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Abstract

Various modes of chromatography are available for lipoprotein separation. Gel permeation and affinity
chromatography are used for preparative purposes and to separate lipoproteins according to size and apolipo-
protein content, respectively. Development of rigid supports for gel permeation has led to large improvements in
speed and resolution. Reversed-phase high-performance liquid chromatography (HPLC) of apolipoproteins offers
the best performance in terms of speed and resolution of structural variants. Due to its high speed and superior
resolving power, the recently developed technique of capillary electrophoresis should emerge as an important
method for lipoprotein analysis.
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Abbreviations

apoA Apolipoprotein A
apoB Apolipoprotein B
apoC Apolipoprotein C
apoE Apolipoprotein E

CDAP  1-Cyano-4-dimethylaminopyridium tet-
rafluoroborate

CE Capillary electrophoresis

CET Cholesterol ester transferase

CHD Coronary heart disease

CNBr  Cyanogen bromide

con A Concanavalin A

CPG Controlled pore glass

CTAB  Cetyltrimethylammonium bromide
d Density

DEAE  Diethylaminoethyl

EDTA  Ethylenediaminetetraacetic acid
GPC Gel permeation chromatography
HDL High-density lipoprotein

HPLC  High-performance liquid chromatog-
raphy

IEF Isoelectric focusing

ITP Isotachophoresis

LDL Low-density lipoprotein

PA Polyacrylamide

PAGE  Polyacrylamide gel electrophoresis

SDS Sodium dodecy! sulphate
tris Tris(hydroxymethyl Jaminomethane
VLDL  Very low-density lipoprotein

1. Introduction

Chromatographic techniques represent the
newest addition to the list of techniques for the
separation and characterization of plasma
lipoproteins. In 1929 Macheboef [1] isolated the
first lipoprotein fraction from horse serum by
precipitation with half-saturated ammonium sul-
phate. The development of electrophoresis for
the study of plasma proteins by Tiselius [2] was
of great importance for characterization of
lipoproteins. In 1941, Blix et al. [3] reported two
major groups of lipoproteins with electrophoretic
mobility corresponding to a- and B-globulin.
With the introduction of the analytical cen-
trifuge, the major work of isolating and identify-

ing the various lipoprotein fractions according to
differences in their hydrated densities could be
carried out [4,5].

Lipoprotein particles are heterogeneous with
respect to size, hydrated density and composi-
tion. All are made up of cholesterol, cholesterol
esters, triglycerides, phospholipids and proteins
in varying proportions. As illustrated in Fig. 1,
lipoproteins have a globular structure. Within the
interior core of the lipoprotein are the hydro-
phobic lipids such as triglycerides and cholesterol
esters. More polar lipids, phospholipids and
cholesterol, as well as proteins, are found on the
periphery of the lipoprotein molecule.

Table 1 lists the various physical and chemical
characteristics used to classify lipoprotein par-
ticles [6]. Hydrated density remains the most
common form of lipoprotein classification. Thus,
lipoproteins are separated into very low-density
(VLDL), low-density (LDL) and high-density
(HDL) lipoprotein fractions. These correspond
roughly to pre-B8, B- and a-lipoproteins, which
are separated by electrophoresis. As more in-
formation regarding the importance of apolipo-
proteins in determining lipoprotein structure and
function was gained, a new system for classifying
lipoproteins was introduced. In this system,
introduced by Alaupovic [7], apolipoprotein con-
tent is the only criterion for naming of lipopro-
teins. Thus, lipoproteins are viewed as particles
which are heterogeneous with respect to their
physical properties but homogeneous with re-
spect to apolipoprotein composition.

The main function of the lipoprotein system is
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Fig. 1. Schematic of lipoprotein particle.
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Table 1
Physical and chemical characteristics of apolipoproteins®

Lipoprotein Density Diameter i, Major apolipoproteins
class (g/ml) (nm)

VLDL (.95-1.006 30-70 pre-8 apoC, apoB, apoE
LDL 1.019-1.063 17-26 B apoB

HDL 1.063-1.21 7.4-9 a apoA-I, apoA-II, apoE

* Data for compilation of Table 1 were taken from Ref. [6].

to transport lipids to surrounding tissues. Tri-
glyceride-rich VLDL are secreted by the liver
and function to supply triglycerides and choles-
terol to tissues. Stepwise hydrolysis of VLDL
triglycerides by lipoprotein lipase results in con-
version of VLDL to LDL. HDL are secreted
from both the liver and intestines. The role of
HDL is different than that of other lipoproteins
since they are involved in reverse-cholesterol
transport. That is, HDL transport cholesterol
from tissues to the liver for secretion. This
difference in function of lipoprotein groups re-
sults in their having different properties with
respect to atherosclerosis. It is therefore very
important to have methods available for the
separation of the various lipoprotein classes. In
this review, liquid chromatographic methods for
lipoprotein analysis are discussed. Chromatog-
raphy of apolipoproteins, the protein compo-
nents of lipoprotein particles, is also presented
since apolipoprotein distribution is important in
diagnosing lipoprotein abnormalities. Finally,
the potential of the relatively new technique of
capillary electrophoresis (CE) is also discussed.

