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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

v



vi A GUIDEBOOK TO LIPOPROTEIN TECHNIQUE

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-, B-, and pre-pB-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-II, lipoprotein
C-1, etc. (LP-A-I, LP-A-Il, 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.
The prefix ‘apo-’ will be added to any term that includes the word
lipoprotein or its abbreviation, e.g.

apo-high-density 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-Il. 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’.

viii
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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



2 A GUIDEBOOK TO LIPOPROTEIN TECHNIQUE

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 arate 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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Fig. 1.1. The major physical and chemical properties of human plasma lipoproteins. The upper diagram shows a characteristic
quantitative distribution of the different particles. Abbreviations: CE, cholesteryl ester; UC, unesterified cholesterol; TG,
triglyceride; PL, phospholipid; PR, protein.
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weight of the particles. Thus, it is theoretically possible for a lipopro-
tein preparation that is homogeneous with respect to particie size to
be heterogeneous with respect to composition and density. It 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 $-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 inhomogeneity.

Fig. 1.2. An illustration of heterogeneity within a lipoprotein fraction, disclosed by
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.

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

Chylomicrons: particles of density less than 0.94 g/ml.

Very-low-density 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 (1DL) by some, and LDL, by
others. The complementary fraction of density 1.02 to 1.063 g/ml is
then called LDL or LDL, 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-density 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/mi 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.

Note that all the fractions to which we have been referring are
polydisperse with respect to all known properties.
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1.1.3. Flotatio:. ~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) hpoproteins 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:

S¢ > 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.

S¢ 20—400: the low-density lipoproteins that have a flotation rate
of between 20 and 400 Svedbergs are closely equivalent to VLDL.

S¢ 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 S; 0-12 and S; 12-20 fractions.

F| 30 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 F; 5, 0-3.5
(approx. HDL;) and F| 5, 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 .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 classification 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 large particle 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 Sy 20400 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
o-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 lipo-
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 B-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. It 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. If 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 /ipopro-
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 specifically

Lp (a) This lipoprotein, which has a hydrated density of about
1.085 g/ml and a relative particle weight of about 5x 10, 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-f-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.

1.2. 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 /ipoprotein 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-L P-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-
tural 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-II. 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-II 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, some of these
so-called polypeptides have since been shown to be capable of forming
Sfamilies. Many authors have therefore applied the term apo-lipopro-
tein to proteins such a A-I and A-II, and we shall also adopt this
usage.

The apo-lipoproteins A-I and C-III have also been shown to exist



TABLE 1.1

The principal apo-lipoproteins

Apo-lipoprotein Polymorphic Main Mol. wt. C-terminal Function
forms source x 1073 aminoacid
A A-l five HDL 28.5 Gin LCAT activation
A-Tl - HDL 17.5 Gln ?
B - LDL ? Ser Binding to specific receptors
C C-1 - Chylomicrons 7.0 Ser LCAT activation
C-l1 - and VLDL 8.5 Glu LPL activation
C-I11 three 8.5 Ala LPL inactivation
D (A-III) - HDL, 22.0 ? LCAT activation?
E four? VLDL and HDL, 36.5 ? Receptor binding?
F - HDL ca. 30?7 ? ?

LCAT, lecithin:cholesterol acyl transferase.
LPL, lipoprotein lipase.
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in polymorphic forms, which are designated by adding an Arabic
numeral as in C-III-0, C-III-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-III. 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 B,-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
Phenylmethy! sulphony! fluoride 0.35 mg/ml
Thimerosal 0.08 mg/ml
Sodium azide 0.13 mg/ml
EDTA 0.37 mg/ml

(Al these reagents can be obtained from laboratory suppliers such as BDH Chemicals,
Eastman Organic Chemicals, E. Merck and Sigma Chemical Co.)
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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 azide
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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2.1. 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 Havel 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 secems 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 40 000 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 10~% 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 1.00
and 1.08 g/ml lies between the values —1.65x 10~ % g/ml/°C and
—3.93x 10~ g/ml/°C, and can be obtained to a good approxi-
mation from the equation dp/d¢ = (26.85 — 28.5p)10~* where p is
the density of the sodium chloride solution at 20 °C and ¢ 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 *+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.
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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, the

lipoprotein fraction that is recovered will have the distribution represented by the
hatched area N.
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2.1.1. 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 100000 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.

2.1.1.1. 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 pug/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 (1.0 millimolal)

Sodium azide: ¢.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 7.1),
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 NaN, 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 2:1.

