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Abstract

This review describes two chromatographic techniques for the separation of three main classes of lipoproteins (HDLs,
LDLs and VLDLs) from human serum: hydroxyapatite chromatography and counter-current chromatography. The HDLs,
LDLs and VLDLs were purified by the combined use of the two chromatographic techniques without prior ultracentrifuga-
tion.
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1. Introduction

Serum lipoproteins are molecular assemblies of
lipids and proteins. They consist of hydrophobic core
molecules, such as triglycerides and esterified
cholesterol, and surface amphiphilic molecules com-
posed of apoproteins, phospholipids and free choles-
terol. They are classically defined according to their
hydrated density differences and isolated by flotation
in sequential preparative ultracentrifugation. The
three main classes of lipoproteins are known as high
density, low density and very low density lipopro-
teins (HDLs, LDLs and VLDLs, respectively). The
density gradient ultracentrifugal procedure [1] re-
quires ca. two days for the separation of HDLs,
LDLs and VLDLs. Many technical difficulties arise
in the otherwise perfect separation of the three main
classes by using tedious sequential gradient centrifu-
gation method.

The chromatographic separation of lipoproteins
into the three main classes has been reported using
several types of column packings, such as Bio-Gel A
{2,3], Superose 6B (6HR) [4] and TSK Gel [5-7].
The high-performance size-exclusion chromatog-
raphy has involved separation of the eluate and
additional post-chromatographic reactions, such as
on-line determination of cholesterol and other lipids
[8,9]. However, relatively costly columns and com-
plex equipment are required.

Hydroxyapatite has been widely used for the
fractionation of proteins and nucleic acids by column
liquid chromatography since its introduction by
Tiselins et al. [10]. It has been reported previously
that human serum HDLs fraction is divided into five
(HDLs,) to six (HDLs,) subclasses [11], and LDLs
has been separated from other proteins [12] by using
hydroxyapatite chromatography. Semi-preparative
fractionation of human serum lipoproteins into three
major classes was investigated by hydroxyapatite
chromatography with stepwise elution using com-
mercially available hydroxyapatite {13]. However, all

of these separation methods required a prior pro-
cedure such as ultracentrifugation for the preparation
of the sample loaded on the column,

Recently, semi-preparative fractionation of LDLs
and VLDLs was performed using a Bio-Gel HTP
DNA-grade hydroxyapatite column by eluting with
potassium phosphate buffers at pH 7.4 in 4 stepwise
elutions [14]. In this chromatographic system, HDLs
fractions were always contaminated with serum
proteins, such as albumin and globulins, because
HDLs eluted from the hydroxyapatite column at the
buffer concentration (75 mM) used for eluting serum
proteins.

Counter-current chromatography (CCC) is a
generic name for various liquid-liquid partition
chromatographic methods which are used without
solid support matrices [15—17]. The stationary phase
is retained in the column by the aid of a gravity or
centrifugal force. The system eliminates all compli-
cations arising from the solid support. The cross axis
coil planet centrifuge (X-axis CPC) has been re-
markably improved in terms of retention of the
stationary phase. As reported elsewhere [18,19], this
type-XLL X-axis CPC has a unique capability of
retaining large amounts of stationary phase of low-
interfacial-tension, viscous solvent systems effective-
ly used for separation of polar compounds. Recently,
some coil planet centrifuge (CPC) apparatus have
been modified for performing CCC with polymer
phase systems [20]. The X-axis CPC has been
successfully used for the separation and purification
of stable proteins [21], histones and serum proteins
[22] and recombinant uridine phosphorylase from
Escherichia coli lysate [23]. The method was applied
for the separation and fractionation of human serum
lipoproteins [24,25]. The studies have shown that a
mixture of HDLs and LDLs fractions prepared by
ultracentrifugation could be separated by the X-axis
CPC [24]). The separation was performed with a
polymer phase system composed of 16% (w/w) PEG
1000 and 12.5% (w/w) dibasic potassium phosphate
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by eluting the lower phase at a flow-rate of 0.5
ml/min. HDLs and LDLs were resolved within 12 h.
The separation of a HDLs—-LDLs fraction from a
VLDLs-serum protein mixture directly from human
serum was also demonstrated with above polymer
phase system at pH 9.2 using the X-axis CPC [25].
However, using this CCC system alone, the purifica-
tion of all lipoprotein fractions from each other was
not realized. The complementary use of counter-
current chromatography and hydroxyapatite chroma-
tography was attempted for the separation of three
main classes of lipoproteins. Consequently, the frac-
tionation of HLDs, LDLs and VLDLs were per-
formed by combined use of polymer phase CCC and
hydroxyapatite chromatography without prior ultra-
centrifugation [26].

The details of the lipoprotein separations by two
chromatographic separation techniques, hydroxy-
apatite chromatography and counter-current chroma-
tography and combined use of these two separation
techniques will be described in this chapter.

2. Preparation of lipoprotein samples from
human serum

The lipoprotein fractions, three main classes
lipoprotein fractions and human serum for the sam-
ples of hydroxyapatite chromatography and counter-
current chromatography are prepared as follows.

2.1. Preparation of lipoprotein fractions

The lipoprotein fraction floated by centrifugation
was prepared by a procedure modified from that of
Rudel et al. [3]. Human blood (ca. 20-30 ml) was
collected from normolipidemic males by venepun-
cture after 12-16 h of fasting. The blood was
allowed to stand for 2—3 h at room temperature until
agglutination was complete. The plasma was with-
drawn after centrifugation at 1000 g at 15°C for 15
min. The plasma density was adjusted to 1.225 g/ml
by adding solid potassium bromide (0.3517 g of KBr
per ml of plasma). Plasma (1.225 g/ml, ca. 3-5 ml)
was then placed in ultracentrifuge tubes, which were
centrifuged in a swinging-bucket rotor at 200 000 g
at 10°C for 40 h. The lipoprotein fraction prepared
by this procedure did not contain serum protein,

except for a small amount of albumin. The lipopro-
tein fraction in the KBr solution was dialysed against
0.154 M sodium chloride solution.

2.2. Preparation of standard HDLs, LDLs and
VLDLs fractions

Each main class of lipoproteins was collected by
ultracentrifugation using a multiple discontinuous
density gradient, as proposed by Sclavons et al. [27].
Human blood was collected from fasting nor-
molipidemic healthy males in tubes containing
0.15% ethylenediamine tetraacetic acid (EDTA). The
plasma was separated by centrifugation at 700 rpm at
7°C for 20 min. A discontinuous (NaCl/KBr) density
gradient (total volume 18.5 ml) was formed by
adjusting the density of plasma to 1.30 g/ml with
solid KBr and sequentially layering on the adjusted
plasma salt (NaCl/KBr) solutions with densities of
1.240, 1.063, 1.019 and 1.006 g/ml, and 0.5 ml of
distilled water. Tubes loaded with the discontinuous
density gradient were placed in a RPV 50T vertical
rotor and centrifuged at 313 500 g at 7°C for 80 min.

2.3. Preparation of human serum

Human blood (ca. 10 ml) was collected from
normolipidemic males by venepunctures after 12-16
h of fasting. The blood was allowed to stand for 2-3
h at room temperature until agglutination was com-
pleted. The serum was collected after centrifugation
at 1000 g at 15°C for 15 min.

