azide-promoted oxidation 
could be accepted. Oxidation can be greatly reduced by the addition 
to the plasma of 1 .O mM disodium ethylenediamine tetraacetate 
(EDTA) to sequester the heavy metal catalysts. 



APPENDIX 1 45 1 

According to Lee (1980), malondialdehyde is liberated during the 
storage of plasma, and this can be used as an index of the extent of 
lipid oxidation. In this way, she was able to confirm that EDTA is 
effective in reducing the oxidation but also found that a mixture of 
EDTA (0.059'0) and glutathione (0.02Vo) was four times better. In 
later studies on LDL, Lee et al. (1981) found that the apo-lipoprotein 
B was also susceptible to degradation that could be greatly reduced 
by the addition of EDTA and glutathione to the plasma, which was 
then stored for the minimum of time, in the absence of air. 

Without the fore-mentioned precautions, the lipoproteins undergo 
a steady change in properties and plasma should not be stored at 4 "C 
for more than 2-3 days. The earliest signs of this aging process result 
from changes in the surface of the lipoprotein particle. If plasma is 
kept for only 18 hours at 4°C there can be a loss of resolution on 
electrophoresis as exemplified in Fig. Al.  1. In the fresh sample, there 
are two bands of pre-P-lipoprotein which are no longer resolved if the 
analysis is delayed until the following day. Loss of integrity of the 
larger lipoproteins can also be detected at an early stage by an increase 
in the amount of light scattered by the plasma, i.e. by nephelometry 
(Section 7.2). As the storage time is prolonged, the increase in the 
electrophoretic mobility of the lipoproteins becomes more evident 

Fig. A l . l .  This is an example of the loss of integrity of VLDL that can result from 
the storage of plasma, as detected by electrophoresis in agarose gel. The upper diagram 
shows the pattern obtained when the plasma was analysed as soon after its preparation 
as was practicable. The lower diagram shows the pattern obtained from the same 

plasma after 18 hours at 4°C. 
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TABLE Al.1 
The weight percentage composition of LDL isolated by ultracentrifugation from 
plasma that was stored at 4°C. The insoluble aggregates were isolated and washed by 

centrifugation at d = 1.006 g/ml 

I i I  I l l  IV 

Cholesteryl ester 39.3 37.0 32.0 13.7 
Cholesterol 9.2 3.7 1.4 9.5 
Triglyceride 7.4 17.6 16.4 35.8 
Phospholipid 21.0 13.0 22.2 14.7 
Protein 23.1 28.7 22.0 26.4 

~ ~ ~ ~~ ~ 

1, LDL from fresh native plasma. 
11, LDL from the same plasma after storage for 21 days at 4°C. 
111, LDL from the same plasma after storage for 21 days at 4 "C in the presence of 

IV, The insoluble aggregates formed after prolonged storage at 4 "C. 
preservatives. 

TABLE A1.2 
The distribution of phospholipids in LDL isolated from plasma that was stored at 4 "C 
for 21 days. The analyses show the phospholipid phosphorus as a percentage of the 

total phosphorus. 

Fresh Stored 

Lecithin 67.4 43.5 
Lysolecithin 2.6 9.2 
Sphingomyelin 24.6 40.7 

2.2 2.9 

3.2 3.0 

P hosphatidylserine 
Phosphatidytinosito 
Phosphatidylethanolamine 

3 

TABLE Al.3 
The distribution of low-density lipoproteins in plasma before and after storage for 21 

days at 4°C. The values quoted are mg lipoprotein/dl plasma. 

Sf Fresh Stored 
~ ~~ 

0-12 248 229 
12-20 61 38 
20-100 65 5 
lo(2-400 23 1 
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and, at the same time, they begin to bind albumin. Both these effects 
can be seen in Fig. Al.2, where the presence of albumin is demonstrat- 
ed by means of anti-serum to human serum albumin. Concurrent with 
these effects there is a progressive change in the chemical composition 
of the lipoprotein that is illustrated by the analyses of LDL that are 
summarised in Table A1 .l . The first detectable change is a decrease 
in the proportion of cholesterol and phospholipid, and an increase in 
triglyceride. At the same time, there is a progressive fall in the 
proportion of lecithin and a rise in that of lysolecithin (Table A1.2). 
Since there is an increase in the proportion of sphingomyelin, it seems 
likely that the net loss of phospholipid that is shown in Table Al.l 
results from the hydrolysis of lecithin, followed by diffusion of the 
lysolecithin into the surrounding tissues. This loss of phospholipid 
from the particles would make an important contribution to the 

Fig. Al.2. The immuno-electrophoretic demonstration of the change in properties of 
LDL when it is isolated from stored plasma. The troughs contained the following 
antisera: upper, anti-LDL; lower, anti-albumin. The contents of the wells were as 
follows: top, LDL prepared from fresh plasma; middle, LDL prepared from the same 

plasma after storage; bottom, human plasma albumin. 
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aggregation that is the final result of long-continued storage. These 
aggregates have a very low content of cholesteryl ester and a high 
triglyceride (Table Al.1). The effect of these changes in chemical 
composition is to shift the ultracentrifugal profile towards the higher 
densities, so that the level of low-density lipoproteins falls, as is shown 
in Table A1.3. 

The addition of the recommended enzyme inhibitors will not entire- 
ly eliminate the degradation of the plasma lipoproteins (Table A1 . 1). 
For example phospholipolysis can be almost completely inhibited but 
this does not prevent a slow loss of unesterified cholesterol. More- 
over, the inhibitors do not stop the rise in the proportion of triglyce- 
ride, nor do they prevent the adsorption of albumin by the lipopro- 
teins. It follows therefore that, if plasma must be stored, it should be 
for the briefest possible time at a temperature near O'C, in the 
presence of the following additives: 

Ellman's reagent 0.6 mg/ml 
Phenylmethylsulphonyl fluoride 0.35 mg/ml 
Thierosal 0.08 mg/ml 
Sodium azide 0.13 mg/ml 
EDTA 0.37 mg/ml 

Note. Some workers prefer to include 0.005% chloramphenicol with this mixture (cf. 
also Lee et al., 1981). 

If circumstances make a storage period of more than 2-3 days 
unavoidable, the plasma must be frozen. Whereas isolated lipopro- 
teins are usually destroyed by freezing, they are more resistant to this 
treatment when they are dissolved in the plasma. However, the 
following comments apply only to plasma that is frozen once; repeat- 
ed cycles of freezing and thawing are deleterious. 

Most plasma can be frozen without any immediate change in the 
ultracentrifugal properties of the lipoproteins, though 'jaundice' plas- 
ma is an exception, and some other hyperlipoproteinaemic plasmas 
may also be affected. By contrast, the electrical properties of the 
lipoproteins are altered immediately, and it is important that speci- 
mens intended for electrophoretic analysis should not be frozen. The 
changes in lipoprotein composition that take place during storage at 
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4°C do not cease when the plasma is frozen, even at -50°C. 
However, they proceed at a much reduced rate and their consequences 
are not usually detectable in the ultracentrifuge until after 3 months 
at - 20 "C. The progressive transformation of low-density lipopro- 
teins into substances of higher density then starts to become evident 
and, after 12 months, aggregation and disproportionation begin 
(Mills and Wilkinson, 1962). 

It will be clear from these observations that it may be difficult to 
maintain the strict integrity of the lipoproteins when plasma must be 
shipped from one laboratory to another. If this is unavoidable, the 
recommended preservatives should all be added and, if possible, the 
plasma should be shipped frozen and sealed under nitrogen. Note 
however, that the plasma must then be kept frozen until it is analysed. 
If this cannot be assured, it should be shipped in ice at 0°C. If 
arrangements are made to deliver the samples to, and collect them 
from an airport, it is rarely necessary for them to spend more than 
a few hours in transit. 

Reagents 

Solution A. Dissolve 0.75 g of Thimerosal and 1.3 g of sodium azide in 50 ml of 
water and adjust to pH 8 with 5% sodium bicarbonate solution. Dilute with water to 
100 ml and filter. 

Solution B. This must be freshly prepared. Dissolve 0.595 g of 5,5'-dithio-bis(2- 
nitrobenzoic acid) in 10 ml of 0.2 M sodium bicarbonate solution. 

Solution C. Dissolve 0.35 g of phenylmethylsulphonyl fluoride in 10 ml of 2-propan- 
01. 