2. Preparation of samples for lipoprotein
chromatography

The extent of sample preparation prior to
chromatographic separation is dependent on the
type of analysis sought. However, in all cases the
success of a chromatographic separation will
depend on collection and storage of blood sam-
ples. For a detailed discussion of collection of
blood for lipoprotein analysis, the reader is
referred to a review by Bachorik [8] and to the

manual from the Lipid Research Clinics Program
of the NIH [9].

Plasma or serum can be used for lipoprotein
analysis. However, plasma is usually preferred
since it can be kept cold in order to slow down
most enzymatic processes which degrade lipopro-
teins. Blood for lipoprotein analysis is collected
in tubes leading to 1.2 mg/ml of EDTA in the
final solution. Plasma is then immediately iso-
lated by centrifuging for 30 min at 1500 g in a
centrifuge refrigerated at 4°C.

Some chromatographic separations use whole
plasma as a starting material for lipoprotein
separation. Many separations, however, subfrac-
tionate the lipoprotein fraction of plasma. For
these analyses lipoprotein fractions are prepared
by ultracentrifugation according to the method
reported by Havel et al. [5]. If the whole plasma
lipoprotein fraction is required, plasma is ad-
justed to d =1.21 and centrifuged at 105000 g
for 24 h. Otherwise, individual lipoprotein frac-
tions, VLDL, LDL and HDL are prepared by
sequential ultracentrifugation.

3. Chromatography of lipoproteins
3.1. Separation of lipoproteins in whole serum

Differences in particle size can be used to
separate lipoproteins. As illustrated in Table 1,
lipoprotein size is inversely proportional to den-
sity so that lipoproteins in the VLDL fraction
have the largest diameter, while those in the
HDL fraction are smallest in diameter. Tradi-
tionally, fractionation of lipoproteins in whole
plasma has been performed in agarose gel sup-
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ports. It should be noted, however, that the
fractions obtained also contain plasma protein
contaminants. Thus, gel permeation chromatog-
raphy of whole plasma is primarily used for
analytical rather than preparative separation of
plasma lipoproteins.

Gel permeation chromatography of plasma
lipoproteins was initially performed on cross-
linked dextran supports [10,11]. Unfortunately.
the relatively small pore size of these gels yielded
poor separations. Agarose gels, which have a
larger pore size, have been found to yield better
lipoprotein separations [12,13].

The three major lipoprotein families, VLDL.,
LDL and HDL, can be separated from whole
plasma on 4% or 6% agarose gels using 0.9%
NaCl containing 0.01% EDTA, pH 7.4 as the
cluent [14]. The main advantage of using gel
permeation is that compared to ultracentrifuga-
tion, it is relatively gentle and non-destructive to
lipoprotein particles. There is evidence that the
combination of high salt concentration and re-
peated high-speed ultracentrifugation causes
modifications in lipoprotein structure and strip-
ping of apolipoproteins [15-17]. Another advan-
tage of gel permeation chromatography is that it
can be performed in most labs since it does not
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require the purchase of expensive ultracentrifu-
gation instrumentation.

Conventional gel permeation chromatography
has not, however, gained wide acceptance as a
routine technique for lipoprotein separation. The
main reasons for this are very long analysis
times, in excess of 20 h, and excessive dilution of
samples during separation.

The advent of high-performance liquid chro-
matography (HPLC) resulted in renewed inter-
est in chromatographic separations of lipopro-
teins. The use of rigid supports which were able
to withstand high pressures decreased separation
time dramatically. Furthermore, the separation
was easily automated to allow for unattended
analysis of multiple samples. Automation also
allowed for on-line monitoring of cholesterol in
the separated LDL and HDL fractions.

Rigid, fast-flow agarose gels, such as Superose
6, available from Pharmacia, can be used to
separate plasma lipoproteins by HPLC. Van
Gent and Van Tol [18] used an HPLC system,
illustrated in Fig. 2, for multiple automated
separations of lipoproteins from whole plasma.
The prep-grade Superose 6 column is loaded
with 2 ml plasma and eluted with 0.9% sodium
chloride, 2 mM sodium phosphate (pH 7.4). The
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Fig. 2. Schematic representation of the HPLC system used for multiple automated separations of lipoproteins from serum or

plasma.
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eluent also contains 0.02% sodium azide and 1
or 5 mM EDTA for serum or plasma separation,
respectively. VLDL, LDL and HDL can be
separated in a single run. The system can be
used to analyze up to six different plasma sam-
ples (2 ml per sample) overnight. A single
separation can be completed in about 160 min,
with an average overall recovery for lipoprotein
lipids of 101%.