3. Characterization of human lipoproteins and
serum proteins by electrophoresis

3.1. Polyacrylamide gel disk electrophoresis

Three main classes of lipoproteins in an eluate
were characterized by polyacrylamide gel disk elec-
trophoresis, modified from the method of Frings et.
al. [28]. The eluates (ca. 5—10 ml) with the different
phosphate concentrations were placed in dialysis
bags (molecular mass cut-off values 3500), which
were immersed in aqueous 30% (w/v) PEG 6000
solution. After 5-6 h of dialysis, each eluate was
concentrated to 0.1-0.2 ml. If necessary, two or
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three granules of Lyphogel were added to the
concentrate, and further concentration was per-
formed. Polyacrylamide gel disk electrophoresis was
performed in 3.1% (w/v) separation gel and in 2.5%
(w/v) concentration gel.

A 30-pl aliquot of concentrated eluate was mixed
with 15 pl of Sudan Black B staining solution, and
450 nl of the sample gel solution were added. The
mixture was placed on the polymerized concentration
gel, and allowed to stand under a daylight fluorescent
lamp for ca. 30 min. When photopolymerization was
complete, the gel tubes were inserted into the
electrophoretic cell. A few drops of 0.01% (w/v)
bromophenol blue were added to the upper running
buffer as an electrophoretic marker. The electro-
phoresis was completed in ca. 1 h, at which time the
marker had migrated 5 mm from the end of the tube
at 3 mA per gel tube.

3.2. Agarose gel electrophoresis

Lipoproteins in both the counter-current and hy-
droxyapatite chromatographic fractions were also
characterized using agarose gel electrophoresis with
Oil Red 7B staining [29]. The eluates (ca. 60-100
ml) were concentrated and dialysed with distilled
water until the contents were concentrated to 1 ml. A
1-pl aliquot of the concentrate was loaded on the 1%
agarose gel. The gel was immersed in the running
buffer, composed of 43 mM sodium barbital and 7
mM barbital, then the run was performed at 90 V for
about 40 min.

3.3. Sodium dodecyl! sulfate polyacrylamide slab
gel electrophoresis

Serum proteins and apoproteins in the chromato-
graphic fractions were also characterized by sodium
dodecy! sulfate polyacrylamide slab gel electropho-
resis (SDS-PAGE) according to the method of
Laemmli [30]. Gels containing 3% (w/v) (stacking
gel) and 10% (w/v) (separation gel) of acrylamide
and 0.8% (w/v) N,N'-methylene bisacrylamide. A
10X5.5 cm separation gel and a 10X 1.0 cm stacking
gel, each 0.75 mm thick, were prepared between
glass plates. A 5-pl volume of concentrated eluate
was mixed with 95 ! of sample solution [a mixture
of 0.025 M tris(hydroxymethyl)aminomethane, 2%
(w/v) SDS, 5% (w/v) 2-mercaptoethanol, 4% (w/v)

glycerol and 0.01% (w/v) Bromophenol Blue
(BPB)] and 10-20 pl of the sample solution were
loaded on the stacking gel. Electrophoresis proceed-
ed at 10 mA until the BPB marker reached the
separation gel. Thereafter, the current was increased
to 20 mA and the electrophoresis continued until the
BPB marker reached the bottom of the separation
gel. The migrated proteins were stained for 5 min at
room temperature with a staining solution composed
of 0.25% (w/v) Coomassie Brilliant Blue, 50% (v/v)
methano! and 10% (v/v) acetic acid. The gel was
destained by washing in a mixture of 7.5% (v/v)
acetic acid and 2.5% (v/v) methanol.

4. Hydroxyapatite chromatography (HAC)
4.1. Hydroxyapatite column packings

Fast flow-type hydroxyapatite (crystal size 75—-150
pm) with plate-like crystalline lamellae (Taihei
Chemical Industry, Osaka, Japan) and Hiber Hy-
droxyapatite-MP column (10X0.8 cm 1. D.) pre-
packed with microporous spherical hydroxyapatite
beads, beads size 1-10 pm, average size 6 pm
(Kanto Chemical, Tokyo, Japan) were purchased
from commercial sources. HA-Ultrogel (particle size
60-180 pwm), a microcrystal hydroxyapatite coated
with 4% (w/v) cross-linked agarose (IBF Parmindus-
tri, Villeneuve-La-Garenne, France), Nihon Chemical
hydroxyapatite (particle size 50-100 pwm), a powder
crystal (Nihon Chemical Co. Ltd., Tokyo, Japan),
Bio-Gel HT (crystal size 10-250 pm) and Bio-Gel
HTP DNA grade (crystal size 10-170 pm), both of
which are hexagonal prisms of hydroxyapatite (Bio-
Rad Labs, Richmond, CA, USA) were commercially
available. These four types of hydroxyapatite were
suspended and swelled with | mM potassium phos-
phate buffer at desired pH and slurry-packed in the
columns (10X1.0 cm 1.D., or 25X1.0 cm [D)).

4.2. Stepwise elution

After swelling in the starting potassium phosphate
buffer, several types of hydroxyapatite were packed
into the column and throughly equilibrated with the
starting buffers. Lipoprotein fraction (10-100 ul) or
human serum (0.3-2.0 ml) were loaded, then eluted
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stepwise with several concentrations (25-650 mM)
of potassium phosphate buffers at 12.0 ml/min.

4.3. Gradient elution

Several kinds of hydroxyapatites were suspended
and swelled with 1 mM potassium phosphate buffer
and slurry-packed in the columns. After the columns
were thoroughly equilibrated with 1 mM potassium
phosphate buffer, 1.5-3.0 ml of the human serum
was loaded, then eluted with a linear gradient of
potassium phosphate buffer (1-700 mM) at 12.0
ml/h.

4.4. Semi-preparative separation of human
lipoproteins

4.4.1. Effect of salt composition in the mobile
phase on the retention of lipoproteins on the
hydroxyapatite columns

In general, proteins and nucleic acids have been
separated on conventional hydroxyapatite columns
by a stepwise elution of potassium phosphate buffer
at pH 6.8.

To evaluate the peak elution molarity for the three
main classes of lipoprotein fraction from nor-
molipidemic male serum prepared by centrifugal
flotation at 1.225 g/ml, the lipoproteins were eluted
with 100, 300 and 500 mM potassium phosphate
buffers from the Tiselius-type hydroxyapatite (Bio-
Gel HTP DNA grade) column (10X1.0 cm L.D.) at
pH 6.8 (Fig. 1). The absorbance of the column eluate
was monitored at 280 nm, which corresponds to the
absorption maximum of lipoproteins. Alternatively,
the light-scattering intensity at right angles caused by
lipoprotein particle was monitored with a fluores-
cence detector at 580 nm. Then the eluates were
fractionated and identified by polyacrylamide disk
electrophoresis, the modified method of Frings et. al.
[28]. HDLs were eluted with 100 mM potassium
phosphate buffer, and LDLs and VLDLs were eluted
with 300 mM potassium phosphate buffer. Even
when the molarity of the buffer concentration was
increased to 500 mM, the lipoproteins were no
longer eluted. It has been already noted that the peak
elution molarity for LDLs and VLDLs is higher than
that for HDLs on hydroxyapatite columns [11,12].
The same elution order was observed on this chro-
matogram shown in Fig. 1.