Equipment 

Blood may be collected with the conventional syringe and needle, or 
with the aid of pre-evacuated tubes such as those marketed by 
Becton-Dickinson and Co. under the Vacutainer trade mark. In the 
latter system, the blood is drawn directly into a 15 ml glass tube that 
contains 16 mg of solid EDTA. After mixing the contents, the tube 
can be centrifuged to separate the plasma. However, if this system is 
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used, it is advisable to specify tubes with stoppers that are lubricated 
with silicone, rather than with glycerine which may interfere with the 
measurement of plasma triglyceride, e.g. 

Vacutainer tubes Cat. No. 3218 XF 282 
I? 20 gauge multiple sample needle Cat. No. 5749 

Storage vials: there is a wide variety of glass or plastic tubes with 
push-in or screw-on plastic caps, that can be used for the short-term 
storage of plasma. However, caps that have cardboard liners should 
not be used. Lindgren (1975) advocates the use of screw-caps with 
Teflon liners, but cone-seal caps can also be used. The N.I.H. Manual 
(1975) recommends 20 ml liquid scintillation vials with cone-seal cap 
liners (e.g. Packard Instrument Co.), but these may leave an undesir- 
ably large air-space when the volume of the plasma sample is small. 
In all cases, care must be taken to leave an adequate space for 
expansion if the sample is frozen. 

If plasma is to be shipped to another laboratory, vials with push-on 
caps must not be used. Under these circumstances, it is best to seal 
the samples into stout glass ampoules, but a tube with a strong cap, 
firmly screwed down is almost as reliable. 

Procedures 

Drawing blood. This operation should only be performed by qualified 
personnel. When the subject is an infant, the operator should be a 
physician. Detailed instructions are given in the N.I.H. Manual 
(1975), on which the following description is based. N.B. Exercise 
great care when handling blood and plasma. Do not pipette by mouth 
and avoid any contact with the skin. 

Before drawing the blood, ascertain: (a) the subjects’s age; (b) when 
and what the subject last ate. In the case of an infant, determine the 
kind of milk, or formula diet that was used; (c) what drugs are being 
taken; (d) if the subject is a woman, is she pregnant, or taking oral 
contraceptives? 

Where possible, the subject should be seated and the blood drawn 
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from a convenient arm vein, usually an antecubital vein. Use a 
tourniquet but release it as soon as is practicable, even before the 
blood is drawn, if this is possible. If a syringe is used, transfer the 
blood gently to a centrifuge tube that contains an appropriate amount 
of dry EDTA and mix thoroughly but gently by inverting 8 or 10 
times. Label the tube and immediately plunge it into ice. 

Although blood can be drawn from infants by essentially the same 
technique, it must be noted that the maximum amount that can be 
taken is 15 ml up to 2 months of age, 20 ml from 2-6 months and 
30 ml from 6-12 months. 

Post-natal cord blood can be collected by allowing blood to drip 
from the severed cord into EDTA-tubes, with continuous agitation 
to ensure that the anti-coagulant is thoroughly mixed. Note that 
although lipoproteins do not normally cross the placenta, the possibil- 
ity of a maternal contribution to the cord blood sample may be 
increased if the clamping of the cord is delayed (Boyd, 1935; Dancis, 
1962). It is therefore advisable to clamp the cord quickly and to collect 
the blood as soon as possible after the birth. Cord blood bilirubin is 
usually from 1-2 mg/dl (Davidson, 1941) and, at this level, may 
interfere with the estimation of plasma cholesterol. However, this 
difficulty can be overcome by adsorption of the bilirubin with zeolite 
(Moline, 1969). 

Note that the foregoing description refers to the collection of small 
samples of blood for the analysis of lipoproteins. Large samples for 
preparative work should be obtained by the technique, and with the 
precautions used by the blood transfusion service. 

There are many different procedures for taking blood from animals 
and the beginner will be well advised to consult a specialised manual, 
or someone who is experienced in handling the animal in question. 
In the case of animals like fish or reptiles, professional advice may 
well be essential. In general, the larger mammals can be bled by 
venepuncture using a syringe and needle, or even a blood transfusion 
set. The vein can be chosen to suit the convenience of the investigator. 
In sheep, goats etc., the jugular is usually suitable but in dogs and 
cats, the femoral is probably more often used. The ear veins of the 
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rabbit have always been a popular route to this animal's blood 
because they are easily accessible and visible. However, other animals 
with large ears can also be bled in this way provided that the volume 
required is not too large. These techniques require only that the 
animal be adequately restrained, anaesthesia usually being unnecessa- 
ry. 

In the smaller mammals, with small veins, venepuncture is a more 
trying technique, particularly since it is necessary to bleed a number 
of animals to obtain enough plasma for an investigation. Heart 
puncture may then be the more attractive procedure, especially in the 
case of the guinea pig, which has an anatomy that is not well adapted 
to venepuncture. Many workers prefer to use heart puncture even for 
rabbits. 

Note that blood must never be taken post-mortem. 

Separation, storage and shipment of plasma 

Separate the blood cells from the plasma by centrifugation at 1500 g 
for 30 min at 0-4 "C. This should be done within 1 hour of collection. 
If a delay is unavoidable, it must not exceed 3 hours. Remove the 
plasma from the cells immediately after centrifugation, with a Pasteur 
pipette, and transfer it to a labelled vial. Add preservative solutions 
A, B and C at the rate of 0.1 ml to each 10 ml of plasma and mix 
thoroughly. (Note that we have assumed that EDTA was added in 
sufficient amount as anticoagulant to  fulfil the requirement for an 
antioxidant. If serum is used, solution A should be modified by the 
addition of 3.7 g of EDTA.) Close the vial tightly and refrigerate in 
the dark. 

If samples are to be shipped to another laboratory, purge the 
air-space with nitrogen before sealing the tube (cf. above). If a screw 
cap is used, it is prudent to secure it with tape. Lindgren (1975) 
recommends 'Scotch Magic Transparent Tape' which is stretched 
onto the tube and cap in a clockwise direction. Lindgren also recom- 
mends that the tube should be weighed so that leakage can be detected. 
Wrap each vial in tissue and pack them closely into a cardboard box 
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so that they do not rattle. Alternatively, wrap the vials in a sheet of 
perforated Styrofoam. Enclose the box or Styrofoam package in a 
plastic bag which must then be tightly knotted. Pack crushed ice into 
a strong plastic bag, knot it and place it inside a second similar knotted 
bag. Sandwich the plasma samples between two such ice-packs, in a 
Styrofoam box and fill any spare space with Styrofoam packing, or 
with crumpled newspaper. Lindgren (1975) recommends packing the 
vials upright and marking the parcel to ensure that it is shipped in an 
upright position. This precaution is not necessary if the samples are 
sealed in ampoules. Finally, wrap and fasten the parcel securely. Be 
sure to address the shipment adequately and mark it to be refrigerat- 
ed. Also, consult the schedules to ensure that the parcel is not held 
in store over a week-end. Above all, do not despatch any shipment 
unless the recipient has been warned in advance when to expect its 
arrival. There should then be no delay in its collection. 

If it is decided to ship the samples frozen, pack them in the same 
way but use dry-ice as the refrigerant, which should not be sealed into 
bags. 
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Methods of concentrating lipoprotein solutions 

When lipoproteins are prepared by ultracentrifugation and are col- 
lected from the top of the tube with a Pasteur pipette, the resulting 
solution can contain up to 100 mg of lipoprotein/ml. Preparations 
that are obtained by tube slicing, or by non-centrifugal procedures 
may, on the other hand, be relatively dilute and need to be concentrat- 
ed. Because of the unstable nature of the lipoproteins, this is an 
operation that must be carried out by a mild, low-temperature proce- 
dure. 

Concentration can often be usefully combined with a wash by a 
preparative ultracentrifugation in a solvent of appropriately increased 
density, after which it is best to collect the sample from the top of 
the tube with a pipette (Section 2.1.1.7). In some cases however, e.g. 
if the sample to be concentrated is small, it may be easier to concen- 
trate LDL and HDL by centrifuging in a solvent of density 1.006 g/ml 
(overnight at 100 OOO 8). Under these conditions, the lipoproteins 
from a syrupy sediment on the bottom of the tube. The supernatant 
can be carefully aspirated off and the lipoprotein recovered. If small 
centrifuge tubes are used (2-3 ml), this technique allows microgram 
quantities of lipoprotein to be recovered in volumes of a few micro- 
litres. Of course, this procedure is ineffective as a wash for the 
removal of proteins. 