Mairz et al. [19] reported the fast-flow sepa-
ration of plasma in which lipoproteins are de-
tected on-line at 500 nm after post-column de-
rivatization with an enzymatic cholesterol re-
agent (CHOD-PAP, Boehringer Mannheim).
The eluting lipoproteins and the cholesterol
reagent were mixed in a chamber attached to the
column outlet. The mixture was then passed
through a reaction capillary and detected. Com-
plete separation of lipoprotein fractions was
usually achieved in less than 80 min. The chro-
matographic profiles of normal and several types
of hyperlipoproteinemic serum samples is illus-
trated in Fig. 3. The three peaks correspond to,
in order, VLDL, LDL and finally, HDL. Im-
munochemical characterization of the three frac-
tions showed complete resolution of apoB-con-
taining lipoproteins (VLDL and LDL) from
apoA-I lipoproteins (HDL). As expected, all of
the hyperlipoproteinemic samples exhibited de-
creased levels of anti-atherogenic HDL and
increased levels of VLDL and LDL.

Lipoproteins can also be separated by HPLC
on TSK-type gel permeation columns. Hara and
co-workers [20,21] described the separation and
on-line determination of lipids using a combina-
tion of two TSK columns and on-line enzymatic
reaction (Fig. 4). A variety of column systems
was studied and it was found that a combination
of G4000 SW and G3000 SW eluted with 0.15 M
NaCl, pH 7, was best at separating serum
lipoproteins into VLDL, LDL, HDL, and
HDL,. The system used two detectors. The first
was placed immediately after the column and
monitored protein absorbance at 280 nm. The
second detector was placed after the enzymatic
reactor and detected lipid absorbance at 500-600
nm. It should be noted that serum instead of
plasma is preferred for TSK-gel HPLC of
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Fig. 3. Chromatographic profile of normal and hyperlipo-
proteinemic (HLP) sera. Conditions: 300-mm Superose 6
column eluted with 100 mM Na,HPO,, 200 mM NaCl, pH
7.4, 300 wl/min. (A) Normolipidimic sample. (B) Type Ila
HLP. (C) Type III HLP. (D) Type IV HLP. Peaks from left
to right: VLDL; LDL; HDL. (Reprinted from Ref. [19].)
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lipoproteins. With plasma there is a danger of
fibrin forming during the analysis.

Although the TSK-based methods are general-
ly faster than those that use Superose 6 columns,
there are some disadvantages which limit their
usefulness. TSK columns are generally more
prone to clogging than Superose 6. Adsorption
of lipoproteins to the support has also been
noted by some workers [22]. A further disadvan-
tage of the TSK supports is their limitation to
relatively small sample volumes (<300 ul).
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Fig. 4. Flow diagram of lipoprotein analysis developed by
Hara and Okazaki. (Reprinted from Ref. [20].)

Therefore, prep-scale Superose 6 columns, which
can accept large sample volumes (up to S ml) are
preferred for preparation of larger quantities of
lipoproteins.

3.1.1. Affinity chromatography

As mentioned in the introduction, lipoproteins
may also be classified according to their apolipo-
protein content. The system recognizes that
lipoprotein families defined by hydrated density
or electrophoretic mobility may contain different
apolipoprotein compositions. It also recognizes
the growing evidence that apolipoproteins are
better markers of coronary heart disease (CHD)
than serum cholesterol levels [23,24].

Much of the work of characterizing the dis-
crete lipoprotein families according to apolipo-
protein content has been performed by
Alaupovic and co-workers [25-30]. Separation of
lipoproteins according to apolipoprotein content
requires selectivity not easily attainable by gel

Sample injector

permeation chromatography. Affinity chroma-
tography, which employs specific and reversible
interactions between lipoproteins and bound
ligands is capable of separating lipoproteins on
the basis of their apolipoprotein content.

Affinity chromatography of lipoproteins can
be performed using group-specific or biospecific
ligands. Group-specific ligands include con-
canavalin A, which binds to apoB-containing
lipoproteins [31,32], and heparin, which interacts
specifically to apoB and apoE [33]. In immuno-
affinity chromatography, antibodies to specific
apolipoproteins serve as biospecific ligands.

The ability of heparin-Sepharose gels to selec-
tively bind B-lipoproteins (apoB) was demon-
strated in 1972 by Iverius [34]. The exact mecha-
nism of interaction between heparin and lipopro-
teins is not completely understood. Interaction
between positive groups of apolipoproteins and
anionic groups of heparin has been suggested as
the mechanism that leads to selective binding
[34,35]. Also, lipoprotein binding capacity of the
heparin-Sepharose gel is generally increased by
the presence of divalent anions such as Mn*".