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

dyy das 15°C 10°C 5°C

1.0050 1.0007 1.0076 1.0101 1.0125
1.0063 1.0020 1.0089 1.0114 1.0137
1.0100 1.0057 1.0125 1.0150 1.0173
1.0150 1.0107 1.0175 1.0198 1.0221
1.0200 1.0157 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
1.0400 1.0357 1.0421 1.0441 1.0460
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
1.0600 1.0557 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
1.0900 1.0857 1.0914 1.0927 1.0939
1.1000 1.0957 1.1012 1.1024 1.1034
1.1100 1.1057 L1111 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

DV =d\v, + dyv, 0]
where D, d, and d, are the densities of the final mixture, the plasma
and the diluent respectively. V, v; and v, are the corresponding
volumes. If the data relevant to the present case are put into this
equation, we get

1.0665 (2 + 0.94) = 1.0063 (0.94) + 2d,

whence d, = 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=5 +5 2)
and W=w +w 3)
where S, s; and s, are the weights of salt in the final mixture, the
plasma and the diluent respectively, while W, w, and w, are the
corresponding weights of water. It is also necessary to know the
weight concentration of salt (Cy) and of water (Cy) in mg/ml of
solution, and the ratio Cy/C,,. 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 NaCl solution that will raise the solvent density
of plasma to 1.125 g/ml when added in the proportion 2:1?’
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TABLE 2.2
The properties of sodium chloride solutions, the concentration of which is expressed
in molal units i.e. gmoles/kg 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.
Ry, the refractive index of the salt solution for Nay, line, at 20°C.
ny, the refractive index for Nay, line at 26 °C.
Ty, Viscosity at 20 °C in centipoises.
Nz, 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.

dx Molality C, C., C/C Ny Ny Mo Tas

1.0050 0.1643 9.56 995.44 0.0096 1.33461 1.33403 1.0181 0.8837
1.0063 0.1962 11.42 994.89 0.0115 1.33493 1.33435 1.0206 0.8863
1.0100 0.2877 16.71 993.30 0.0168 1.33584 1.33525 1.0280 0.8936
1.0150 0.4126 2391 991.10 0.0241 1.33707 1.33645 1.0387 0.9038

1.0200 0.5389  31.15 988.85 0.0315 1.33829 1.33766 1.0500 0.9141
1.0250 0.6666  38.44 986.56 0.0390 1.33951 1.33885 1.0620 0.9247
1.0300 0.7957  45.77 984.22 0.0465 1.34073 1.34005 1.0745 0.9356
1.0350 0.9263  53.16 981.84 0.0541 1.34194 1.34124 1.0876 0.9468

1.0400 1.0583  60.58 979.41 0.0619 1.34315 1.34242 1.1013 0.9583
1.0450 1.1918  68.05 976.95 0.0697 1.34436 1.34361 1.1155 0.9703
1.0500 1.3268  75.56 974.43 0.0775 1.34556 1.34478 1.1302 0.9827
1.0550 1.4632  83.11 971.88 0.0855 1.34675 1.34596 1.1454 0.9956

1.0600 1.6012  90.71 969.29 0.0936 1.34794 1.34713 1.1612 1.0090
1.0630 1.6847  95.28 967.71 0.0985 1.34866 1.34784 1.1709 1.0173
1.0650 1.7406  98.34 966.65 0.1017 1.34913 1.34830 1.1775 1.0229
1.0673 1.8053 101.86 965.43 0.1055 1.34968 1.34884 1.1852 1.0295

1.0700 1.8816 106.01 963.98 0.1100 1.35032 1.34947 1.1944 1.0374
1.0750 2.0241 113.72 961.28 0.1183 1.35150 1.35064 1.2118 1.0525
1.0800 2.1682 121.46 958.53 0.1267 1.35268 1.35181 1.2298 1.0683
1.0850 2.3138 129.24 95575 0.1352 1.35385 1.35297 1.2485 1.0847

1.0900 2.4610 137.06 952.93 0.1438 1.35502 1.35413 1.2679 1.1018
1.0950 2.6097 14491 950.08 0.1525 1.35619 1.35529 1.2880 1.1196
1.1000 2.7600 152,79 947.20 0.1613 1.35736 1.35645 1.3088 1.1382
11050 29119 160.71 944.29 0.1702 1.35852 1.35761 1.3305 1.1576
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TABLE 2.2 (continued)

dy, Molality C, C, C/C, ny Ry Mo T2

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 93536 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 NacCl 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) + 2C,
i.e. the amount of salt in the required diluent is approximately 277.86
mg/ml. 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
dy Molality  C, C. C/C Ny Ny N2o TMas

1.0050  0.0847 8.67 996.31 0.0087 1.33428 1.33361 1.0058 0.8742
1.0063 0.1012  10.37 995.91 0.0104 1.33451 1.33383 1.0066 0.8749
1.0100 0.1486  15.21 994,78 0.0153 1.33517 1.33448 1.0091 0.8771
1.0150 0.2128  21.75 993.24 0.0219 1.33605 1.33534 1.0125 0.8801

1.0200 0.2772  28.30 991.69 0.0285 1.33694 1.33621 1.0160 0.8832
1.0250 0.3420  34.86 990.14 0.0352 1.33782 1.33708 1.0194 0.8865
1.0300 0.4071 41.43 988.57 0.0419 1.33871 1.33795 1.0230 