Unfortunately, ultracentrifugation is an expensive and time-con- 
suming method of concentration, especially if only one or two small 
samples are involved, or if the samples are extremely dilute. Lyophilis- 
ation cannot be used because it would denature the lipoproteins. 
(Note however that the potential of lyophilisation in the presence of 

460 



APPENDIX 2 46 1 

Fig. A2.1. Apparatus for concentration by vacuum dialysis (courtesy Membranfilter 
Gesellschaft, Gottingen, Germany). The outer glass mantle A is equipped with a ground 
joint articulating through the teflon cone D with the internal glass tube C. Between 
these two, the dialysis membrane F is clamped around the teflon cone D. The solution 

to be concentrated is placed in F and the outer chamber E is filled with buffer. 

sucrose has not been properly investigated.) The techniques that are 
most widely used under these circumstances are based on the principle 
of ultrafiltration. Fortunately, the large size of the lipoprotein par- 
ticles allows the use of highly permeable filtration membranes through 
which water will flow fairly rapidly. The technique in which the 
substance to be concentrated is knotted into a dialysis bag which is 
immersed in powdered, high-molecular weight polyvinylpyrrolidone 
or polyethyleneglycol, is simple and effective but is not recommended 
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because contaminants penetrate the bag. Adsorbents that are com- 
mercially available, under various trade names, for the extraction of 
water in this way, also seem to suffer from the same defect although 
perhaps to a somewhat lesser degree. Moreover, in our experience, the 
same criticism applies to the ‘Minicon’ concentrator (Amicon 
Corpn.). 

For dilute samples of modest size, pressure dialysis through a 
permeable membrane in the form of a thimble (Selectron ultrathim- 
ble; Schleicher-Schuell GmbH) is effective and is easy to perform at 
4 “C (cf. also Clausen, 1981). The thimble is immersed in a suitable 
salt solution (Fig. A2.1) to which a vacuum is applied with a water-jet 
pump. Water and salts are drawn through the membrane, which can 
pass molecules of up to 1OOOOO in molecular weight. Because the 
membrane is vertical, the concentrated lipoproteins drain to the 
bottom of the thimble and can be collected in a volume of as little 
as 0.1 ml by means of a Pasteur pipette attached to a short length of 
fine-bore plastic tubing. If the thimbles are thoroughly washed in 0.15 
M NaCI, they can be re-used several times. 

Unfortunately, the Schleicher-Schuell ‘thimbles’ are not available 
in large sizes and, for the concentration of large volumes, the Micro- 
ProDiCon ‘negative pressure micro protein dialysis concentrator’ 
may be more attractive (Bio-Molecular Dynamics). This equipment 
works in essentially the same way as the ‘thimble’ but uses a long 
cylindrical membrane of greater surface area, which is attached to a 
collector that allows concentration to proceed to a small volume. 

A widely used alternative to pressure dialysis is the stirred pressure 
ultrafiltration cell. These are made by the Amicon Corp. in sizes 
which have filters that range in diameter from 2.5 cm to 15 cm. If a 
large-pore membrane filter is used (e.g. XM100) a rapid concentration 
of the lipoproteins can be achieved. However, it is important to ensure 
that the magnetic stirrer in the chamber rotates at only about 1 
revlsec, or the lipoproteins may be denatured. It is also worth noting 
that it is more difficult to recover all of the concentrate from this type 
of cell than from the ‘thimble’, and that its final volume will probably 
be greater. 
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The extraction of lipid from lipoproteins 

The techniques for the extraction of lipids from tissues, and their 
subsequent storage, are described in detail by Kates (1975) and this, 
together with the comprehensive review by Nelson (1975), may profit- 
ably be read in conjunction with this Appendix. 

So far as is at present known, the components of the plasma 
lipoproteins are bound only by non-covalent forces i.e. by hydropho- 
bic, electrostatic, hydrogen and van der Wads bonds. The separation 
of the lipid and the protein moieties can therefore be achieved by 
extraction with a mixture of polar and non-polar organic solvents. 
However, this ‘delipidation’ has much in common with gardening. 
Both are complex, poorly understood arts, in which different prac- 
titioners obtain much the same results by different, or even contradic- 
tory methods. This is well illustrated by the fact that some workers 
like to extract their lipoprotein preparations with mixtures of ethanol 
and ether, whereas others prefer chloroform-methanol. Likewise, 
some start with a dialysis against distilled water, while others favour 
0.5 M NaCl, and still others prefer intermediate salt concentrations. 
In general, we suspect that few of these variations play a significant 
part in maintaining the integrity of the lipid-free protein, but they may 
have a bearing on the efficiency of the extraction process. In this 
context it must be explained that it is difficult to remove the last traces 
of lipid, particularly phospholipid, from the apo-lipoprotein. The 
most persistent extraction is needed if the residual phospholipid level 
is to be reduced below 1 .O% of the protein. Unfortunately, the most 
efficient extractants for phospholipids are polar solvents like alcohol, 
that introduce the danger that sufficient water may be dissolved in the 
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organic phase to promote the solution of appreciable quantities of the 
smaller apo-lipoproteins (Scanu and Edelstein, 1971). The analyst 
therefore has three courses open to him. He may dry the lipoprotein 
before extracting it, with the risk that it may be difficult to remove 
the last traces of lipid (cf. Scanu and Edelstein, 1971). He may extract 
a solution of lipoprotein with mixtures of ether and alcohol, in which 
case he can easily recover the precipitated protein, but must take 
special steps to recover any that dissolves in the organic phase. Lastly, 
he may consider extracting a solution of the lipoprotein with chloro- 
form-methanol. This extract can easily be washed with water, which 
removes salts and peptides from the chloroform phase, but the high 
density of the solvent can make it difficult to collect the precipitate 
by centrifugation. 

In general, there are two main reasons for wishing to separate the 
lipids from the apo-lipoproteins. Either it is a preliminary to the 
chemical analysis of the lipoprotein, or it is the first step in the 
preparation of the native apo-lipoproteins. In the first case, it is 
important that the integrity of the lipids is maintained, whereas 
denaturation of the proteins can be tolerated. For the preparation of 
the proteins however, it is clear that their native state must be 
preserved. Because of these differences in emphasis, two slightly 
different methods of extraction are used. Nonetheless, there are 
degradative processes that are common to all methods, namely, the 
enzymatic and the oxidative. Most of the enzymes that may be 
adsorbed to the lipoprotein particle are likely to be destroyed by high 
concentrations of alcohol and probably do not contribute significant- 
ly to degradation during the extraction procedure. By contrast, con- 
stant care must be exercised to prevent oxidation. All solvents should 
be peroxide free and should be stored under nitrogen. It is also 
advantageous to work at a low temperature, for example, Nelson 
(1975) recommends that the extractions should be made at 0 "C and 
that the solvents should be evaporated at 15°C. This refinement 
becomes particularly important if long-chain polyunsaturated fatty 
acids are present, as in fish, or in human beings after some forms of 
dietary treatment. Antioxidants such as 2,6-di-tert-butyl-p-cresol 
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(BHT) can also be added to the solvents in a concentration of 
0.005-0.05%. This prevents the oxidation of lipids and, according to 
Lee et al. (1981), may also help to control the degradation of the 
apo-lipoproteins. It is not clear to what extent the addition of BHT 
may lead to contamination of the isolated lipoproteins and interfere 
with their chemical analysis. However, if need be, it can be detected 
and removed from the extracted lipids by thin-layer chromatography 
on silica gel, using benzene as solvent. 

Extraction for chemical analysis 

The solvent most commonly used is a mixture of ethanol and ether. 
Both these components must be carefully re-distilled before use, since 
they normally contain sufficient lipid-like material to be of conse- 
quence in some lipid determinations. Unfortunately, wet ethanol-eth- 
er has the disadvantage that it will dissolve substantial amounts of salt 
as well as a little protein. The former can interfere with the running 
of thin-layer chromatograms and the lipoprotein preparation should 
be subjected to a preliminary dialysis against 0.15 N NaCl. This step 
is essential in the case of HDL preparations. The amount of protein 
that dissolves in the solvent mixture depends on the proportion of 
water that is present and it is essential to keep this below 3 4 % .  It 
is therefore important to start with a dry solvent i.e. to use absolute 
alcohol. In addition, the volume of the aqueous lipoprotein solution 
must not exceed 2-3% of that of the solvent. It may be possible to 
encourage the denaturation of the protein by heating the mixture on 
a water-bath, but the presence of ether will make it difficult to reach 
a really effective temperature. In practice, the amount of protein that 
is lost by solution in the extractant can be kept below 1 Vo and, having 
regard to the generally low precision of the available methods for 
analysing lipoproteins, this may often be an insignificant source of 
error. Moreover, the presence of protein in the extract can always be 
checked by adding ether to reduce the proportion of ethanol to less 
than 40%. Dissolved protein will then be precipitated. 