Heparin-Sepharose gels used for lipoprotein
separation lack the mechanical strength neces-
sary for use in HPLC systems. In an effort to
produce a more robust medium, Carpenter and
Purdy [36] immobilized heparin onto glyceryl
controlled-pore glass (CPG). Furthermore, 1-
cyano-4-dimethylaminopyridinium tetrafluorobo-
rate (CDAP) was used for activation of the
glyceryl-CPG. Activation with CDAP was ex-
pected to lead to increased yields of immobilized
heparin since it can be performed under less
basic conditions than those used for cyanogen
bromide activation. Serum samples applied to
heparin-CPG were separated into two fractions.
The unretained fraction was washed through the
column with 0.1 M NaCl while the retained
fraction was eluted with 1 M NaCl. Radial
immunodiffusion studies confirmed complete res-
olution of apoA- and apoB-containing lipopro-
teins. However, attempts at incorporating the
heparin-CPG column into a high-performance
affinity chromatography system were unsuccess-
ful [37].

Dextran sulphate, which is a synthetic ana-
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logue of heparin, also binds preferentially to
apoB-containing lipoproteins. Its usefulness in
affinity chromatography is limited since it lacks
residual amino groups necessary for direct cou-
pling to a polysaccharide matrix via activation
with cyanogen bromide. However, sulphated
dextran beads (available from Sigma) which
consist of sulphated cross-linked dextran [38],
can be used as stable medium for affinity chro-
matography. They are unique since the ligand
itself is cross-linked to form an insoluble gel.

A rapid separation of apoA- and apoB-con-
taining lipoproteins on sulphated dextran beads
has been achieved [39]. The concentration of
sodium chloride solutions used to elute the
fractions was found to strongly influence lipopro-
tein separation. At low ionic strengths, the gel
swells, leading to exclusion of lipoproteins. At
higher ionic strengths, ions may compete for
binding sites. A strength of 80 mM NaCl was
found to be optimal, and resulted in complete
separation of lipoprotein fractions in less than 15
min.

Immunoaffinity chromatography provides the
highest specificity for separation and isolation of
lipoproteins on the basis of their apolipoprotein
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content. The technique can be used to separate
relatively large volumes (1 to 10 ml) of whole
plasma or lipoproteins. The experimental consid-
erations in applying immunoaffinity chromatog-
raphy for lipoprotein separation were recently
reviewed by Alaupovic and Koren [40].
Antibodies to apolipoproteins coupled to
cross-linked dextran (Sephadex) or agarose de-
rivatives (Sepharose) serve as selective ligands
for separation of lipoproteins by immunoaffinity
chromatography. Generally, purified delipidized
apolipoproteins are used as antigens for the
production of antibodies. Preparation of both
polyclonal [41-44] and monoclonal [45-47] anti-
bodies to apolipoproteins have been described.
Flow diagrams for the separation and isolation
of apoA- and apoB-containing lipoproteins in
whole plasma by sequential immunoaffinity chro-
matography, developed by Alaupovic and Koren
[40], are illustrated in Fig. 5. In this procedure,
whole plasma is first fractionated into apoB and
apoA lipoproteins by affinity chromatography on
concanavalin A (con A). This first step can also
be performed on an anti-apoB immunoaffinity
column. However, con A affinity chromatog-
raphy is preferred due to its simplicity and
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Fig. 5. Fractionation of plasma lipoproteins by sequential immunoaffinity chromatography as developed by Alaupovic and Koren
[40]. (A) Fractionation of apoA-containing lipoproteins. (B) Fractionation of apoB-containing lipoproteins. R = retained fraction,

U = unretained fraction.
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greater capacity of con A for apoB lipoproteins
than anti-apoB immunosorbers [48]. Further
fractionation proceeds by immunoaffinity chro-
matography. In order to minimize contact be-
tween lipoproteins and elution agents the im-
munoaffinity column is usually placed between
two Sephadex-25 desalting columns [49,50]. In
this way lipoproteins are quickly dissociated
from potentially destructive ions in the elution
buffer.

ApoA-containing lipoproteins can be subfrac-
tionated by immunoaffinity chromatography on
anti-apoA-l immunosorbent. This retained frac-
tion contains lipoprotein (A-1+ A-II) and
lipoprotein A-II. Further, separation of this
fraction on an anti-apoA-I immunosorber leads
to the isolation of three types of apoA lipopro-
teins: lipoprotein A-I, lipoprotein A-II and
lipoprotein (A-I+ A-II). Either thiocyanate or
acetic acid solutions can be used to dissociate
lipoproteins from the immunosorbent. However,
cholesterol ester transferase (CET) activity is
completely diminished when acetic acid is the
eluent [51].

The scheme for separation and isolation of
lipoproteins containing apoB as the sole apolipo-
protein is illustrated in Fig. SB. McConathy et
al. [30] studied the effects of activation pro-
cedure and dissociating agent on apoB lipopro-
tein immunoaffinity chromatography. They
found that immunosorbers of the highest capaci-
ty were obtained by cyanogen bromide activation
of Sepharose. Comparison of several high- and
low-pH dissociating agents found that 3 M sodi-
um thiocyanate was the most effective desorbent
for Separose-based immunosorbers.