~— 100 mM
—— ]

-—— 300

~— 500

280 nm

__J 580 nm

1

0 20 40 60
Elution volume (ml)

Fig. 1. Stepwise elution profile of human serum high (H), low (L)
and very low (V) density lipoproteins. Column: Bio-Gel HTP
DNA grade (10X1.0 cm 1LD.); eluents: 100, 300 and 500 mM
potassium phosphate buffer at pH 6.8; flow-rate: 7.4 ml/h. A
100-p] volume of lipoprotein fraction was loaded on the column.

However, it was desirable to increase the retention
of LDLs and VLDLs, and so we used ammonium
phosphate buffer at pH 6.8 instead of potassium
salts. Fig. 2 shows the elution pattern of the three
main classes of lipoproteins at four buffer con-
centrations (100, 300, 400 and 500 mM) from the
Tiselius-type hydroxyapatite column. HDLs were
completely eluted with 100 and 300 mM ammonium
phosphate buffer. LDLs were mainly eluted with the
ammonium phosphate buffer at 400 mM, and the part
of them are remainded on the column and eluted
with VLDLs at 500 mM, respectively. Thus LDLs
and VLDLs are retained more strongly in the am-
monium phosphate buffer than in the potassium
phosphate. It seemed advantageous to use the am-
monium phosphate eluent for separation of the
LDLs-fraction from the VLDLs-LDLs fractions.

4.4.2. Effect of pH of potassium phosphate buffer
and of hydroxyapatite morphology on elution
behavior of lipoproteins

The pH value of the potassium phosphate buffer
affects the retention of proteins in hydroxyapatite
chromatography. The effect on the peak elution
molarity for standard lipoprotein fractions isolated by
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Fig. 2. Stepwise elution profile of human serum high (H), low (L)
and very low (V) density lipoproteins. Column: Bio-Gel HTP
DNA grade (10X1.0 cm LD.); eluents: 100, 300, 400 and 500 md
ammonium phosphate buffer at pH 6.8; flow-rate: 15.2 ml/h. A
50-p) volume of lipoprotein fraction was loaded on the column.

density gradient ultracentrifugation was examined on
the Tiselius-type hydroxyapatite (Bio-Gel HTP DNA
grade) column at pH 5.6, 6.2, 6.8 and 7.4. Fig. 3
shows the total elution molarity of monobasic and
dibasic potassium phosphates for the elution of the
three main classes of lipoproteins at differant pH
values. The longer retention time was observed for

PH74 ﬂ AlJ

6.8 ﬂ Il;

B

5.6 ” I_

- e i A L S L

¢ 100 200 300 400 S00 600
Elution molarity (mM)

Fig. 3. Effect of pH of potassium phosphate buffer on elution
molarity of high (H), low (L) and very low (V) density lipopro-
teins. Column: BioGel HTP DNA grade (10X1.0 cm LD);
eluents: potassium phosphate buffers at pH ranging from 5.6 to
7.4; flow-rate: 15.2-16.8 mi/h; 50 pl of each lipoprotein was
loaded on the column.

three main classes of lipoproteins at pH 5.6 and 6.2
compared with pH 6.8. The elution molarity of LDLs
and VLDLs were the same at pH 5.6, 6.2 and 6.8,
respectively. At pH 7.4, LDLs were retained less
strongly than at pH 6.8 and VLDLs were eluted with
300 mM potassium phosphate buffer. This indicates
that it is preferable to use potassium phosphate
buffer at pH 7.4 for the separation of LDLs into
VLDLs.

The human serum lipoprotein fraction was sepa-
rated into three main classes by three-step elution of
potassium phosphate buffer molarity at pH 7.4, as
expected from the elution behavior of standard
lipoproteins (Fig. 3). HDLs, LDLs and VLDLs were
eluted from the column with 75, 250 and 300 mM
potassium phosphate buffer, respectively (Fig. 4).
The eluates were identified by polyacrylamide disk
electrophoresis on 3.1% separation gel (Fig. 4).
Some 85-90% of the loaded lipoprotein fraction was
recovered, when the total lipoprotein was elnted
isocratically from the column with 500 mAM potas-
sium phosphate buffer at pH 7.4.

Serum HDLs, LDLs and VLDLs are separable on

H
E Q O (-] Q
o8 8 8 g &g
1 F
L v
_Jtzaonm
_JSSO
nm

0 50 100
Elution volume (ml)

Fig. 4. Stepwise elution profile of human serum high (H), low (L)
and very low (V) density lipoproteins. Column: Bio-Gel HTP
DNA grade (10X1.0 cm 1.D.); eluents: 75, 100, 200, 230, 300 and
650 mM potassium phosphate buffers at pH 7.4: flow-rate: 15.6
ml/h. A 50-pl volume of lipoprotein fraction was loaded on the
column.
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the Tiselius type hydroxyapatite (Bio-Gel HTP DNA
grade) column by a three-step elution of phosphate
molarity at pH 7.4. It was also found that the
crystalline morphology of commercial hydroxy-
apatite packings, including the crystal size and the
Ca/P molar ratio, affects the separation of three
main classes of human serum lipoproteins.

4.5. Preparative separation of LDLs and VLDLs
from human serum

In the previous section, the lipoprotein fractions
collected by ultracentrifugation method [3] were
loaded on the columns packed with Bio-Gel HTP
DNA grade (10X1.0 cm 1LD) and separated into
three major classes of lipoproteins (HDLs, LDLs and
VLDLs) by means of stepwise elutions with 75, 250
and 300 mM potassium phosphate buffers at pH 7.4.
In practice, however, it reqires about 40 h to prepare
the lipoprotein samples for chromatography by ultra-
centrifugation. Then it took about 45 h for purifica-
tion of VLDLs from human serum. The rapid
purification and isolation of the lipoproteins from
human serum has been required for a long time.

In this section, we have demonstrated the sepa-
ration and fractionation of the lipoproteins from
human serum directly on hydroxyapatite columns,
without prior procedures such as ultracentrifugation.
The chromatographic separations of lipoproteins
from the serum proteins, such as albumin, «-, y-
globulins in human serum are investigated using four
types of hydroxyapatites by gradient and stepwise
elution with potassium phosphate buffers at pH 7.4.

4.5.1. Gradient elution of human serum
lipoproteins

The chromatograms of the human serum lipopro-
teins eluted with a gradient from four kinds of
hydroxyapatite columns (10X1.0 cm [ D.) are
shown in Fig. SA-D. The gradient elution proceeded
at a flow-rate of 12 ml/h of potassium phosphate
buffer at pH 7.4. The absorbance of the column
eluate was monitored at 280 nm, which corresponds
to the absorption maximum of lipoproteins. Using
HA-Ultrogel coated by agarose, LDLs and VLDLs
were eluted with potassium phosphate buffer not
exceeding a concentration of 50 mM (Fig. 5A). It
appears that these LDLs and VLDLs passed through
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Fig. 5. Chromatograms of human serum HDLs, LDLs and VLDLs
on four kinds of hydroxyapatite by gradient elution. ND=not
detectable. Columns: HA-Ultrogel (A); Nihon Chemical (B); Bio-
Rad HT (C) and Bio-Rad HTP DNA grade (D) hydroxyapatite
columns (10X1.0 cm 1.D.); eluents: 1-700 mM potassium phos-
phate buffer at pH 7.4; flow-rate: 12.0 ml/h; sample: 0.3 ml
human serum.

the column, because they do not penetrate the
surface cross-linked 4% (w/v) agarose laver of the
hydroxyapatite. Another LDLs—(VLDLs) fraction
was eluted at 250 to 500 mM potassium phosphate
buffer concentration. The retained LDLs and VLDLs
have smaller particle size than those eluted with 50
mM potassium phosphate buffer because they could
penetrate into the surface cross-linked agarose and
interact with the core hydroxyapatite. The HDLs
were eluted with 50 to 200 mM potassium phosphate
buffer and separated from the LDLs—VLDLs frac-
tions. However, some serum proteins, such as al-
bumin, o- and y-globulins were contaminated in the
first and second peaks. It showed that a part of LDLs
and VLDLs in the human serum were separated from
the serum proteins using HA-Ultrogel. The packings
are coated by cross-linked agarose, and provide two
separation mechanisms of the lipoproteins. One is
the gel permeation mode of the surface agarose gel
and the other is adsorption of the lipoproteins to the
core hydroxyapatite.