Reagents. Absolute ethanol, analytical grade ether from which 
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peroxides are removed by shaking 1 litre with 100 ml of 20% FeSO, 
in 0.1 M H2S04. Both solvents should be redistilled before use. A 0.15 
M NaCl solution is made up as follows: 8.7 g of NaCl, 0.13 g of 
sodium azide and 0.372 g of EDTA in 1 litre of water, adjusted to 
pH 7.5 with NaHCO,. 

Method. Dialyse the lipoprotein solution against 0.15 M NaCl for 
24 hours at 4 "C. Pipette 0.5-1.0 ml of this solution, which should 
contain about 10 mg of lipoprotein, into a stoppered tube and add 
25 ml of ethanol-ether (3:l v/v). Shake vigorously for 1 min (or use 
a vortex mixer) and then stand at room temperature of 24 hours. 
Centrifuge at 2 500 g for 30 min and recover the supernatant by 
aspiration. Wash the protein residue with the same solvent mixture 
and add the washings to the original extract. To recover any protein 
that is dissolved in the extract, add 8.75 ml of ether to each 10 ml of 
extract and stand for 24 hours at 4 "C. Any precipitate that is formed 
will contain some salt and may be difficult to centrifuge down. 
Finally, evaporate the extract to dryness under a stream of nitrogen 
at the lowest practicable temperature, which should not exceed 45 "C. 
It is best to complete the removal of water by the repeated addition 
and evaporation of small quantities of chloroform. Moreover, since 
dried lipids may be particularly susceptible to degradation, this extract 
should be analysed immediately. If this is not possible, store the lipids 
in chloroform-methanol (2: 1 v/v), sealed under nitrogen, in the 
deep-freeze (cf. also Kates, 1975; Nelson, 1975). It may also be 
desirable to add an anti-oxidant such as BHT at this stage. Note that 
a sealed ampoule is the best storage vessel, although tubes with 
well-fitting ground-glass stoppers may be acceptable. Screw-cap vials 
that are fitted with Teflon or Polythene liners for the caps can also 
be used, but it is prudent to satisfy oneself that each vial is actually 
leak-proof. It is also worth noting that the stability of the lipids may 
be improved if the chloroform in which they are dissolved is purified 
by running over activated alumina immediately before use. 

Some workers believe that the proportion of ethanol to ether in the 
extractant should be lowered to 3:2 for the delipidation of HDL. 
Although this will diminish the amount of protein that is dissolved 
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in the first extract, it is probably better to change to the chloro- 
form-methanol system. 

It must also be noted that the protein residue will contain salt. 
Consequently, if a weighed amount of protein is needed, e.g. for 
carbohydrate estimation, the residue must first be extracted with 
water and re-dried. 

The chloroform-methanol process. This is essentially the method of 
Folch et al. (1957), which has been the subject of valuable discussions 
by Radin (1969), Kates (1975) and Nelson (1975). Virtually no protein 
dissolves in this solvent but, because the mixture has a high density, 
it may be difficult to compact the protein adequately by centrifu- 
gation. 

Method. Put 1 ml of lipoprotein solution into a stoppered tube and 
add 25 ml of chloroform-methanol (2:l v/v). Shake vigorously and 
stand for 2 hours at room temperature. Recover the precipitated 
protein by centrifugation, or by filtering through a sintered glass 
filter. Wash the precipitate twice with 5 ml portions of chloro- 
form-methanol (2: 1). Combine the washings with the original filtrate 
and add 2.25 ml of water for each 10 ml of chloroform-methanol. 
Shake gently and set the tube in the refrigerator overnight. Then 
centrifuge lightly to ensure that separation of the phases is complete 
and remove the aqueous layer as completely as possible by aspiration. 
This fraction will contain salt and small polar molecules which may 
include some phospholipids e.g. lysolecithin. The chloroform phase 
can be washed with the aqueous phase made by adding water to 
chloroform-methanol in the proportions given above, and evaporat- 
ed under nitrogen at a temperature not greater than 45 "C. 

Extraction for preparative purposes 

Although Helenius and Simons (1971) proposed to use detergents to 
remove the lipids from the lipoproteins, it is more usual to extract 
them with organic solvents. Both ethanol-ether and chloroform- 
methanol have their advocates, but the former is the most widely 
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used, usually as some variant of the procedure described by Scanu 
and Edelstein (1971). 

Since the usual object of preparative extraction is to recover the low 
molecular weight apo-lipoproteins in as nearly a native state as 
possible, the process must be carried out under the mildest conditions. 
Moreover, since some of these proteins are present in low concen- 
trations, losses by solution in the extractant must be minimised. In 
some laboratories this has been done by starting the extraction with 
pure ether and continuing it with solvents that contain increasing 
proportions of ethanol (Shore and Shore, 1973; Lee and Alaupovic, 
1974). These systems are biphasic, and unprecipitated protein remains 
in the aqueous phase. Alternatively, the extraction can start with pure 
alcohol, to which ether or chloroform is then added in excess. This 
gives a solvent mixture in which the apo-lipoproteins are almost 
insoluble. Both these procedures can yield a good quality product but 
the latter is the less tedious. It is not clear whether there is any real 
advantage to be gained from lyophilising the lipoprotein preparation 
before extracting it. If this course is adopted, the drying should be 
carried out on a very dilute solution, to ensure that the product is as 
finely divided as possible. 

Herbert et al. (1977), who prefer to use mixtures of ether with 
methanol instead of ethanol, make the following recommendations 
for successful ‘delipidation’: 

(1) the organic solvents must be kept below 0°C 
(2) excess bromide must be removed by dialysis 
(3) the lipoprotein solution should be dialysed to 0.15 M NaCl, 

not against distilled water 
(4) the precipitated protein should be centrifuged at the lowest 

feasible speed, to avoid the formation of a compacted pellet 
( 5 )  the protein should be dried as a thin film, not as a pellet 

Although we agree with these precepts in general, it is our opinion 
that the isolated apo-lipoproteins should not be dried at all. If 
possible, they should be dissolved and processed immediately. An 
irksome property of apo-lipoprotein B, which makes preparations 
that contain it difficult to handle, is its tendency to form a gelatinous 
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mass in the presence of moisture. This can be prevented from happen- 
ing during the extraction by keeping the system strictly anhydrous 
during the later stages. In fact, Olofsson et al. (1980) extend this 
precept by recommending that the protein should never come into 
contact with pure hydrophilic solvents. However, gel formation is 
inevitable when the attempt is made to dissolve the protein, and the 
way to frustrate the formation of a virtually insoluble mass is to keep 
the finely divided particles separate during the hydration process. 
Drying in the form of a thin film may achieve this by mechanically 
dispersing the particles on the wall of the tube, albeit at the risk of 
producing irreversible changes during the drying process. It is prob- 
ably better to add the solvent to a fine suspension of the protein in 
ether, which appears to surround the protein particles and keeps them 
from sticking together. If the ether is then allowed to evaporate 
slowly, conditions that favour the slow hydration and solution of the 
protein seem to result. 

Ethanol-ether process 
Reagents. Absolute ethanol; analytical grade diethyl ether, freed 

from peroxide as above; 0.03 M NaCl made by dissolving 1.74 g NaCl, 
0.372 g of EDTA in water and adjusting to pH 7.5 with NaHC03. 

The concentration of NaCl may not be critical. If it is very low, the 
flocculation of the protein after the first extraction may be prolonged. 
Some workers prefer to use 0.15 M NaCl. 

Method. The lipoprotein solution will be prepared by ultracentrifu- 
gation (Chap. 2) and must be washed until it is free from all plasma 
proteins. Dialyse this concentrate against several changes of 0.03 M 
NaCl solution at 4 "C. The NaCl solution should be de-aerated and 
the dialysing vessel should be completely filled. 

Adjust the concentration of the dialysed lipoprotein solution to 
contain not more than 10 mg of lipoprotein/ml and pipette not more 
than 2 ml of it into a 50 ml(l25 mm x 30 mm) stoppered tube. Cool 
the tube and its contents in ice and then perform the following 
sequence of extractions: 

(1) Add 20 ml of ethanol that has been pre-cooled to between - 10 
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and -2O"C, and shake vigorously. Then add 30 ml of similarly 
pre-cooled ether, mix and stand for 24 hours at - 15 "C. Collect the 
precipitate by centrifuging for 20 min at 850 g, at the lowest attainable 
temperature (- 15 "C if possible). Be careful not to compact the 
protein into a pellet, but make sure that none adheres to the side of 
the tube. If this should happen, centrifuge a second time. Aspirate 
off the solvent as completely as possible. 