3.2. Subfractionation of lipoprotein particles

Lipoprotein fractions prepared by ultracentrif-
ugation are often used for chromatographic
separation. The whole lipoprotein fraction (d <
1.21) can be further fractionated into VLDL,
LDL and HDL by gel permeation chromatog-
raphy [53-55]. In this way, the procedure is both
analytical and preparative since the isolated
fractions contain no contamination from serum

proteins. Procedures for gel permeation chroma-
tography of the lipoprotein fraction of plasma
are generally the same as those for whole plas-
ma. If lipid concentration in individual lipopro-
tein classes is the only information required,
whole plasma should be used in order to save
time.

Subfractionation of HDL particles has been
accomplished by gel permeation chromatography
[56-58]. Clifton et al. [56] isolated five distinct
HDL subfractions: HDL,, (mean particle radius
4.58 nm), HDL,, (5.28 nm), HDL,, (4.22 nm),
HDL,, (3.98 nm), HDL,, (3.81 nm), using a
Superose 6B column. Analysis of the individual
fractions revealed increasing protein content
with particle size and a maximum in the apoA-I
to apoA-II ratio in HDL,,.

Ion-exchange chromatography has been used
to study charge heterogeneity in LDL [59-61].
These types of separations are important since
oxidatively modified LDL has been associated
with atherosclerosis [62—64]. Chromatography of
LDL on DEAE-Sepharose 6B separated two
fractions [59]. The minor fraction (less than 1%
LDL) possessed increased negative charge, high-
er flotation density and higher susceptibility to
oxidation than native LDL.

LDL particles modified by Cu’” oxidation
were analyzed by anion-exchange chromatog-
raphy on Mono Q HR 515 columns (available
from Pharmacia) [60]. Five different fractions of
oxidatively modified LDL were identified. The
isolated fractions exhibited differences in density
and lipid content. The authors also found that
the protein component, apoB, was mainly re-
sponsible for the chromatographic behaviour of
LDL since delipidated LDL exhibited a similar
chromatographic pattern.

Heparin affinity chromatography can be used
to subfractionate HDL particles according to
apoE content [65-69]. In 1980, Weisgraber and
Mahley [66] separated human HDL into apoE-
rich and apoE-poor fractions on heparin-Sepha-
rose columns. Gel electrophoretic analysis of the
bound apoE-containing fraction suggested that it
was composed of several distinct classes. Wilson
and co-workers [67,68] further separated apoE-
rich HDL into five subfractions using elution
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Fig. 6. Separation of HDL subfractions by heparin-Sepharose affinity chromatography. Conditions: 3 mg of HDL were applied to
the column and eluted with the following buffers, all of which contained 5 mM tris—-HCIl, pH 7.4; 1 =25 mM NaCl-80 mM
MnCl,; 2 =50 mM NaCl-25 mM MnCl,; 3=75 mM NaCl-25 mM MnCl,; 4 =50 mM NaCi-12.5 mM MnCl,; 5=50 mM
NaCl-6.2 mM MnCl,; 6 =0.1 M NaCl; 7= 0.6 M NaCl. (Reprinted from Ref. {68].)

buffers of varying Mn’" concentration. The 3.3. Liquid chromatography of apolipoproteins
resulting chromatogram and the buffers used for

elution of apoE-containing HDL are illustrated The physical and chemical characteristics of
in Fig. 6. the major apolipoproteins are listed in Table 2
Table 2

Physico-chemical characteristics of the major apolipoproteins®

Apolipoprotein M, Polymorphs [soelectric Carbohydrates
point present
A-l 28 145 A-l, 5.62
A-l, 5.53
A-l, 5.45
A-l, 5.36
A-II 17 400 - S.10
A1V 46 000 - 5.05
B ? ? ? Man, Gal, GluNH,
Fuc, sialic acid
C-1 6631 - 6.5
C-11 8837 - 5.0
C-111 8764 C-11, 4.93 Gal, GalNH,
C-I1I, 4.72 sialic acid
C-I11, 4.54
D 22100 - ? Gal, Glu, GluNH,
Man, sialic acid
E 35 000- E-1 5.7 Gal, Glu, Man,
39 000 E-2 5.8 GluNH,, GalNH,,
E-3 5.9 sialic acid
E-4 6.0
E-5 6.2

® Data from Ref. [70].
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[70]. Apolipoproteins, especially apoA and
apoB, serve as markers of coronary heart disease
(CHD) risk. Also, most dyslipoproteinemias can
be attributed to apolipoprotein abnormalities.
Consequently, there is growing interest in tech-
niques for separation and characterization of
apolipoproteins. Chromatography in the gel per-
meation, ion-exchange or reversed-phase mode
can be used to separate apolipoproteins. Gel
permeation chromatography is often used as a
preparative technique for isolating apolipopro-
teins derived from HDL or VLDL. Separation of
apolipoprotein isoforms can be achieved by
either ion-exchange or reversed-phase HPLC.

