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Abstract HDL, and HDL; subclasses of human serum
HDL were isolated by preparative ultracentrifugation and
further analyzed by isotachophoresis on polyacrylamide
gel. The HDL, divided into six subfractions and the HDL;
into ten subfractions differing in chemical composition
and in apolipoprotein content. The apoA-I/apoA-II ratios
differed widely among the various subfractions. The sub-
fractions with the highest apoA-I/apoA-II ratio appeared
to have the greatest affinity for cholesterol. il The prepara-
tive isotachophoresis, used for the first time in this type
of investigation, has high resolving power and is repro-
ducible and thus suitable for use in the study of the struc-
ture and metabolism of the lipoproteins.— Bittolo Bon, G.,
G. Cazzolato, and P. Avogaro. Preparative isotachophore-
sis of human plasma high density lipoproteins HDL, and
HDL;. J. Lipid Res. 1981, 22: 998-1002.

Supplementary key word apolipoproteins

The serum lipoproteins constitute a continuum of
macromolecules differing from one another in chemi-
cal, physicochemical, and immunochemical make-up.
The lipoproteins are classified chiefly according to
hydrated density and on this basis the serum high
density lipoproteins can be divided further into two
subclasses: HDL, (d 1.063-1.125 g/ml) and HDL,
(d 1.125-1.210 g/ml). It was shown as long as 15 years
ago that the HDL is heterogeneous both in electro-
phoretic mobility and in immunochemical behavior
(1). Human HDL can be fractionated into the lipo-
protein families Lipoprotein-A, -B, and -C by means of
a combined procedure based on specific immuno-
adsorbers, chromatography on hydroxylapatite, and
precipitation on polyethylene glycols (2). By chro-
matographing the HDL on hydroxylapatite columns,
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Kostner and Holasek (3) identified the subfractions
differing in chemical composition and apolipoprotein
pattern. Preparative isoelectric focusing has shown
that human HDL is even more heterogeneous (4-6).

In this study we show that preparative isotacho-
phoresis, used for the first time in this type of in-
vestigation, makes possible the reproducible separa-
tion of the HDL into 16 subfractions differing in
chemical composition and apolipoprotein pattern.
Preparative isotachophoresis is characterized by the
use of a discontinous buffer system; the sample is then
separated into clearly defined compartments formed
between a leading electrolyte having a high mobility
and a terminating electrolyte having a low mobility.
These compartments appear contiguous to each other
and are separated by spacer ions having an inter-
mediate mobility. Ampholines are employed as
spacers (7).

MATERIALS AND METHODS

Reagents

Acrylamide, N,N-diallyltartardiamide, riboflavin-5-
phosphoric acid {(monosodium), ammonium persulfate,
N,N,N’,N’-tetramethylethylenediamine (TEMED),
morpholinoethane sulfonic acid (MES), and agarose
were supplied by Serva (Heidelberg). Tris-(hydroxy-
methyl)-aminomethane (Tris-HCI) was from Bio-
chemia (Milan); e-aminocaproic acid was from Cal-

Abbreviations: HDL, high density lipoprotein; apo, apolipo-
protein; C, cholesterol; P, protein; EC, esterified cholesterol; FC,
free cholesterol; PL, phospholipids; TG, triglycerides.
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biochem Hoechst (Frankfurt); and Ampholine pI 4-6
and Ampbholine pl 5-8 were from LKB (Bromma).

Samples

The HDL was isolated from the plasma of four
normolipemic male volunteers. The venous blood,
drawn after a 12-hr fast, was collected in test tubes
containing EDTA (1 mg/ml) and was immediately
centrifuged at low speed. The plasma thus obtained
was adjusted to d 1.063 g/ml by adding NaCl. The
density measurements were done with a Gibertini
(Milano) hydrostatic balance. The VLDL and LDL
were then separated by ultracentrifugation at
105,000 g at 5°C for 24 hr using a Beckmann L5-65
ultracentrifuge and a Ti 70 rotor. The floating lipo-
proteins were removed by the tube-slicing technique.
The infranatant fraction was then adjusted to d 1.22
g/ml by the addition of solid NaBr and further ultra-
centrifugation at 105,000 g at 5°C was carried out for
24 hr. The floating material was brought to the orig-
inal volume with NaBr solution d 1.121 g/ml (con-
taining 1 g/l of NaN, and 1 g/l of Na, EDTA) and
was recentrifuged under identical conditions. The
tubes were then cut 5.5 cm from the top and the HDL
thus obtained was diluted to a density of 1.125 g/ml.
This solution was ultracentrifuged at 150,000 g at
5°C for 24 hr. The tubes were cut one-third from the
top to separate the HDL, and HDL;. Immediately
after ultracentrifugation the lipoprotein solutions
were dialyzed against repeated changes of 0.15 M
NaCl solution containing NaNj;(1 g/l) and Na,EDTA
(1 g/l). Samples (8 ml) of each solution of HDL,; and
HDL; were subjected to preparative isotachophoresis.
The concentration of HDL, was between 1.25 and 1.4
mg/ml while concentration of HDL; was between 2.8
and 3.15 mg/ml.