(2) Disperse the protein by vigorous shaking in 50 mI of cold 
ether-ethanol mixture (1:3 v/v) and stand for 24 hours at - 15 "C. 
Recover the protein as before. 

(3) Repeat (2) with 50 ml of ether-ethanol (1:l v/v) for an ex- 
traction time of 30 min. 

(4) Substitute 50 ml of cold (- 15 "C) ether-ethanol(3: 1 v/v) in (3). 
( 5 )  Wash the protein precipitate twice with 50 ml of peroxide-free 

ether at - 15 "C. 
After the last wash, leave the protein suspended in 1-2 ml of ether. 

The protein is then best dissolved immediately in whatever aqueous 
solvent is chosen, but may be stored briefly as the ethereal suspension 
at - 15 "C, preferably under nitrogen. 

The chloro form-methanol process 
Consecutive extractions with chloroform-methanol (2: 1 v/v) can 

be made at low temperature, as described in the previous section. 
However, Olofsson et al. (1978, 1980) use a modified procedure that 
starts with lyophilised lipoprotein, on which the following is based. 
The lipoprotein solution must first be dialysed in five changes of 
de-aerated, double-distilled water at 4 "C. It is then freeze-dried and 
the solid transferred to stoppered centrifuge tubes at the rate of 
0.5-1.0 g of apo-lipoprotein per tube, after which it is extracted 
according to the following sequence. 

(1) Add 15 ml of dry, analytical grade chloroform that has been 
pre-cooled to between - 10 and - 20 "C. Shake well to disperse the 
solid as thoroughly as possible: this is important. Then add 30 ml of 
pre-cooled methanol, mix well and stand for 30 min at - 10 to 
-20 "C. Shake the tube several times during this period. Collect the 
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protein residue by centrifugation at low temperature and aspirate off 
the solvent. 

(2) Repeat (1). 
(3) Extract the protein twice with 45 ml of cold chloroform-meth- 

an01 (1:l v/v) under the same conditions. 
(4) Repeat (3) twice with 45 ml of cold chloroform-methanol (2: 1 

v/v). 
( 5 )  Wash the protein twice with 45 ml of cold, peroxide-free diethyl 

ether. After the final wash, leave the protein suspended in a small 
volume of ether, as in the previous method. 

To dissolve the protein, add the chosen solvent e.g. 2 M acetic acid 
or 0.1 M (NH,),CO,, plug the tube with cotton wool and stand it in 
the refrigerator overnight for the ether to evaporate. Alternatively, 
bubble nitrogen through the suspension. 

Extraction for quantitative immunochemical analysis 

Some apo-lipoproteins, notably C-I11 and E, seem to be incompletely 
accessible to anti-sera if the plasma to be analysed is grossly hyper-tri- 
glyceridaemic. The following technique, which is a modification of 
the method of Cham and Knowles (1976), is a useful way of removing 
the excess lipid without precipitating the proteins. Since the samples 
to be analysed are usually small, a centrifuge that will accept small 
tubes is desirable. A good example is the Eppendorf Model 3200, 
which uses 1.5 ml polypropylene tubes with attached push-on caps. 

Pipette 2 volumes of a mixture of n-butanol/di-isopropyl ether 
(15% v/v) into each tube and then add 1 volume of the serum. Mix 
thoroughly by rotating the tubes end over end for 30 min. Centrifuge 
for 6 min, discard the organic supernatant and remove the last traces 
of solvent from the aqueous phase by blowing a stream of N, over 
the surface. The volume of the sample is essentially unchanged by this 
extraction, which is applicable to isolated lipoprotein fractions as well 
as to plasma or serum. 
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The preparation of stains 

This appendix describes methods for preparing stains for locating 
lipoproteins or apo-lipoproteins after electrophoresis or immuno-dif- 
fusion in agar or agarose. There are several suitable dyes and the 
choice is to  some extent a matter of personal preference. There are 
also many slightly different formulations for each stain but the 
following have been shown to give reliable results. In all cases, use 
only the best quality dye, preferably a grade that has been prepared 
specifically ‘for electrophoresis’. 

Stains for proteins 

The staining of apo-lipoproteins after electrophoresis in polyacrylam- 
ide gel is dealt with in Section 6.4.2.1, The procedures described here 
are used mainly for the staining of immuno-precipitin lines, although 
they can also be used to locate the lipoproteins after a simple electro- 
phoresis. 

(1) Naphthalene Black 12B (Amidoschwartz; colour index No. 
20470). This stain was widely used before the introduction of 
Coomassie Blue, which is markedly more sensitive. However, very 
satisfactory results can be obtained with Amidoschwartz and some 
workers prefer it. The following formulation is designed for staining 
precipitin lines and the solutions contain glycerol which prevents the 
dried agarose gel film from becoming brittle, and also gives an elegant 
sheen to the surface. 

Dilute 60 ml of glacial acetic to loo0 ml with distilled water and 
dissolve 13.5 g of sodium acetate in the solution. Dissolve 1 g of 
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Naphthalene Black 12B in 850 ml of this buffer and add 150 ml of 
glycerol. Stir thoroughIy to ensure that the viscous glyceroI is com- 
pletely dissolved. Filter the solution and keep it at room temperature 
in a dark bottle. It can be used until it fails to stain to an adequate 
intensity and becomes greyish. 

The de-staining solution consists of 150 ml of glycerol dissolved in 
850 ml of 2% acetic acid. 

The prepared slide is immersed in the stain for at least 10 min, or 
longer if the precipitate is weak. Transfer the slide into the de-staining 
solution and agitate for 30 sec before transferring again into fresh 
de-staining solution for 30 min (or longer if the staining period was 
prolonged). Finally, wash the slides under the tap and dry them at 
room temperature. 

(2) Coomassie Brilliant Blue R250 (colour index No. 42660). It has 
been rumoured that the manufacture of this dye will eventually cease, 
and some efforts have been made to find a replacement. For example, 
it is said that PAGE Blue 83 (BDH Ltd.) can be substituted directly 
in the formulations for Coomassie Blue that were originally proposed 
by De St. Groth et al. (1963) and by Chrambach et al. (1967). At the 
time of writing however, Coomassie Blue is still readily available. 

Prepare a stock solution of the dye by stirring 1 g of Coomassie 
Blue R250 in 100 ml of water until it is completely dissolved. The 
working stain is freshly prepared by slowly adding one part of the 
stock solution to 20 parts of 12.5% trichloracetic acid, with contin- 
uous stirring. Stain the slides for 30-60 min and then transfer to a 10% 
solution of trichloracetic acid to de-stain the background. Finally, 
wash thoroughly and dry at room temperature. 

Stains for lipids 

The electrophoresis of plasma as described in Chapter 5 will only 
partially resolve the lipoproteins from the other plasma proteins and 
their unequivocal detection must depend on the presence of their lipid 
moiety. This is often done by staining the lipids with a fat-soluble dye, 
a technique that also makes it possible to distinguish precipitin lines 
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that contain lipoprotein from those that do not. These fat stains are 
more difficult to prepare than the protein stains because they must 
be dissolved in a mixture of water with an organic solvent. Since the 
stain is usually saturated with dye, any change in the proportions of 
the solvent mixture, or in the temperature at which it is stored, will 
lead to the precipitation of particles of dye. These will adhere to the 
material that is being stained and, because they are often difficult to 
remove, wil l  give results of poor appearance. It is therefore important 
to filter the stain solution before each use. 

(1) Oil Red 0 (Colour index No. 26125. N.B. Hatch and Lees 
(1968) say that there is a dye of colour index No. 26120 that is also 
sometimes called Oil Red 0, but which is useless as a lipoprotein 
stain.) A solution of this dye in 60% ethanol-water has been recom- 
mended by several laboratories and is the stain preferred for use in 
the Lipid Research Clinics Program (N.I.H. Manual, 1975). 

It is made as follows: Dissolve 1 .O g of Oil Red 0 in 1.5 litre of 
absolute ethanol by heating in a flask fitted with a reflux condenser. 
When the solution is boiling, add 1.0 litre of water in five separate 
portions, allowing the mixture to regain the boiling point after each 
addition. Finally, reflux the mixture for at least one hour. Cool the 
solution to between 37 and 40 "C and never allow it to fall below 35 "C 
(if this should happen, reflux again for one hour and cool to 37 "C). 
Allow the freshly prepared stain to stand for at least 2 days for 
particles of dye to settle out. 