Samples for apolipoprotein chromatography
are obtained from delipidated lipoprotein frac-
tions (HDL, LDL or VLDL). Preparation meth-
ods for apo-HDL [71,72] and apo-VLDL [73] by
organic solvent delipidation have been de-
scribed. With the exception of apoA-I and apoA-
I, denaturing agents such as urea, guanidine
chloride or sodium dodecyl sulphate (SDS) must
be used to solubilize lipid-free apolipoproteins in
aqueous solution [74].

Conventional gel permcation or ion-exchange
chromatography on soft gel supports can be used
for preparation of large quantities (10 to 50 mg)
of pure apolipoproteins [75]. HDL apolipopro-
teins, apoA-1, apoA-II, apoC, can be separated
on Sephadex G-200 columns using tris—HCI
buffers (pH 8.6) containing 8 M urea [76].
Apolipoproteins C and E from VLDL can be
isolated by Sepharyl S-200 (Pharmacia) chroma-
tography [77].

Most HPLC separations of apolipoproteins are
completed within 60 min. The main disadvantage
of HPLC is that only small amounts of sample
(<5 mg) can be applied to the column. How-
ever, the speed and ease of operation make
HPLC ideal for analytical separation and charac-
terization of apolipoproteins. Apolipoproteins
from HDL and VLDL can be separated in less
than 60 min on high-performance TSK gel per-
meation columns [78-80].

Separation by high-performance gel permea-
tion is strongly dependent on the completeness
of the delipidation step. Incomplete delipidation
of HDL causes poor resolution between apoA-I

and apoA-Il [74]. Apolipoprotein B has ex-
tremely low solubility in aqueous buffers and
requires the presence of denaturing agents such
as guanidine chloride for complete dissolution
[96]. Possible sources of oxidation should be
minimized during preparation of apo-VLDL and
apo-LDL as oxidation of apoB drastically re-
duces its solubility [81]. Thus, delipidation
should be performed using peroxide-free ether
and the apolipoproteins should be stored under
nitrogen.

Okazaki and co-workers [81,82] reported the
high-performance GPC separation of HDL
apolipoproteins without prior organic solvent
delipidation of the HDL fraction. Samples were
prepared by pre-incubating a mixture containing
HDL and buffer (0.1 M sodium phosphate
containing 0.1% SDS). Separations obtained
using the incubation mixture of HDL and apo-
HDL under three different eluent systems were
compared. In eluents containing 0.1% SDS or 6
M urea at pH 3.15, the elution patterns for
apoA-1, apoA-Il and apoC of the incubation
mixture and apo-HDL were very similar. Thus,
the SDS procedure is very useful for rapid
screening of HDL apolipoproteins without prior
delipidation.

Separations of apolipoproteins by ion-ex-
change chromatography are based on differences
in charge. Therefore, this mode of chromatog-
raphy can separate apolipoproteins isomers with
different isoelectric points. Chromatography of
VLDL and HDL apolipoproteins is performed
on anion-exchange columns such as SynChropak
AX300 (SynChrom IUC) [83] and MonoQ-HR
(Pharmacia) [84.85]. ApoC-III isoforms (C-1II,,
C-1II,, or C-I11,) can be separated by FPLC on
Mono HR 5/5 (Pharmacia) anion-exchange col-
umns [86]. The C apolipoproteins are first iso-
lated by gel permeation of apo-VLDL on
Sephacryl S-200 media. Elution with tris-HCI 6
M urea (pH 8.2) using a linear gradient of 0 to
0.15 M NaCl results in complete resolution of C
isoforms in less than 30 min.

Differences in hydrophobicity are the basis of
separation by reversed-phase HPLC. There is
growing interest in the use of RP-HPLC as a
rapid and highly efficient technique for moni-
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toring heterogeneity in apolipoprotein structure.
Reversed-phase columns usually have a lower
sample capacity than those used in gel permea-
tion HPLC. RP-HPLC can nevertheless be used
to prepare small amounts of apolipoprotein
(<100 mg). A drawback to the reversed-phase
mode is the relatively short column lifetimes due
to instability of silica-based stationary phases at
pH extremes.

Hancock and co-workers first reported res-
olution of HDL (apoA-I + A-1I) [87] and VLDL
(apoC) [88] apolipoproteins by ion-paired RP-
HPLC. Separations were performed using either
wBondapak-alkylphenyl or Zorbax-C, columns
and mobile phase containing 1% triethyl am-
monium phosphate (pH 3.2). The ion-pairing
reagent was necessary in order to minimize
interaction between apolipoproteins and free
silanols on the stationary phase.