Preparation of the 2% polyacrylamide column

The 2% polyacrylamide column was prepared as
suggested by Houghten and Chrambach (8): 3.03 ml
of 33% acrylamide; 3.75 ml of N,N-diallyltartardi-
amide; 5 ml of gel buffer, pH 6.2, (7.3 g MES, 2 g
Tris-HCl, 0.3 ml TEMED; diluted to 100 ml with
water); 5 ml of 0.008% riboflavin-5-phosphoric acid;
5 ml of 0.1% ammonium persulfate; diluted to 50 ml
with water.

Solution was deaerated and transferred to an LKB
7960 plastic column and left to polymerize for 1 h
in fluorescent light. The gel thus prepared had a
column height of 15 cm.

Preparative isotachophoresis in polyacrylamide gel

The separations were carried out on an LKB
Uniphor 7900 apparatus. The LKB plastic column

was 30 cm long and had a diameter of 2 cm; it was
cooled to 10-12°C with circulating water. The termi-
nator electrolyte consisted of 60.0 g of e-amino-
caproic acid and 3.0 g of Tris diluted to 2000 ml with
H;O; The pH was 8.9. The leading and eluting elec-
trolytes consisted of 121 ml 1 M H,SO, and 32.0 g
Tris diluted to 4000 ml with H,O; the pH was 7.1.
The material applied to the column was made up of
5 ml of sample (dialyzed against terminator electro-
lyte), 0.5 ml of ampholine pI 4-6, 0.5 ml of ampholine
pl 5-8, and 2 g of sucrose. When the sample had
been added, a constant current of 7 mA was supplied
by the LKB Power Supply 2103. The voltage, (400
volts at the beginning of the test) was gradually in-
creased to approximately 1200 volts. The elution flow
was regulated by an LKB Varioperpex 1200 peristal-
tic pump at the rate of 12 ml/hr. The eluate was moni-
tored continously with an LKB Uvicord III UV de-
tector at 280 and 250 nm. Fractions of 4-ml were col-
lected with the LKB Ultrorac 7000 collector. The
entire separation was carried out over a period
of 26 hr.

Chemical and immunochemical assays

Proteins were assayed by the method of Lowry et al.
(9) using human albumin as standard. Triacylglycerol
and free and esterified cholesterol were determined
enzymatically using reagents from Boehringer,
Mannheim and Carlo Erba, Milan, respectively.
Phospholipids were quantitated with a specific test
kit from Poli diagnostics, Milan. For the identification
of the polypeptide distribution, radial immunodif-
fusion in 1% agarose in Tris-HCI buffer, pH 8.2, was
performed (10). The monospecific antisera were
kindly supplied by Dr. Kostner (Graz). The electro-
immunoassay for apoA-I and A-II was carried out as
described in a previous paper (11).The lipoprotein
subfractions were subjected to electrophoresis on 10%
polyacrylamide gel by the method of Kane (12).

RESULTS

Figs. 1 and 2 show the elution patterns and the im-
munochemical reactions of the various subfractions
in two representative experiments.

In the four tests that were carried out, HDL, al-
ways separated into six subfractions and the HDL;
into ten subfractions. ApoB was not found in any of
these subfractions. All the HDL, subfractions were
devoid of apoD and albumin. HDL, subfractions 2-5
contained apolipoproteins A-I, A-II, E, C-II, and
C-1I1, though in different proportions. Subfraction
1 contained apoA-I and traces of apoA-II and sub-
fraction 6 reacted only against anti-apoA-1.
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D - - - - = -
E - + ++ ++ + -
B = - - = - -
Alb. - - - - - =
O.D.

>

—

260 280 T 300 320ml

Fig. 1. Elution pattern and immunochemical reaction of different
subfractions of HDL, separated by preparative isotachophoresis.

As to the HDL,, it was found that subfraction 1
contained apoA-II and only traces of apoA-I; subfrac-
tion 2 contained apoC-II and C-III in addition to the
two A apolipoproteins. Subfractions 3 and 5 proved
to be immunoreactive also against anti-apoA, anti-
apoE and anti-albumin. In subfractions 5 and 7, the
reactivity against anti-apoC-I11I, anti-apoD, and anti-
albumin was lost. In subfraction 8, apoE could not be
detected either, while subfractions 9 and 10 contained
only apoA-I and apoC-III.