According to Hatch and Lees (1968), the newly made stain, diluted 
four-fold with 60% ethanol, has an absorbance at 520 mp of about 
1.25 in a 1 cm cell. After 3 days at 37-40 "C, a four-fold dilution reads 
about 0.98 and will remain between 0.98 and 0.90 for a considerable 
time, during which it can be used. When the absorbance falls below 
0.90, the stain should be discarded. Hatch and Lees (1968) also point 
out that the ethanol concentration can be monitored by measuring the 
specific gravity of the solution. The value for fresh stain is 0.891 at 
37 "C. 

(2) Sudan Black B (Colour index 26150). Noble (1968) makes a 
stock solution as follows. Shake 200 mg of dye in 100 ml of 60% 
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ethanol for 60 min at room temperature. Allow the mixture to stand 
overnight for the undissolved dye to settle out. A 1:lOO dilution of 
this solution with 60% ethanol should have an optical density of 
0.28-0.3 at 590 mp in a 1 cm cell. Prepare the working solution by 
diluting the stock with an equal volume of 60% ethanol. This may 
be used until the optical density of a 1:lOO dilution falls below 0.13. 
Keep these stains in stoppered bottles in the dark, at room tempera- 
ture. 

Good results can also be obtained with a stain made in the following 
way. Add 1 g of Sudan Black to lo00 ml of 60% ethanol, shake 
vigorously and then stand the mixture for 12 hours at 37"C, in a 
closed vessel. Filter off the undissolved dye. This solution can be 
stored at 4 "C in a dark bottle and used for up to two months. 

It is advantageous to add 0.1 ml of 30% NaOH to each 160 ml of 
stain just before it is used. This prevents the stained lipoproteins from 
fading on storage. Although the life of the stain is reduced by the 
addition of NaOH, in practice, the alkaline solution can be returned 
to the refrigerator and used for up to one month. 

(3) The ozone-Schiff method. This procedure acts on the principle 
that unsaturated fatty acids are oxidised with ozone, to form alde- 
hydes that are then detected with Schiff's reagent, The method has 
not been widely used, partly no doubt because it is not so simple as 
staining with a dye, and partly because it may take some trial and error 
to find the optimum conditions. Even at best, the colour tends to be 
relatively weak. The method may be of most value in staining cellulose 
acetate membranes. 

The treatment with ozone should be done in a fume cupboard. 
Ozone can be produced by commercially available ozonisers , but is 
more often generated by the action of concentrated sulphuric acid on 
barium peroxide. Arrange supports in a beaker or tank (which should 
not be over-large) so that the acetate membranes can be suspended 
above a dish that contains 1&15 g of BaOz. Add 20-25 ml of 
concentrated H2S04 to the dish and seal the container with an air-tight 
cover. The time for which the strips should remain in the ozone will 
depend on such factors as the geometry of the equipment and the 
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freshness of the Ba02. From 10 to 30 rnin may be sufficient, though 
some have reported treatments of up to two hours. 

After the appropriate time, remove the strips and rinse them for 
1 min in 0.001 N NCl before transferring them to a bath of Schiff's 
reagent from which the light is excluded. (Schiff's reagent can be 
purchased ready-made, alternatively, use solution A from the follow- 
ing section on carbohydrate staining.) When the maximum colour has 
developed (up to 60 min at room temperature or up to 6 hours at 4 "C), 
wash the strips twice for 15 min in 0.5% HN03 and then for a further 
15 rnin in 0.001 N HCI. Dry the strips at room temperature between 
sheets of filter paper. 

Lipoproteins can also be detected on polyacrylamide gels in essen- 
tially the same way (Huismans and Felgenhauer, 1971). 

Stain for carbohydrate 

This technique can sometimes be of use in differentiating between 
those apo-lipoproteins that contain carbohydrate residues and those 
that do not. It has also been applied in studies of lipoprotein structure. 

The following reagents are required (Crowle 1961): 
Solution A. Dissolve 1.5 g of basic fuchsin in 500 ml of boiling 

distilled water and filter at  55 "C (this temperature is important). Cool 
the solution rapidly to 40 "C and add 3.75 g of sodium metabisulphite 
and 25 ml of 2 N HCI. Stir well and stand for 6 hours at 4 ° C  in a 
stoppered bottle. Then add 1.2 g of activated charcoal and shake hard 
for at least one minute. Filter off the charcoal as quickly as possible 
and store the solution at 4 ° C  in a dark bottle with a tight-fitting 
stopper. 
Solution B. 1 .O g of periodic acid 

0.82 g of anhydrous sodium acetate 
Water to 100 ml 

Solution C.  0.54 ml of glacial acetic acid 
0.89 g of anhydrous sodium acetate 
10.0 g of hydroxylamine hydrochloride 
Water to 100 mi 

Solution D. 5 ml of 10% sodium metabisulphite in water 
5 ml of 2 N HCI 
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90 ml of distilled water 
This solution must be freshly prepared 
Solution D + 20% glycerol by volume Solution E. 

To stain an immuno-precipitin reaction, for example, proceed as 
follows: note that it is important to follow the instructions exactly. 

(1) Immerse the slides in solution C for 15 min. 
(2) Wash under running water for 15 min. 
(3) Soak the slides in solution B for 10 min. 
(4) Wash under running water for 10 min. 
( 5 )  Transfer the slides to solution A that has been diluted with an 

equal volume of water immediately before use. Continue this reaction 
for 30 min, or for longer if need be. It is important that, from this 
point onwards, the slides do not come into contact with water. 

(6) Wash the slides three times, each of 2 min duration, in solution 
D. 

(7) Follow with three washes, each of 60 min, in solution E. 
Finally, dry at room temperature. 

The pre-staining of lipoproteins in plasma 

Some of the difficulties associated with this process are discussed in 
Section 5.5.2. The stain most widely used for this purpose is that 
described by McDonald and Ribeiro (1959), which is prepared as 
follows: 

Heat 100 ml of ethylene glycol to 100-1 10 "C and add 1 g of Sudan 
Black B. Stir well for 5 min and filter the hot solution through a 
Whatman No. 2 paper. When the solution is cold, filter it again 
through the same grade of paper. The solution, which has a final 
concentration of about 0.5%, can be kept in the dark for a month 
or more, in a closed container. N.B. Do not heat the glycol to more 
than 110 "C or a useless gel will be formed. 

To stain the lipoproteins, add one part of Sudan Black solution 
slowly and with constant stirring, to five parts of plasma or lipopro- 
tein solution. Stand the mixture at room temperature for at least 45 
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min and centrifuge briskly for 15 min before use. Alternatively, add 
one part of dye to two parts of plasma and keep the mixture in the 
refrigerator for at least 24 hours. Centrifuge before use. 

Although this procedure can be used if the sample is to be applied 
in a gel, it may be better under these conditions, to use the technique 
of Naito et al. (1973) in which a more dilute dye solution is used. 
Prepare a stock solution of Sudan Black by dissolving 10 mg in 10 
ml of ethylene glycol. Naito et al. recommend that this should be aged 
for two weeks in the dark before use. To make the working stain, 
dilute 1.2 ml of stock with 8.8 ml of ethylene glycol. This solution 
is mixed with the sample and the gel reagents as described in Section 
5.5.2.1. 
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The photography of electrophoresis and 
immuno-diffusion gels 

The method described here is probably the simplest, least expensive 
and most reliable way of recording the results of analyses in gels. The 
equipment and procedures are essentially the same for recording 
stained gels, whether they be rods or laminae, polyacrylamide or 
agarose. The photography of unstained immuno-diffusion gels re- 
quires a different kind of illumination, which we shall describe below. 

Equipment. An automatic ‘single lens reflex’ camera which uses 35 
mm film, e.g. the Olympus OM 10 with a 50 mm, f 1.8 objective. A 
copying stand which allows the camera height to be adjusted vertical- 
ly, with the lens looking directly downwards. A + 3 dioptre supple- 
mentary lens to fit on the front of the camera objective. An FL-W 
filter (or CC 30M filter) to fit in front of the supplementary lens. A 
lens shade to fit in front of the filter. Kodachrome 64 or Ektachrome 
64 daylight colour transparency film. 

For stained gels an X-radiograph illuminator can be used as a light 
source, e.g. two fluorescent lighting tubes (Phillips TL 20W/55 de 
luxe) mounted 15 cm apart beneath a translucent, white acrylic sheet. 