We used three other kinds of hydroxyapatites
which have only the adsorptive separation mode for
the lipoproteins. Fig. 5B and Fig. 5C show the
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elution patterns of the three main classes of lipopro-
teins and serum proteins eluted with a gradient from
Nihon Chemical and Bio-Gel HT hydroxyapatites,
respectively. In both chromatograms, HDLs and the
serum proteins were eluted at concentrations ranging
from 50 to 200 mM potassium phosphate buffer and
the LDLs—VLDLs fractions eluted at the concen-
trations above 200 mM together with serum proteins.
It has become apparent that the HDLs and LDLs—
VLDLs fractions could not be separated from serum
proteins by these two types of hydroxyapatite pack-
ings with gradient elution.

The packings which provide the best separation of
HDLs, LDLs—VLDLs fractions by stepwise elution
in the previous section, Bio-Gel HTP DNA grade,
were also used to separate the main classes of
lipoproteins from human serum with gradient elution
(Fig. 5D). HDLs were cluted at the concentration
ranging from 100 to 150 mM potassium phosphate
buffer at pH 7.4 together with the serum proteins,
and LDLs-VLDLs fractions were eluted at 250 to
600 mM potassium phosphate buffer. Each fraction
was confirmed by 12% SDS polyacrylamide gel
electrophoresis and the LDLs—~VLDLSs fractions were
not contaminated with serum proteins. However, it
can be seen that LDLs and VLDLs were not
separated from each other by a gradient elution from
250 to 650 mM of potassium phosphate buffer.

For the purpose of separating LDLs from VLDLs,
the combination of the gradient and the stepwise
elution were attemped using Bio-Gel HTP DNA
grade hydroxyapatite (Fig. 6). The absorbance of the
eluate was monitored at 280 nm and the light-
scattering intensity at right angles caused by the

1.0 HOL, serum
proteins

051

Absorbance (280, 580 nm)
serum 1.5 mi Inject

lipoprotein particles was also monitored with a
fluorescence detector at 580 nm. In order to load a
large amount of human serum, we used a longer
column (25X1.0 cm L.D.). Human serum (1.5 ml)
was loaded onto the column and eluted by the
gradient elution of the potassium phosphate buffer
concentration from 1 to 200 mM. After the con-
centration of potassium phosphate buffer reached at
200 mM, the concentration of potassium phosphate
buffer was increased to 300 and 650 mM stepwise,
respectively. Five peaks were detected on this chro-
matogram. The first peak contained serum proteins
which eluted at 1 mM potassium phosphate buffer
(pH 7.4). As the concentration of the potassium
phosphate buffer gradient increased from 1 to 200
mM, the HDLs-serum proteins fractions eluted at
about 150 mM. After the serum proteins eluted, a
sharp peak of LDLs—(VLDLs) fractions were eluted
immediately upon increasing the potassium phos-
phate buffer concentration to 300 mM. Increasing the
concentration to 650 mM resulted in elution of the
VLDLs fractions. The LDLs~(VLDLs) fractions can
be separated from human serum protein using the
combination of the gradient and the stepwise elu-
tions, and the VLDLs fractions were purified from
human serum within 11 h.

It is considered that the gradient elution is useful
to determine the optimum potassium phosphate
buffer concentration to elute the three main classes
of lipoproteins from hydroxyapatite. The LDLs—
VLDLs fractions can be separated from human
serum proteins, such as albumin, «- and y-globulins
etc., using Bio-Gel HTP DNA grade. The combina-
tion of gradient and stepwise elution allows the

80 100 120 (mi)

Elution volume

Fig. 6. Elution profile of human lipoproteins by a combination of gradient and stepwise elution. Column: Bio-Gel HTP DNA grade (25X1.0
cm 1.D.); eluents: 1-200 mM for gradient and 300, 650 mM potassium phosphate (KPi) at pH 7.4 for stepwise elution; flow-rate: 12.0 ml/h;

sample: 1.5 ml human serum.
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separation of the LDLs—VLDLs and VLDLs frac-
tions from human serum proteins.

4.5.2. Stepwise elution of human serum
lipoproteins

In general, proteins have been separated by hy-
droxyapatite chromatography with a stepwise elution
of the potassium phosphate buffer concentration.
This elution mode is favorable for collecting small
fractions, because it results in sharp protein peaks
which are retained longer on the column. Human
serum was eluted from hydroxyapatite with potas-
sium phosphate buffer at pH 7.4. The optimum
concentration of potassium phosphate buffer for
stepwise elution were obtained from the results of
the gradient elution.

To separate a large amount of LDLs and VL.DLs
from the human serum, we used Bio-Gel HTP DNA
grade column (25X1.0 cm L.D.) and carried out the
four stepwise elutions. A 2-ml volume of human
serum was loaded on the column and eluted with 75,
200, 300 and 650 mM potassium phosphate buffer at
pH 7.4. Fig. 7 shows the elution profile of human
serum and four peaks were detected. The first one
contained HDLs and serum proteins (fr. 1). Further,
the serum proteins were eluted from the column by a
potassium phosphate buffer concentration of 200 mM
(fr. 2). The fractions eluted at 300 mM potassium
phosphate buffer were mainly LDLs (fr. 3) and
VLDLs were eluted at 650 mM potassium phosphate
buffer (fr. 4). The fractions 3 and 4 were not
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Fig. 7. Stepwise elution profile of human serum lipoproteins.
Column: Bio-Gel HTP DNA grade (25X1.0 cm LD.); eluents: 25,
200, 300 and 650 mM potassium phosphate buffer (KPi) at pH
7.4; flow-rate: 12.0 ml/h; sample: 2.0 ml human serum.

contaminated with serum proteins. The amount of
the lipoproteins in both fractions were 4.49 mg (2.25
mg/ml serum) for LDLs and 0.68 mg (0.34 mg/ml
serum) for VLDLs, respectively. The lipoproteins
and the serum proteins in the fractions were iden-
tified by electrophoresis. Disk polyacrylamide gel
electrophoresis (Disk PAGE) patterns of the fractions
are shown in Fig. 8A. The lipid moiety of the
lipoproteins was stained by Sudan Black B. The
fractions eluted by 75, 300 and 650 mM potassium
phosphate buffer (fr. 1, 3 and 4), corresponding to
the center cuts of the first, third and forth peaks in
the chromatogram, contained HDLs, LDLs and
VLDLs. The second peak may represent serum
protein, because the fraction showed no lipid staining
(Fig. 8A). The serum proteins contained in the
fraction were identified by the slub SDS PAGE
patterns with Coomasie Briliant Blue protein staining
(Fig. 8B). The SDS PAGE analysis revealed that the
fractions 1 and 2 contained most of the serum
proteins. The fractions 3 and 4 show no protein band
except for the apoprotein B in LDLs and VLDLs. It
was shown that the LDLs and VLDLs were sepa-
rated from the human serum proteins by hydroxy-
apatite chromatography of Bio-Gel HTP DNA grade
column (25X1.0 ecm I. D.) within 10 h.