These findings were confirmed by analysis of the
subfractions by electrophoresis on polyacrylamide

A-T1 * T A 4 ++ ++ ++ ++ +4+
A-1I + 4 4+ A+ A ++ + + - =
C-I1 - + 4+ o+ - - - - =
C-111 - L = S +4+ ++ + + +
D - - + ++ + - = - _ _
E - -+ + * + + = = =
B T = - _
Alb. - - % + t - - - - =
O.D.

1 -2 -3~ -4-5- -6~ -7+

-8~ *9+« 10~

™

260 280 300 320 ml

Fig. 2. Elution pattern and immunochemical reaction of different
subfractions of HDL; separated by preparative isotachophoresis.
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Fig. 3. 8 M Urea-PAGE of isotachophoresis fractions from HDL,.

gel (Figs. 3 and 4). The pattern of the various HDL
apolipoproteins obtained by polyacrylamide electro-
phoresis gel in 8 M urea is shown for comparison
(Fig. 5).

The composition of the various HDL, subfractions
is shown in Table 1. Ratios of EC/FC, P/C, and apoA-I/
apoA-II for each fraction are also shown. The re-
covery of the subfractions was between 85 and 90%.
Most of the material was collected in subfractions 2,
3, and 4; in these fractions the P/C ratio was between
3.5and 4.3, and the apoA-I/apoA-II ratio was between
1.8 and 3.2. Subfractions 1 and 5 had the highest A-1/
A-II ratios. The P/C ratios in subfractions 1, 5, and 6
were the lowest (between 1.2 and 2.4); moreover, in
these subfractions the highest values for the EC/FC
ratios were observed.

The composition of the HDL; subfractions is
shown in Table 2 with the values for the EC/FC,
P/C, and apoA-I/apoA-II ratios. The recovery was ap-
proximately 90%. Most of the material was collected in
subfractions 3-6. In the first five subfractions, the
P/C ratio was between 3.7 and 4.1, while apoA-I/
apoA-II ratios were always below 1.5. In subfractions
6-10, apoA-I was the major apolipoprotein and the
P/C ratios were lower, and in subfractions 9 and 10
they were less than 1. In subfractions 6-10, EC/FC
ratios were increased.

2 3 4 5 6 7 8 9 10

Fig.4. 8 M Urea-PAGE of isotachophoresis fractions from HDL,.

2T0Z ‘6T aunr uo ‘1sanb Aq 610 J'mmm woly papeojumoq


http://www.jlr.org/

ASBMB

JOURNAL OF LIPID RESEARCH

I

apoC-1I
aggr.,alb.
apobE
apoR-I
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Fig. 5. Distribution of HDL apolipoproteins in 8 M Urea-PAGE.

DISCUSSION

Human HDL can be separated into several sub-
fractions by zonal ultracentrifugation (13), isoelectric
focusing (4-6), and column chromatography (3). On
the strength of these findings, we assessed prepara-
tive isotachophoresis as a method for obtaining HDL
subfractions. Our results confirm that the HDL, and
HDL; are made up of a number of subfractions that
differ in chemical composition and apolipoprotein
pattern. It is highly unlikely that our findings are due
to artefacts. In experiments in which single sub-
fractions were subjected to isotachophoresis, we con-
sistently found a single peak with the same mobility,
chemical composition, and apolipoprotein fractions.
This proved the genuine heterogeneity of the HDL,
and HDL,. Furthermore, when two or more sub-
fractions were reconstituted and newly submitted to
isotachophoresis, they always reproduced the same
pattern.

Isotachophoresis of whole HDL produced 12 sub-

fractions. They appeared to be overlapping sub-
fractions of HDL, and HDL;. Only the subfractions
1, 9, and 10 of HDL; were clearly separated (the
first contained apoA-II and traces of apoA-I and the
others (9 and 10) contained only apoA-I and C-III).

Our results do not agree completely with those ob-
tained with the other methods cited above. Not only
did we obtain a different number of subfractions, but
the distribution of apoprotein peptides differed.
Sodhi, Sundaran, and MacKenzie (6) found six HDL,
subfractions with preparative isoelectric focusing but
did not find any with only apoA-I. On the other hand,
Kostner and Holasek (3) noted two HDL, subfractions
containing only apoA-I in some cases. With chroma-
tography on hydroxylapatite the HDL, separated into
only four subfractions.

With regard to HDL;, the number of subfractions
obtained from the previous methods ranged from
four (4) to six (3, 5). In agreement with Kostner and
Holasek (3), we found that not all the subfractions
containing C peptides contained apoC-II. In fact, in
HDL; subfractions 6-10, apart from apoA-I, we de-
tected only one band of apoC-IlI; it probably con-
sisted of only apoC-III;. On the other hand, with
preparative isotachophoresis, we did not detect sub-
fractions containing apoC only, which was noted by
chromatography on hydroxylapatite.