For unstained immuno-precipitin lines, the illumination should be 
obliquely from below (Fig. 6.11) so that the lines are observed by 
scattered light. For these subjects a fast black-and-white film will be 
appropriate. 

Procedure. The following details refer to the recording of stained 
polyacrylamide electrophoresis gels. 

Cut a rectangular aperture 18 cm x 14 cm in a sheet of black card. 
This will form the frame that limits the field of the photograph. Place 
it over the diffuser of the illuminator and cover it with a sheet of glass. 
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If the field is not uniformly illuminated, put several sheets of thin 
tracing paper between the acrylic sheet and the black card, to act as 
an additional diffuser. 
Note that the black mask must cover the whole of the illuminator except for the desired 
aperture or stray light will enter the camera lens and cause flare. 

Mount the illuminator assembly on the copying stand below the 
camera, so that the film will be 41 cm above the diffuser. Under these 
conditions, using the apparatus described, the 18cm x 14cm field 
will nearly fill the exposed area of film and it is important to maintain 
this alignment to obtain a uniform magnification in all photographs. 
To ensure that the results of one experiment can be easily compared 
with those of another, it is equally important that all electrophoresis 
gels are run the same distance. 

Put the polyacrylamide gel rods in clean, screw-topped test-tubes 
that are completely filled with water to eliminate air bubbles. Arrange 
these tubes on the glass plate over the aperture of the illuminator, with 
a transparent millimetre scale alongside to provide a permanent 
record of the distance the proteins have migrated. Extinguish the 
room lights to avoid reflections from the glass tubes, and focus the 
stained bands sharply in the viewfinder, using the normal camera 
mechanism (the setting will be roughly 10 m with the + 3 dioptre lens). 
Set the iris diaphragm of the objective to f8. With the camera on its 
‘automatic exposure’ setting, take three exposures of each set of gels 
with the film speed set at 64,40 and 25 ASA respectively. In this way 
three transparencies with images differing in density will be obtained, 
which will ensure that both dense and faint bands are recorded as 
clearly as possible. 

The 64 ASA Kodachrome or Ektachrome daylight film, when used 
with the FL-W filter and ‘de luxe’ or ‘cool white’ fluorescent lighting 
tubes, will give a background to the gels that is white or a neutral grey, 
with a correct recording of the colour of the stained bands. These 
films can be developed by Kodak, or the Ektachrome film can be 
rapidly developed by commercial processing laboratories. When en- 
larged paper prints are needed, they can be made in colour, directly 
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from the transparencies, by Kodak. If the standard 9cm x 13 cm or 
13 cm x 18 cm prints are used, these enlargements will always be made 
at the same magnification. The former size is adequate for laboratory 
records but the larger format, in which the gels are virtually life-size, 
is better for publication. The cost of these colour prints is comparable 
with those made in monochrome. 

If only a few photographs are to be recorded at infrequent intervals, 
the use of 35 mm film may lead to an inconveniently long delay 
between making the exposure and actually handling the print. It may 
then be worth considering the use of Polaroid ‘instant’ film to make 
prints directly. For this purpose, a suitable camera would be the 
Polaroid MP4. It is important, with this equipment, to maintain a 
constant film-to-lens distance for all gel photographs, to ensure that 
the magnification is the same for each. In this case, the image is 
focussed by moving the entire camera in the vertical plane. A green 
or yellow filter over the lens will be useful when recording bands 
stained with Coomassie Blue on black-and-white film. 
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Radio-labelling 

The technique used for the labelling of a lipoprotein or an apo-lipo- 
protein with radioactive iodine is partly determined by the use to 
which the product is to be put. For radioimmuno assays (RIA) and 
membrane binding studies, the tracer must be labelled to a high 
specific activity but must retain essentially all its immunological or 
binding properties. For metabolic studies, on the other hand, it is the 
biological integrity that must be retained and this more exacting 
requirement demands that not more than one atom of iodine is 
incorporated per molecule. 

Labelling by the chloramine-T procedure (Greenwood et al., 1963) 
has been widely used for the preparation of tracers for RIA because 
it is simple and yields highly active products. Although it can lead to 
oxidative degradation, particularly in proteins that contain significant 
proportions of methionine or cystine, it does not generally result in 
an unacceptable loss of immunological properties. Iodine monochlor- 
ide (McFarlane, 1958) has been said to cause less oxidative damage 
but, because of the presence of carrier iodine, it is more difficult to 
label the protein to a high specific activity. This alleged mildness has 
led some to prefer iodine monochloride to chloramine-T as the 
oxidising reagent when labelling lipoproteins. However, the proce- 
dure described by Hunter (1970) gives a considerable degree of control 
over the chloramine-T procedure and, if it is adhered to, the labelled 
product is not inferior to that obtained by the McFarlane method, for 
metabolic studies (Weech et al., 1978). The lactoperoxidase technique 
devised by Marchalonis (1969) has also been used with both lipopro- 
teins and apo-lipoproteins but, as no marked advantages have been 
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brought to light, it has not been widely adopted (cf. Fidge and Poulis, 
1974). It should also be remarked that a number of solid state 
iodinating reagents are now available, one of which is an immobilised 
form of chloramine-B (Iodo-beads: Pierce Chemical Co.). At the time 
of writing however, there have been no detailed reports of their use 
with lipoproteins. 

Apo-lipoprotein C-I cannot be satisfactorily labelled with radioac- 
tive iodine because it is deficient in tyrosine, but the other soluble 
apo-lipoproteins present no unusual difficulties and can be labelled 
by any of the conventional procedures. By contrast, intact lipopro- 
teins are more difficult to label because their fragile nature, and the 
presence of many unsaturated lipids can lead to disproportionation 
and to the incorporation of significant amounts of iodine into the lipid 
moiety. The latter reaction can be particularly marked when the 
lipoprotein is not of human origin, since the proportion of unsaturat- 
ed fatty acids in animals is often greater than that in man. Unfortu- 
nately, the choice of the method to be used for labelling lipoproteins 
is made more difficult by the inconsistent findings of many of the 
comparative studies that have been made (see Fidge, 1974; Weech et 
al., 1978). The reasons for this unpredictable behaviour are not 
understood, but there seems to be little doubt that the iodination is 
affected by subtle changes in the lipoprotein that occur during its 
preparation and subsequent manipulation. At present we can do no 
more than emphasise the importance of using lipoproteins that are 
freshly prepared from freshly drawn blood. Even under the most 
favourable conditions, some of the lipoprotein particles will undergo 
disaggregation during the iodination, and this process will continue 
if the labelled material is stored (Eaton and Kipnis, 1969; Schonfeld 
et al., 1974). It is therefore mandatory to purify the labelled prepa- 
ration by gel filtration chromatography immediately before it is used 
(see below). Physical and immunochemical modification of apo-lipo- 
protein A-I has also been reported to occur during iodination (Stein- 
berg et al., 1983). 

Radiation damage during the storage of either lipoprotein or apo- 
lipoprotein is largely due to reaction with the radiolytic fission pro- 
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ducts of water, and can be diminished by the addition of a scavenger 
protein such as bovine serum albumin. A typical example of such a 
solvent is 3% albumin in 0.05 M sodium barbital buffer, pH 8.5. 

(a) Labelling of apo-lipoproteins. When used as tracers in radio- 
immuno assay, apo-lipoproteins are labelled to a specific activity 
between 5 and 25 mCi/mg (i.e. about 4 x lo8 d.p.s./mg). The follow- 
ing procedure is typical and may be adjusted either to  suit the quantity 
of material to be treated, or to yield a product of different activity. 

Note. Fainaru et al. (1977a) recommend that apo-lipoprotein E is labelled and stored 
in the presence of 0. I M sodium decyl sulphate. This was said to  improve the stability 
of the product and to improve the reproducibility of immuno-assays. It is not certain 
whether this is equally applicable to other apo-lipoproteins. 

Reagents 
0.05 M phosphate buffer, pH 8.0 
Bovine serum albumin in phosphate buffer (BSA-phosphate): 3% albumin in 
phosphate buffer containing 0.0270 sodium azide 
Chioramine-T solution: 0.5 mg/ml in phosphate buffer 
Sodium metabisulphate solution: 0.5 mg/ml in phosphate buffer 
Carrier-free Na’*’I: 1 mCi dissolved in 25 p1 of phosphate buffer 

Equipment. A 1 cm x 15 cm column of Sephadex G-50 equilibrat- 
ed with BSA-phosphate. 