The hydroxyapatite developed by Tiselius et al.
[10] for chromatography is a crystallized form of
calcium phosphate. It has been suggested that the
crystal size is an effective criterion of the binding
strength of hydroxyapatite packing. It is considered
that the separation of the HDLs from the serum
proteins is difficult on several types of hydroxy-
apatites. It will be necessary to use another chro-
matographic technique for separation of HDLs from
serum proteins.

5. Counter-current chromatography (CCC)
5.1. Apparatus

Counter-current chromatographic separation of
lipoproteins were performed with the cross-axis coil
planet centrifuges (CPCs). The cross-axis CPCs used
in the lipoprotein separations are modified versions
of the high-speed CCC centrifuge. The cross-axis
CPC has a unique feature among the CPC systems in
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Fig. 8. (A) 3% Polyacrylamide disk and (B) 12% SDS polyacrylamide slab gel electrophoretic profiles of the fractions collected from

hydroxyapatite chromatography of human serum.

that the system provides reliable retention of the
stationary phase for viscous polymer phase systems.
Fig. 9 shows the orientation and motion of the coil
holder in the cross-axis CPC systems [31]. R is the
radius of revolution; w is the angular velocity; S8=r/
R where r is the distance from the holder axis to the
coil and L is the lateral disposition of the coil
expressed by the distance from the center of the
holder shaft to the coil holder. A series of studies has
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Type XL Type XLL
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Fig. 9. Planetary motion of the coil holder in the cross-axis coil
planet centrifuge.

shown that the stationary-phase retention is enhanced
by laterally shifting the position of the coil holder
along the holder shaft, apparently due to the
asymmetry of the laterally acting force field between
the upper and the lower halves of the rotating coil.
The degree of the lateral shift of the column holder
may be conveniently expressed by L/R, where L is
the distance from the center of the holder axis to the
coil holder and R is the distance from the centrifuge
axis to the holder axis. Among those, XI. and XLL
cross-axis CPCs have been successfully used for
lipoprotein separation with polymer phase systems
composed of poly(ethylene glycol) 1000 and potas-
sium phosphate buffer. Figs. 10 and 11 show the
photograph and the horizontal cross-section of the
XL (L/R=1) cross-axis CPC equipped with a pair of
multilayer coil separation columns. The apparatus
holds a symmetrically placed pair of horizontal
rotary shafts, one on each side of the rotary frame, at
a distance of 10 cm from the centrifuge axis. A
spool-shaped column holder is mounted on each
rotary shaft at an off-center position 10 cm from the
midpoint. Each multilayer coil separation column
was prepared from 2.6 mm LD. polytetrafluoro-
ethylene (PTFE) tubing by winding it onto a 15.2 cm
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Fig. 10. Photograph of the type XL cross-axis coil planet centrifuge.

diameter holder, forming multiple layers of left-
handed coils between a pair of flanges spaced 5 cm
apart. The column consisted of 4 layers of coil with a
170-ml capacity. A pair of columns mounted on the
rotary frame was connected in series to make up a
total capacity of 340 mi.

The XLL apparatus holds a pair of horizontal
rotary shafts symmetrically at 7.6 cm from the
central axis of the centrifuge. A spool-shaped coil
holder is mounted on each rotary shaft at a lateral
position 15 cm away from its midpoint. Each coil
holder measures 3.8 cm in hub diameter and 5 cm in
width between the pair of flanges. A separation
column was mounted on each holder by winding a
2.6 mm L.D. PTFE tube directly onto the holder hub
making 8 layers of left-handed coils with a 125-ml
capacity. A pair of columns mounted on the rotary

frame was connected in series to make up a total
capacity of 250 ml. The speed of the columns of type
XL and XLL CPCs are regulated at 500 and 750
rpm, respectively, with a speed control unit.

3.2. Polymer phase systems for lipoprotein
separation

Two-phase solvent systems composed of 16% (w/
w) poly(ethylene glycol) (PEG) 600, 1000, 2000 or
4000 and 12.5% (w/w) potassium phosphate (KPi)
aqueous solutions were prepared by dissolving 320 g
of PEG and 250 g of potassium phosphate buffer
(mixture of anhydrous KH,PO, and K,HPO,) in
1430 g of distilled water, and the solvent systems
containing 25% (w/w) PEG and 12.5% (w/w)
potassium phosphate buffer were similarly prepared
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13b

12
Fig. 11. Cross-sectional view of the type XL coil planet cen-
trifuge. 1=Central shaft; 2=side plates; 3=bottom plate; 4=
rotary shafts; 5=column holders; 6 and 8=toothed pulleys; 7=
toothed belt; 9=countershafts; 10=planetary miter gears; 11=

stationary miter gear; 12=multilayer coil separation columns;
[3a—c=flow tubes.

by dissolving 500 g of PEG and 250 g of potassium
phosphate buffer in 1250 g of distilled water.

Fig. 12 shows the composition of eight different
polymer phase systems composed of PEG 1000 and
potassium phosphate buffer. The pH values of the
solvent systems were adjusted to 6.8, 7.3, 8.0 and 9.2
by changing the ratio between monobasic and dibasic

PEG KFPi pH Volume
1000 KHzPO4 K2HPO4 Ratio
(wiw %) UP/LP K=Cu/C

25% PEG 1000-12.5% KPI systems

250 0 125 92 131
250 21 104 80 140  ipeerehase
250 42 83 73 L6l
250 625 625 68 173

16% PEG 1000-12.5% KPi systems
160 0 125 92 082  KPich —p
160 2.1 104 80 (.83 lowerphase
160 42 83 73 1.00
160 625 625 68 122

Fig. 12. Composition of various aqueous polymer phase systems
used for counter-current chromatography of human serum lipopro-
teins.

potassium phosphates in the two-phase system. When
the concentration of monobasic to dibasic potassium
phosphate slightly exceeds a one to one ratio, the
solvent mixture forms a single phase.

35.3. Partition coefficient of lipoproteins and serum
proteins

Counter-current chromatography is a two-phase
procedure where the separation is based on the
difference in the partition coefficient of solutes
within the phases. To achieve efficient separation of
lipoproteins from human serum, it is essential to
optimize the partition coefficient of each component
by selecting a proper pH of the polymer phase
system.