Our data can be summarized as follows: I. Sub-
classes HDL, and HDL, can be separated by isotacho-
phoresis into 16 subfractions differing in chemical
composition and apolipoprotein pattern. 2. Subfrac-
tions characterized by a different hydrated density
may have the same electrophoretic mobility. 3. The
apoA-I/apoA-II ratios vary widely among the various
subfractions. 4. The subfractions with the highest
apoA-I/apoA-II ratio appear to have the greatest af-
finity for cholesterol, particularly EC. This last ob-
servation is very interesting in the light of some
clinical findings. Numerous studies have shown re-
duced levels of apoA-I in coronary atherosclerosis
(14-16). However, we recently found that the same

TABLE 1. Composition of subfractions obtained from HDL,*

Subfraction % of HDL, EC FC TG PL P EC/FC P/C A-I/A-IT
% (wiw)

1 5.1+ 1.3° 178 £ 25 4.1 +x08 n.d.c 34.1 + 9.2 440+ 7.0 4309 20=x02 83+23
2 218 + 7.4 10.7 = 2.0 54+14 7.1 0.6 21.8 +5.2 55.0 + 2.8 20x08 35+06 32+16
3 343 £ 6.9 79+10 48=+1.2 7.2 0.9 274 + 4.8 52.7+ 6.1 1.8+05 43=*09 1.8 +1.6
4 234 + 43 75+09 46=x13 8121 28.1 +4.5 51.7+ 2.2 1.8+x08 43=x04 25 % 1.5
5 10.1 = 3. 16.0 £ 2.3 4.8 = 0.8 36 £0.5 26.1 + 3.7 495 + 3.5 34+05 24 +05 103 = 1.5
6 53+ 1.6 28.6 + 3.3 85+ 0.6 n.d. 20.0 + 94 42.9 =+ 13.9 3405 1.2 0.5

% All values are means = SD.
® Percentage of HDL, added to column.
¢ Not determined.
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TABLE 2. Composition of subfractions obtained from HDL;"

Subfraction % of HDL, EC FC TG PL P EC/FC P/IC A-I/A-11
%o (wiw)

1 2.9 = 0.6° 5.6 + 0.8 44 +1.0 n.d.c 476 > 0.9 424+ 13 1.3 0.5 44 0.6 0.11 £ 0.03
2 58 = 1.6 7.1 15 38 +03 3508 336 +7.1 52.0 + 6.3 19+05 4802 14 =06
3 14.2 + 3.0 8.7 +2.1 42+ 18 34 =05 241 £ 74 59.6 £ 49 21+09 4706 1.0 0.3
4 169 + 2.3 83+14 3803 3709 262 + 7.0 58.0 + 4.9 22 +04 48 +02 05 =02
5 223 £ 5.0 11.6 £ 1.7 56 £ 1.2 3.5 +07 17.83 £ 6.6 62.0 = 4.7 2.1 0.2 3706 0.8 =02
6 12.1 £ 2.5 15.5 = 3.7 46+ 1.3 35=*x14 17.1 £ 7.3 594 + B85 3404 3107 21 =10
7 9.5+ 1.7 182 + 3.5 4.1 0.7 52 =09 28.9 £ 2.2 436 = 4.1 44 + 02 2.0+ 0.5 123 +3.8
8 6.2+ 1.1 24,1 = 3.7 63 +15 64+ 14 19.9 + 6.9 416 + 3.2 39=x06 14 +£0.3 20.0 =39
9 5712 33.1+28 10.7 £ 1.5 2.1 +04 189 +73 35.2 + 10.1 3303 09=*03

10 44 +09 36.7 53 8714 n.d. 227 + 8.6 319 £ 6.2 38 +0.8 06 0.2

¢ All values are means + SD.
b Percentage of HDL; added to column.
° Not determined.

does not apply to apoA-II (17), although in patients
with coronary atherosclerosis the HDL, and HDL;
are reduced (18). It could therefore be argued that in
atherosclerotic subjects the low HDL values reflect
mainly the subfractions with the higher apoA-l/
apoA-II ratios. These same subfractions, because of
their greater affinity for cholesterol, might play a more
specific anti-atherogenic role.

In conclusion, we may state that this study does not
warrant the assumption that the subfractions as sepa-
rated actually reflect an in vivo situation, inasmuch as
dissociation phenomena could occur in the course
of ultracentrifugation. However, the method has high
resolving power and is reproducible and thus is suit-
able for use in the study of the structure and
metabolism of the lipoproteins in various normal and
pathological conditions. Bl

Manuscript received 11 June 1980, in revised form 26 January 1981,
and in re-revised form 30 April 1981.
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