Procedure. Dissolve the apo-lipoprotein in phosphate buffer to a 
concentration of 0.5 mg/ml and transfer 25 p1 of the solution to a 
tube of about 2 ml capacity. Add 1 mCi of 12’1, followed by 25 pl 
of chloramine-T solution, and mix. After 60 sec, add 50 pI of 
metu-bisulphite solution, dilute with 1 ml of BSA-phosphate and 
remove the free iodide by passing down the G-50 column in BSA- 
phosphate. Store the resulting preparation at 4 ° C  and use within 4 
weeks. 

According to Schonfeld and Pfleger (1974), labelled apo-lipopro- 
tein A-I undergoes a significant degradation during storage and 
should be purified by chromatography on a column of Sephadex G-75 
not more than 24 hours before use. The first and the last of the 3 peaks 
that are produced should be discarded. 
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(b) Labelling of lipoproteins. Although the procedure to be describ- 
ed below has been found satisfactory for the iodination of both 
human and guinea pig LDL, it may be necessary to confirm that the 
conditions me equally applicable to other fractions, or to lipoproteins 
from other sources. This can be done by the method of Hunter (1970), 
as follows: 

Reagents. Prepare the following solutions not more than 1 hour 
before use. 
Phosphate-buffered saline (PBS): 0.15 M NaCl containing 50 mM Na,HPO, and 1 mM 
EDTA, adjusted to pH 7.5 with HCl 
Potassium iodide solution: several solutions of concentration between 0.1 mM (0.017 
mg/ml) and 0.6 mM (0.1 mg/ml) KI in PBS 
Sodium N-chloro-p-toluenesulphonamide (chloramine-T): 5 mg/mI in water 
Solution A: 20 mg of sodium metabisulphite in 10 ml of water 
Solution B: 50 mg of sodium metabisulphite in 10 ml of PBS 
Bovine serum albumin solution (BSA): 5 g of albumin in 100 ml PBS 
Trichloracetic acid (TCA): 20 g/100 ml water 
Carrier-free Na"'1: 1 mCi in 0.20 ml of PBS 

Equipment. The measurement of redox potential (Hunter 1970) 
requires a pH meter, set to measure the potential (in millivolts) 
between a platinum electrode immersed in the reaction mixture and 
a calomel reference electrode. 

The chloramine-T reagent is added from a micrometer syringe or 
micro-burette into a reaction tube or vial, of about 2 ml capacity, 
which is mounted over a magneti stirrer. 

Procedure. Into the reaction vessel, put 1 ml of PBS which 
contains a known quantity of lipoprotein, KI and Na12'I e.g. 1 mg 
of apo-lipoprotein, 2.5 pg of KI and 1 mCi of "'1. Set the voltmeter 
to read zero. Add a measured amount of chloramine-T solution (e.g. 
5 p1) from the micrometer syringe, while stirring vigorously. Two 
minutes later, read the potential of the cell and withdraw a 10 p1 
sample of the reaction mixture. Add this sample to 1 ml of solution 
A in a 3 cm x 0.75 cm glass tube and follow it with 0.1 ml of BSA 
and 0.7 ml of TCA. Continue in this way, making further additions 
of chloramine-T until the redox potential reaches about 300 mV. Run 
all the samples that have been precipitated with TCA on a vortex 
mixer for 30 sec, stand them for 2 hours and then centrifuge for 3 
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min at 500 g. Remove the supernatant to a separate tube and wash 
the precipitate by centrifugation in 6% TCA. Count the radioactivity 
of the precipitate and of the combined supernatants. 

To determine the activity bound to the apo-lipoprotein, extract the 
lipid from the precipitate by washing twice with 1.5 ml of ethanol/eth- 
er (3: 1,  v/v). Continue the first extraction overnight and the second 
for at least 4 hours, both at room temperature. 

From the measurements of incorporated and un-incorporated ac- 
tivity, calculate the efficiency of iodination after each addition of 
chloramine-T. A plot of these values against redox potential will show 
that the binding of radioactivity ceases once the potential has reached 
a value that is characteristic of the system in use. 

By repeating this experiment with different proportions of lipopro- 
tein, KI and 1251, it is possible to determine the conditions that give 
the most favourable incorporation of activity into the apo-lipopro- 
tein, and the critical amount of chloramine-T that is needed to 
complete the reaction. Thus, in the case of human LDL, the con- 
ditions that are described below give a labelling efficiency of 65-80%, 
with some 95% of the label being bound to the apo-lipoprotein, the 
end-point of the titration occurring at about 200 mV. 

Reagents. As above. 
Equipment. In addition to the above, a 1 cm x 15 cm column of 

Sephadex (3-50 equilibrated with PBS and a 1 cm x lOOcm column 
of Sephadex G-200 packed in one of the solvents described below. 

Procedure. Prepare a solution of the lipoprotein in PBS, at a 
concentration of 1 mg of protein/ml. Transfer 1 ml to a small vial 
equipped with a magnetic stirrer and add 50 pl of 0.6 mM KI solution, 
followed by 1.0 mCi of 1251. Stir briskly and add the chloramine -T 
reagent, through a fine plastic tube which dips below the surface of 
the reaction mixture, at the rate of 10 pl/min until the total has 
reached 40 p1. Then stop the stirrer and allow the mixture to stand 
for 5 min. Add 50 pl of solution B and remove the unbound iodide 
by passing the mixture down the Sephadex G-50 column in PBS. The 
ensuing treatment of the lipoprotein will then depend on the use to 
which it will be put: 
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(a) If it is intended for metabolic studies, the final purification 
must be carried out without delay and the experiment begun imme- 
diately after. Firstly, remove the products of degradation by 
chromatography on a column of Sephadex G-200 in PBS. Collect the 
peak that emerges at the void volume and concentrate it by pressure 
dialysis (Appendix 2) against 0.15 M NaCI. Continue the dialysis 
against this solvent for 18 hours at 4 "C and then sterilise the product 
by passing it through a 0.22 pm membrane filter (e.g. Millipore). 

@) If the labelled lipoprotein is to be used as a tracer in bench 
studies, it may be stored at 4°C for up to 4 weeks in conventional 
solvents such as 0.15 M NaCl containing 0.3 M EDTA and buffered 
to pH 7.4 with 20 mM Tris/HCI (Goldstein and Brown, 1974). 
However, some workers prefer to add albumin to the solvent, since 
this not only has a preservative effect on native lipoproteins but also 
scavenges the products of radiolysis. Examples of such solvents are 
0.05 M barbital buffer, pH 8.6, containing 3% bovine serum albumin 
(Schonfeld and Pfleger, 1974), and 0.13 M borate buffer, pH 8.0, 
containing 0.5% albumin, 0.05% EDTA and 0.05% sodium azide 
(Karlin et al., 1978). Nonetheless, some degradation of the labelled 
lipoprotein will occur during storage and it should be purified imme- 
diately before use, by passing it down a column of Sephadex G-200 
that is equilibrated with the chosen storage buffer. 

When labelled by this technique, LDL should contain approximate- 
ly 0.5 g-atoms of iodine/mol of lipoprotein, assuming a particle 
weight of 3 x lo6. 
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Sodium decyl sulphate 391 
Sodium dodecyi sulphate 391 
Sodium phosphotungstate 83, 90 
Stabilising agents 1 15 
Stokes equation 121, 150, 165 
Sucrose 115, 159 
Sudan Black 178, 474, 477 

284 

283, 284 

Terminal amino acids 244, 245 
Tetramethyl urea 250 
Thimerosal 18, 450 
Threonine-poor peptide 17, 245,  277, 

Triglycerides 233 
283 

Ultracentrifugation (analytical) 130 
calibration 327 
cells 325 
density gradients 132 

Ultracentrifugation (analytical) (con- 

estimation of lipoproteins 315-350 
flotation rate estimation 145-149 
hydrated density estimation 153-156 
particle diameter estimation 150-151 
particle weight estimation 149-153 
polydispersity by 132, 141-145 

Ultracentrifugation (preparative) 
polydispersity by 156-163 
rotors and tubes 43-47, 69 
zonal 77 

rinued) 

Ultrafiltration 461462 
Urea 252, 386, 392, 394 

VLDL 8, 119 
centrifugal assay 345-351 
determination of VLDL cholesterol 

electrophoretic assay 366377 
isolation 57, 72, 88-93 
nephelometry 351-357 
properties 3 
subfractionation 60-63 

363-366 

Wax esters 221, 235 
Weber and Osborne method 268 
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