Fig. 13 shows the partition coefficients of three
lipoproteins and three serum proteins plotted on a
logarithmic scale against the pH of two different
polymer phase systems: 16% (w/w) PEG 1000-
12.5% (w/w) potassium phosphate buffer and 25%
(w/w) PEG 1000-12.5% (w/w) potassium phos-
phate buffer. In the 16% (w/w) PEG 1000 systems
(Fig. 13 left), human serum albumin, o- and +y-
globulins and VLDLs show an increase of their
partition coefficients with pH from 6.8 to 9.2, while
the partition coefficients of HDLs and LDLs display
quite different trends. At the highest pH of 9.2, the
partition coefficients of both HDLs an LDLs are less
than 1.0 indicating that these lipoproteins are mainly
distributed to the potassium phosphate buffer-rich

16% PEG1000-12.5% KPI 25% PEG1000-12.5% KPi
~ 1000
Q
3
1 yglobulin
3w -
E a-giobulin
s 10
E vioL HSA|
1
s oL
§ . HOL
& g 7 8 9 106 7 8 9 10
pH pH

Fig. 13. Partition coefficients (K) of HDLs (O), LDLs (L]),
VLDLs (A), human serum albumin (@), a-globulin (M) and
y-globulin (4} in various polymer phase systems composed of
PEG 1000 and potassium phosphate buffer. K is solute con-
centration in the upper phase divided by that in the lower phase.
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lower phase. On the other hand, VLDLs are not
expected to separate from a-globulin at any pH.

In the 25% (w/w) PEG 1000 system (Fig. 13,
right), all proteins except -y-globulin show similar
trends for their K-pH curves indicating that the
system is unsuitable for the desired separation.

5.4. Separation of artificial HDLs and LDLs
mixture by CCC

In order to demonstrate the capability of type XLL
cross-axis CPC for the separation of lipoproteins
from other serum proteins, a mixture of LDLs and
HDLs fractions from human serum was eluted using
the polymer phase system composed of 16% (w/w)
PEG 1000 and 12.5% (w/w) dibasic potassium
phosphate at pH 9.2. As shown in Fig. 14A, the
HDLs and LDLs fractions were eluted from the
column in the order of their partition coefficient
values and also partially separated from other serum
proteins. The experiment was initiated by filling the
entire column with the stationary upper phase. This
was followed by sample injection through the sample
port. The apparatus rotated at 750 rpm while the
mobile lower phase was pumped into the column at a
flow-rate of 0.5 ml/min in the proper elution mode
[18]. The separation was completed within 12 h and
the volume of the upper stationary phase retained in
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the column was 45.0% of the total column capacity
(250 ml). Fig. 14B shows the agarose gel electro-
phoretic patterns of each peak. The lipid moiety of
the lipoproteins was stained by Oil Red 7B. The
fractions 43-50 and 60-70, corresponding to the
center cuts of the first and second peaks in the
chromatogram, contained HDLs and LDLs, which
migrated to the respective positions in lanes 1 and 2.
The third peak in the chromatogram may represent
serum protein, because the fraction showed no lipid
staining. No lipoprotein was detected in either the
upper or lower phase collected from the column after
the completion of the separation.

3.5. Isolation of HDLs—LDLs fractions from
human serum by CCC

In the previous Section 5.4, we have succeeded in
separating HDLs and LDLs lipoproteins with an
aqueous polymer phase system using a type-XLL
cross-axis CPC. In this experiment, the human serum
was first processed by ultracentrifugation to elimi-
nate serum proteins such as albumins and globulins
from the CCC samples. In this section, this step will
also be done by CCC using a type-XL cross-axis
CPC with a polymer phase system composed of
different molecular masses of PEG and potassium
phosphate buffers over a broad range of pH.

Lane 1—Corresponds o the CCC fractions # 43-50
Lane 2—Casrespands to the CCC fractions % 60-70
Lane 3—Corresponds ta the CCC fractions # 80-80

Fig. 14. Separation of lipoproteins by the cross-axis coil planet centrifuge (A) and 0.6% agarose gel electrophoretic profile of the fractions
(B). Columns: a pair of multilayer coils connected in series, 2.6 mm LD. and 250 ml capacity; solvent system: 16.0% (w/w) PEG
1000—12.5% (w/w) dibasic potassium phosphate at pH 9.2; mobile phase: phosphate-rich lower phase; flow-rate: 0.5 ml/min; revolution
speed: 750 rpm; maximum column pressure: 20 psi. SF(A)=solvent front. Lanes (B): 1=CCC fractions 43-50; 2=CCC fractions 60-70;

3=CCC fractions 80-90.
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5.5.1. CCC of human serum with different
molecular masses of PEG in the aqueous polymer
solvent systems

The effect of the molecular mass of the PEG was
studied with the 16% (w/w) PEG-125% (w/w)
potassium phosphate systems. Fig. 15 shows the
chromatograms of human serum (4 ml) obtained
from four solvent systems each containing different
molecular mass PEGs (M_ =600, 1000, 2000 and
4000).

In each experiment, the CCC column was first
entirely filled with the PEG-rich upper stationary
phase and the sample solution (a mixture of 4 ml
human serum and 2 ml each of upper and lower
phases to which proper amounts of PEG and inor-
ganic phosphate were added to adjust the two-phase
composition) was injected through the sample port.
The potassium phosphate buffer-rich lower mobile
phase was eluted through the column at various flow
rates ranging from 0.5 to 2.0 ml/min while the
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Fig. 15. Counter-current chromatographic fractionation of HDLs—
LDLs fractions from human serum with four different aqueous
polymer phase systems containing PEG 600 (A), PEG 1000 (B),
PEG 2000 (C) and PEG 4000 (D). Experimental conditions:
column, 2.6 mm LD. PTFE multilayer coils (X2) with 340 ml
capacity; sample, a mixture of 4-ml volume of human serum, 2 ml
of upper phase and 2 ml of lower phase in which 0.9 g of PEG
and 0.7 g of dibasic potassium phosphate were dissolved; solvent
systems, 16% (w/w) PEG 1000-12.5% (w/w) dibasic potassium
phosphate at pH 9.2; mobile phase, lower phase; flow-rate, 2.0
ml/min; rtevolution, 500 rpm; SF=solvent front; UP=starting
point of reversed elution mode with the upper phase mobile.

columns of the XL cross-axis CPC were rotated at
500 rpm.

The lipoproteins in the CCC fractions were char-
acterized using polyacrylamide gel disk electropho-
resis (disk PAGE) with a method modified from that
of Frings et al. [28]. Serum proteins in the CCC
fractions were also characterized by SDS-PAGE
according to the method of Laemmli [29].

In the PEG 600 system (Fig. 15A), all proteins
including HDLs, LDLs and serum proteins were
strongly retained in the PEG-rich upper stationary
phase and eluted together when the column was
eluted in a reversed elution mode with the PEG-rich
upper phase. Similarly, when PEGs with molecular
masses higher than 2000 were used in the solvent
system, all proteins including HDLs, LDLs and
serum proteins were distributed to the potassium
phosphate buffer-rich lower phase and eluted to-
gether at the solvent front (SF) of the chromatogram
(Fig. 15C and Fig. 15D). Successful separation of
the combined HDLs and LDLs fraction were
achieved with the 16% (w/w) PEG 1000-12.5%
(w/w) potassium phosphate buffer solvent system at
pH 9.2, where both HDLs and LDLs were eluted
together near the solvent front while other proteins
were retained in the column for a much longer period
of time. The separation time of these two lipopro-
teins was 3 h. From the partition behavior of the
VLDLs (Fig. 14, left), we assume that these lipopro-
teins are eluted by the PEG-rich upper phase in the
second peak or its shoulder (Fig. 15B).