Initial attempts to apply columns with more
hydrophobic stationary phases such as C,q, re-
sulted in poor separations. In fact, in some cases
a normal rather than a reversed-phase separation
was observed [88]. This was attributed to inter-
action of free underivatized silanol groups on the
silica surface with basic residues of the apolipo-
proteins,
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The development of more efficient derivatiza-
tion techniques has led to successful separations
of apoA and apoC apolipoproteins on C,, col-
umns. Typically, these procedures require gra-
dient elution with acetonitrile—water mixtures
containing 0.1% trifluoroacetic acid [89,90]. A
plot of retention time versus mean residence
hydrophobicity reveals that a true reversed-
phase separation is taking place on these C,;
columns. Using a 47-55% gradient of acetoni-
trile—water, apolipoproteins A-I, A-II and A-IV
as well as their isoforms are separated (Fig. 7).
Following elution, the peaks were collected and
subjected to sodium dodecyl sulphate poly-
acrylamide gel electrophoresis (SDS-PAGE),
and isoelectric focusing in order to identify
apolipoprotein isoforms. As expected, the two
apoA-I isoforms had similar molecular mass but
different isoelectric points. However, the apoA-
II had a similar molecular mass and isoelectric
point. This suggests a structural modification
which affects hydrophobicity while leaving other
physical characteristics of the protein unchanged.

The resolution of apoE from other HDL
apolipoproteins has not been achieved on C,g
columns. The apoE isoforms tend to coelute with
apoA-II isoforms [90]. However, apoE can be

DETECTOR RESPONSE (A, o)
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Fig. 7. Reversed-phase separation of apolipoproteins A-1. A-II and A-1V. Conditions: 30 cm x 3.9 mm C,, reversed-phase
column, 5-min isocratic elution with 0.1% TFA in 47% acetonitrile. followed by a 30-min linear gradient to 0.1% TFA-55%
acetonitrile, UV detection at 210 nm. Peaks: 1 = apoA-1V: 2. 3 = apoA-1 isoforms; 4-6 = apoA-II isoforms. (Reprinted from Ref.

(89].)
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separated from other apo-HDL by using a col-
umn of lower hydrophobicity such as TSK
Phenyl-SPW [91]. These columns consist of a
hydroxylated polyether support with a low den-
sity of bound surface phenyl groups. Other
advantages of using a column with lower hydro-
phobicity include shorter retention times and
lower concentrations of acetonitrile in the mobile
phase. Both factors should lead to increased
biological activity of the recovered apolipopro-
tein fractions.

4. Electrophoretic methods for lipoprotein
separation

Electrophoretic techniques have made a tre-
mendous contribution to the characterization of
lipoproteins, apolipoproteins and the diagnosis
of dyslipoproteinemias. Since chromatographic
techniques are the subject of this review, electro-
phoretic techniques are discussed only briefly.
The reader is referred to several recent reviews
for details regarding lipoprotein electrophoresis
in gel and paper media [92,93]. More attention is
given, however, to newly established capillary
electrophoretic (CE) techniques. The instrumen-
tal format of CE closely resembles that of HPLC
in that a high-speed separation takes place on a
column with on-line detection. However, sepa-
ration is based on differences in mobility in an
applied electric field. This combination of high
resolving power in an easily automated in-
strumental format guarantees CE an important
place in the future of lipoprotein separation.

4.1. Conventional electrophoresis

A major breakthrough in lipoprotein electro-
phoresis occurred when Frederickson et al. [94]
reported that the Lees and Hatch [95] paper
electrophoretic method gave the same informa-
tion that had hitherto been available only from
analytical ultracentrifugation. By this simple
technique it became possible to compare electro-
phoretic bands of normal patients with those
suffering from disorders of lipid metabolism and
use this information to diagnose lipoprotein

deficiency diseases [96] and hyperlipopro-
teinemias, which are related to CHD [97]. In the
latter case six phenotypes (Types I, Ila, IIb, III,
IV and V) of hyperlipoproteinemias were de-
scribed on the basis of their electrophoretic
patterns and the appearance of serum.

Currently, most electrophoretic separations of
lipoproteins are performed in discontinuous
polyacrylamide gel (PAGE) or agarose media.
The PAGE results have been compared with
those from agarose gel methodology [98]. The
disc PAGE technique was found to give more
information about the HDL and VHDL frac-
tions, whereas the agarose gel is more useful in
the VLDL region [99]. A main advantage of
polyacrylamide media is that the pore size of the
gel can be easily controlled. Thus, gradient gels
(typically 4 to 30% acrylamide) can be produced
by increasing the acrylamide concentration down
the gel. This results in sharper bands and an
increased range of particle sizes which can be
studied in a single run.

Apolipoprotein electrophoresis is typically
performed using PAGE in the presence of sodi-
um dodecyl sulphate (SDS-PAGE) or isoelectric
focusing (IEF). Maguire et al. [100] reported a
simple 3.5% SDS-glycerol PAGE system which
allows separations of all plasma apolipoproteins
(M, 8800-550000) on a single gel. The IEF
mode of electrophoresis is useful for separating
lipoprotein isoforms which differ in their isoelec-
tric points. Two-dimensional electrophoresis
which separates components first according to
isoelectric point then according to size is one of
the most powerful methods available for study-
ing structural defects in plasma apolipoproteins.
Sprecher et al. [101] have developed a high-
resolution 2D-electrophoretic technique which
effectively screens for abnormalities in apoA-I,
apoA-II, apoA-1V, apoC-II, apoC-lII, apoD,
apoE and apoH.