5.5.2. Effect of the flow-rate on the CCC
separation of lipoprotein fractionation

The effect of the flow-rate of the mobile phase on
the lipoprotein fractionation was next investigated
using the 16% (w/w) PEG 1000-12.5% (w/w)
potassium phosphate buffer (pH 9.2) system by
eluting the potassium phosphate buffer-rich lower
phase. Fig. 16A-C show chromatograms of human
serum at a flow-rate of 2.0 (A), 1.0 (B) and 0.5
ml/min (C) according to the applied flow-rates. It
was evident from these chromatograms that HDLs
and LDLs were not resolved even at the lowest
flow-rate of 0.5 ml/min.

Fig. 17 shows both the disk and slab poly-

acrylamide gel electrophoresis of the CCC fractions
(Fig. 15B). The first peak corresponding to the
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Fig. 16. Counter-current chromatographic fractionation of HDLs~
LDLs fractions from human serum at different flow-rate of the
lower phase. Experimental conditions are the same as those
described in Fig. 14 except the following: flow-rate: 0.5 ml/min
(A), 1.0 ml/min (B) and 2.0 ml/min (C). SF=solvent front;
UP=the starting point of the reversed elution mode with the upper
phase mobile.

fractions 40-55 contained both HDLs and LDLs.
The second peak, which was produced by eluting
with the PEG-rich upper phase, consisted mostly of
human serum proteins such as HSA, «- and «y-
globulins. The 3.1% disk-PAGE (Fig. 17B, left)
shows that the CCC fractions 40-55 contained both
HDLs and LLDLs, while the other fractions (92-100,
101-110 and 111-120) show only BPB bands used
as a marker. The 12% SDS PAGE (Fig. 17B, right)
revealed that the serum proteins including HSA were
eluted in fractions 92-120. The HDLs-LDLs frac-
tions corresponding to CCC fractions 40-55 were
free of serum proteins, but contained ApoA and
ApoB proteins, which are the apolipoproteins of
HDLs and LDLs, respectively.

The results show that the HDLs—LDLs fractions
were fractionated within 3 h by CCC with a polymer

phase system composed of 16% (w/w) PEG 1000
and 12.5% (w/w) dibasic potassium phosphate at a
relatively high flow-rate of 2.0 ml/min. The amounts
of phospholipids, cholesterols and triglycerides in the
CCC fractions, 44-55 and 92-120, were determined
by enzymatic analysis. The triglycerides in the serum
protein fractions (92—120) eluted with the PEG-rich
upper phase were as high as 0.74 mg/ml. It is most
likely that the VLDLs were eluted in the same
fractions, because they contain more triglycerides
than other lipoproteins.

The overall results of this section are as follows:
The CCC fractionation of the HDLs—LDLs fractions
by the cross-axis CPC is greatly influenced by the
molecular mass of PEG in the solvent system. A
polymer system composed of 16% (w/w) PEG 1000
and 12.5% (w/w) dibasic potassium phosphate (pH
9.2) was found to be most suitable since it provides a
large difference in K values between the serum
proteins and major lipoproteins (HDLs and LDLs).
The solvent system allows CCC fractionation of
these two lipoproteins directly from the human
serum in 3 h. Since the partition system (with PEGs)
is very mild, there may be less breakdown of the
lipoproteins than with column centrifugation in high
salt media. Direct comparison of the samples with
the above mentioned techniques would be interest-
ing. With further refinement we hope to fractionate
HDLs and LDLs.

6. Complementary use of CCC and HAC for
the separation of three main classes of
lipoproteins from human serum

6.1. Separation of HDLs—LDLs fractions and
VLDLs—serum protein fractions by CCC

The two lipoprotein fractions (HDLs—LLDLs and
VLDLs—serum proteins) from human serum were
obtained in the previous section with a polymer
phase system using the type XL cross-axis CPC
equipped with a large-capacity column (340 ml). In
these studies, we employed a small-capacity column
(60 ml) in the same apparatus to shorten the sepa-
ration time. Fig. 18 shows a chromatogram of human
serum (4 ml) obtained with the cross-axis CPC using
16% (w/w) PEG 1000-12.5% (w/w) dibasic potas-
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Fig. 17. 3.1% polyacrylamide gel electrophoresis of lipoproteins and 12% SDS PAGE of serum proteins.

sium phosphate (pH 9.2). The separation was per-
formed at 500 rpm and at a flow-rate of 0.5 ml/min
using the lower phase as the mobile phase where
both HDLs and LDLs were eluted together near the
solvent front (SF), while other proteins were retained
in the column much longer. After collecting the
HDLs-LDLs fraction (CCC-fr. 1), VLDLs were
eluted together with serum proteins (CCC—fr. 2) by
pumping the upper phase in the reverse direction
(marked UP in Fig. 18). The separation was com-
pleted within 4.5 h. The lipoproteins in each peak
was confirmed by 1% agarose gel electrophoresis
with Oil Red 7B stained and the serum proteins were
also detected by 10% SDS-PAGE with Coomasie
Brilliant Blue protein staining (Fig. 19). The first
peak (CCC-fr. 1) contained HDLs and LDLs but no
serum proteins of M, ca. 60 000 (Fig. 19B) and the
second peak (CCC-fr. 2) contained VLDLs and
serum proteins.

6.2. Separation of HDLs, LDLs and VLDLs from
CCC fractions by HAC

In this section, the CCC fractions 1 (HDLs~LDLs)
and 2 (VLDLs-serum proteins) obtained in the

previous section were each separately dialysed
against distilled water until the concentration of the
potassium phosphate buffer was decreased to that in
the starting buffer used for the hydroxyapatite chro-
matography. This process required a long time for
the CCC—fr. 2, which containted a high concen-
tration of PEG. The concentrates of both fractions
were chromatographed separately on the hydroxy-
apatite column.

Fig. 20 shows the elution profile on hydroxy-
apatite obtained from CCC—fr. 1. A 1.4-ml volume
of the concentrate was loaded on the Bio-Gel HTP
DNA-grade column (5.0X2.5 cm [.D.) and eluted at
1.0 ml/min with 75 and 290 mM potassium phos-
phate buffer at pH 7.4. Two lipoprotein peaks were
eluted; the first peak (HA—fr. 1) contained HDLs and
the second peak (HA—fr. 2) contained LDLs.

The concentrate (1.5 ml) of CCC-fr. 2, which
contained VLDLs and serum proteins, was similary
chromatographed (Fig. 21). The separation was
performed with two-step elution with 290 and 650
mM potassium phosphate buffer at pH 7.4. Most of
the serum proteins, including albumin and globulins,
were eluted with 290 mM potassium phosphate
buffer (HA~fr. 3) at pH 7.4. The VLDLs, on the
other hand, were retained in the column for a much
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Fig. 18. Counter-current chromatographic separation of HDLs—
LDLs fractions from human serum with aqueous polymer phase
system. Column: 2.6 mm LD. PTFE single-layer coil (X2) with
60-ml capacity; sample: 4 ml of human serum in which 0.9 g of
PEG 1000 and 0.7 g of dibasic potassium phosphate were
dissolved; solvent system: 16% (w/w) PEG 1000-12.5% (wlw)
dibasic potassium phosphate at pH 9.2; mobile phase: lower
pbase; flow-rate: 0.5 ml/min; rotation speed: 500 rpm. SF=
solvent front, UP=starting point of the reversed elution mode with
the upper mobile phase.