4.2. Capillary electrophoretic techniques for
lipoprotein analysis

_In the last decade capillary electrophoresis has
emerged as a powerful separation technique for
biomolecules. The use of narrow-bore capillaries
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and high voltages results in high separation
efficiencies and short analysis times. The main
advantage of CE over conventional electropho-
resis is speed and instrumental format which
eliminates the need for labor-intensive steps such
as gel preparation and staining.

CE also exhibits advantages over HPLC for
protein analysis. CE separations are faster and
do not require the use of expensive columns.
Furthermore, CE does not suffer from slow mass
transfer rates which lead to band broadening in
HPLC separations of apolipoproteins.

Recently, Tadey and Purdy [102,103] reported
the use of CE to separate plasma apolipopro-
teins. They found that by adding the surfactant
SDS to the separation buffer, the main apolipo-
proteins of HDL (apoA-I and apoA-II) and
LDL (apo-B) could be separated in a single run
in less than 12 min [102]. In the absence of
detergent the apolipoproteins elute as a single
peak. The effect of SDS was attributed to the
presence of discrete, non-interacting detergent-
binding sites on the apolipoproteins.

The CE separation of VLDL apolipoproteins
was also studied [101]. Again, detergents were

necessary to achieve any noticeable separation.
The effect of various different detergents was
studied and it was found that both SDS and the
cationic surfactant cetyltrimethylammonium bro-
mide (CTAB), significantly improved separa-
tion. Resolution and efficiency were also im-
proved by using a capillary coated with linear
polyacrylamide (PA). The PA coating provides a
non-ionic hydrophillic layer on the capillary
surface and therefore minimizes ionic interaction
between apolipoproteins and the capillary wall.
The separation of VLDL apolipoproteins in a
PA-coated capillary filled with SDS and CTAB
buffers is shown in Fig. 8.

High-performance capillary isotachophoresis
(ITP) of lipoproteins has also been reported. In
the procedure reported by Schmitz and co-work-
ers [52,104-105], whole serum or lipoprotein
subfractions were first stained by incubating with
a lipophilic dye for 30 min. The sample was
mixed with ampholyte spacers and injected into
the capillary between the leading and termin-
ating electrolyte. The capillary ITP profiles for
patients with hyperlipoproteinemias are shown in
Fig. 9. The differences in the profiles indicate
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Fig. 8. Separation of VLDL apolipoproteins in polyacrylamide capillaries. Conditions: 30 mM borate, pH 9, UV detection at 214
nm. (A) 3.0 mM CTAB: (B) 3.5 mM SDS. Peaks: 1=apoB: 2, 3 = apoC variants; 4 = albumin.
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Fig. 9. ITP profiles for patients with HLP classified according to Frederickson phenotypes; HDL: fractions 1-6, VLDL + LDL:
fractions 7-14. Conditions: 20-cm PTFE capillary, 500 um L.D., 6 kV: leading electrolyte SmM H,P0O,-0.25% HPMC-20 mM
2-amino-2-methyl-1,3-propanediol (ammediol), pH 9.2; terminating electrolyte 100 mM valine-20 mM ammediol, pH 9.2. (A)
Type 1 HLP; (B) type 5 HLP; (C) type 11l HLP; (D) type 1V HLP: (E) type Ila HLP; (F) type IIb HLP. (Reprinted from Ref.

{521)

that capillary I'TP provides for rapid screening of
lipoprotein abnormalities.

5. Current trends in lipoprotein analysis

The development of novel chromatographic
supports which offer increased speed and res-
olution has led to vast improvements in lipopro-
tein analysis. For example. the Superose 6 and
Mono Q supports (from Pharmacia) will con-
tinue to play an important role in lipoprotein
preparation and analysis. A particular advantage
of these supports is that they are available in a
variety of modes for analytical, semi-preparative
and preparative purposes. Affinity chromatog-
raphy should also play an increasing role in
routine lipoprotein analysis once technologies for
immobilization of ligands onto high-performance
supports are established.

The speed and simplicity of CE should make it
very useful for rapid screening of apolipoprotein
profiles. However, since most CE studies have

been carried out by analytical chemists, it may
take some time before the technique is widely
accepted in clinical laboratories. A further draw-
back to CE methods is their very low sample
capacity which restricts CE to analytical applica-
tions.

6. Conclusions

The choice of method for separating lipopro-
teins depends very much on the need of the
analyst. For separation of lipoproteins into
apoA- and apoB-containing fractions, affinity
chromatography on supports such as sulphated
dextran beads is inexpensive and rapid. High-
performance gel permeation chromatography
with post-enzymatic reactors is more elaborate
and expensive. However, it can provide very
useful information regarding physical and chemi-
cal heterogeneity of lipoproteins. Finally, al-
though they are not strictly chromatographic,
capillary electrophoretic techniques should play
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an increasingly important role in lipoprotein
characterization.
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