longer time and were eluted with 650 mM potassium
phosphate buffer (HA-fr. 4). Lipoproteins in the
hydroxyapatite chromatographic fractions (HA-frs.
1—4) were confirmed by agarose gel electrophoresis
with Oil Red 7B staining (Fig. 19A). The results of
agarose gel electrophoresis indicated that HDLs,
LDLs and VLDLs were present in HA-~fr. 1, HA-fr.
2 and HA-fr. 4, respectively. The serum proteins
were detected by SDS-PAGE with Coomassie Bril-
liant Blue staining, which demonstrates that CCC—fr.
1, HA~fr. 2 and HA-fr. 4 are free from serum
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Fig. 19. Agarose gel electrophoresis (A) and SDS-PAGE of CCC
and hydroxyapatite chromatographic fractions.

proteins except for apoproteins corresponding to
each lipoprotein (Fig. 19B). HA~fr. 3 contained only
serum proteins.
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Fig. 20. Stepwise elution profile of HDLs and LDLs by hydroxy-
apatite chromatography. Column: Bio-Gel HTP DNA-grade hy-
droxyapatite (5.0X2.5 cm 1LD.); eluents: 75 and 290 mM potas-
sium phosphate buffers at pH 7.4; flow-rate: 1.0 ml/min; sample:
1.4 ml concentrated of HLDs—-LDLs CCC fraction containing 13.9
mg total proteins (CCC—fr. 1).
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Fig. 21. Stepwise elution profile of serum proteins and VLDLs by
hydroxyapatite chromatography. Column: Bio-Gel HTP DNA-
grade hydroxyapatite (5.0X2.5 cm 1.D.); eluents: 290 and 650 mM
potassium phosphate buffers at pH 7.4; flow-rate:1.0 ml/min;
sample:1.5 ml concentrated of serum proteins—VLDLs CCC
fraction containing 41.8 mg total proteins (CCC—fr. 2).

7. Conclusion

In conclusion, serum HDLs, LDLs and VLDLs are
separable on the Tiselius-type hydroxyapatite (Bio-
Gel HTP DNA grade) column by a three-step elution
of phosphate molarity at pH 7.4. It was also found
that the crystalline morphology of commercial hy-
droxyapatite packings, including the crystal size and
the Ca/P molar ratio, affects the separation. How-
ever, it was impossible to separate HDLs from serum
protein, such as albumin and globulin by the hy-
droxyapatite chromatography.

The other separation technique, counter-current
chromatography, is a very useful method for the
separation and fractionation of human serum lipopro-
teins. The HDLs—-LDLs and VLDLs-serum proteins
fractions were directly obtained from human serum
by counter-current chromatography using the solvent
system composed of 16% (w/w) PEG 1000-12.5%
(w/w) potassium phosphate at pH 9.2. The separated
HDLs-LDLs and VLDLs-serum proteins fraction
were loaded on the hydroxyapatite columns and
separated into HDLs, LDLs, VLDLs and serum
proteins, respectively, and eluted with stepwise
elution of potassium phosphate buffers. As shown in
the Section 6.2, the complementary use of counter-

current chromatography and hydroxyapatite chroma-
tography is a very useful method for the separation
of three main classes of lipoproteins from human
serum without prior ultracentrifugation.

References

[1]) M.J. Chapman, S. Goldstein, D. Lagrange and PM. Lapland,
J. Lipid Res., 22 (1981) 339.

[2] T. Sata, D.L. Estrich, PP.S. Wood and LW. Kinsell, J. Lipid
Res., 11 (1970) 331.

[31 L.L. Rudel, J.A. Lee, M.D. Morris and J.M. Felis, Biochem.
J., 139 (1974) 89.

[4] PM. Clifton, A.M. Mackinnon and P.J. Barter, J. Chroma-
togr., 414 (1987) 25.

[5] 1. Hara, M. Okazaki and Y. Ohno, J. Biochem., 87 (1980)
1863.

[6] M. Okazaki, Y. Ohno and I. Hara, J. Biochem., 89 (1981)
879.

[7] M. Okazaki, K. Shiraishi, Y. Ohno and I. Hara, J. Chroma-
togr., 223 (1981) 285.

[8] K. Makino, I. Sasaki, T. Uenishi, T. Takeuchi, 1. Hara and
M. Umino, Nippon Kagaku Kaishi, (1984) 524.

[9] 1. Hara and M. Okazaki, Methods Enzymol., 19 (1986) 57.

[10] A. Tiselius, S. Hjertén and O. Levin, Arch. Biochem.
Biophys., 65 (1956) 132.

[11] G.M. Kostner and A. Holasek, Biochim. Biophys. Acta, 488
(1977) 417.

(12] M. Gnezda, M. Jacoby and 1. Kerkay, Anal. Lett., 21 (1988)
29.

[13] U. Matsumoto, H. Nakayama, Y. Shibusawa and ‘T. Niimura,
J. Chromatogr., 566 (1991) 67.

[14] Y. Shibusawa, N. Miwa, T. Hirashima and U. Matsumoto, J.
Liq. Chromatogr., 17 (1994).

[15] Y. Ito and R.L. Bowman, Science, 167 (1970) 281.

{16] Y. Ito, in N.B. Mandava and Y. Ito (Editors;, Counter-
Current Chromatography: Theory and Practice, Marcel
Dekker, New York, 1988, Ch. 3, p. 79.

[17] W.D. Conway, Countercurrent Chromatography: Principle,
Apparatus and Applications, VCH, Weinheim, 1990.

[18] Y. Ito, E. Kitazume and M. Bhatnagar, J. Chromatogr., 538
(1991) 59.

[191 Y. Ito, E. Kitazume and J.I. Slemp, J. Chromatogr., 538
(1991) 81.

[20] Y. Shibusawa, in Y. Ito and W.D. Conway (Editors), High-
Speed Counter-current Chromatography, Chemical Analysis
Series Vol. 132, Wiley Interscience, 1996, Ch. 13, p. 385.

[21] Y. Shibusawa and Y. Ito, J. Chromatogr., 550 (1991) 695.

[22] Y. Shibusawa and Y. Ito, J. Liq. Chromatogr., 15 (1992)
2787.

[23] Y.-W. Lee, Y. Shibusawa, F.T. Chen, J. Meyers, JM.
Schooler and Y. Ito, J. Liq. Chromatogr., 15 (1992) 2831.

[24] Y. Shibusawa, Y. Ito, K. Ikewaki, D.J. Rader and B. Brewer,
J. Chromatogr., 596 (1992) 118.



Y. Shibusawa / J. Chromatogr. B 699 (1997) 419-437 437

[25] Y. Shibusawa, T. Chiba, U. Matsumoto and Y. Ito, in W.D.
Conway and R.J. Petroski (Editors), Modern Countercurrent
Chromatography (ACS Monographs), American Chemical
Society, Washington, DC, 1995, Ch. 11, pp. 119.

[26] Y. Shibusawa, M. Mugiyama, U. Matsumoto and Y. Ito, J.
Chromatogr. B, 664 (1995) 295.

[27] MM. Sclavons, C.M. Cordonnier, PM. Mailleux, F.R.
Heller, J.-P. Desager and C.M. Harvengt, Clin. Chim. Acta,

153 (1985) 125.

[28] C.S. Frings, L.B. Foster and P.S. Cohen, Clin. Chem., 17
(1971) 111.

[29] S.A. Cobb and J.L. Sanders, Clin. Chem., 24 (1978) 1116.

[30] U.K. Laemmli, Nature, 227 (1970) 680.

[31] Y. Ito, J. Chromatogr., 538 (1991) 67.



