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A one-step separation of human serum high density 
lipoproteins 2 and 3 by rate-zonal density gradient 
ultracentrifugation in a swinging bucket rotor 
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Departments of Biochemistry I and Clinical Pathology, Medical Faculty, Erasmus University 
Rotterdam,* Rotterdam, and Gaubius Institute Health Research Division TNO, 
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Abstract A method was developed for the separation of the 
high density lipoprotein subclasses HDLn and HDLs from hu- 
man serum. Six serum samples are fractionated in a single- 
step ultracentrifugal procedure using the Beckman (SW-40) 
swinging bucket rotor. The method is based on a difference 
in flotation rate of the high density lipoprotein subclasses. Sep- 
aration of HDLp and HDLs is accomplished by a discontinuous 
NaBr density gradient applied on top of 2 ml of serum brought 
to a density of 1.40 g/ml. After centrifugation, high density 
lipoprotein subclass profiles were obtained using a specially 
designed gradient fractionator. Contamination of the isolated 
high density lipoprotein subclasses by serum albumin or by 
apolipoprotein B-containing lipoproteins was minimal while 
only a slight overlap between the HDLZ and HDLs profiles 
was observed. Chemical and immunochemical analyses of the 
high density lipoprotein subclasses isolated by the present 
method were in close agreement with the results obtained by 
rate-zonal density gradient ultracentrifugation in zonal rotors 
(Patsch, et al. 1980.1. Biol. Chem. 255: 3178-3185). The major 
advantage of the method presented in this paper as compared 
with the zonal rotor method is the possibility to analyze as 
many as six serum samples simultaneously.-Groot, P. H. E., 
L. M. Scheek, L. Havekes, W. L. van Noort, and F. ,M. van’t 
Hooft. A one-step separation of human serum high density 
lipoproteins 2 and 3 by rate-zonal density gradient ultracen- 
trifugation in a swinging bucket rotor.]. Lipid Res. 1982. 23: 
1342-1353. 

Supplementary key words apolipoprotein A-I apolipoprotein A-I1 
radial immunodiffusion 

High density lipoproteins (HDL) from human plasma 
are isolated by ultracentrifugation in the density interval 
of 1.063 t o  1.21 g/ml. Close examination of this density 

interval has shown that human HDL is heterogeneous 
in composition. Using the moving boundary method in 
the analytical ultracentrifuge, de Lalla and Gofman (1) 
defined two subclasses, HDL2 and HDLS, with flotation 
rates (FP.20) of 3.5 to 9 and 0 to 3.5, respectively. The 
HDL2 and HDLs subclasses in plasma have been isolated 
on a preparative scale by a variety of techniques, in- 
cluding sequential ultracentrifugation (2), rate-zonal 
ultracentrifugation (3, 4), density gradient equilibrium 
centrifugation (5, 6), and polyanion precipitation (7). 
An excellent separation of HDLP and HDL3 was ob- 
tained by rate zonal ultracentrifugation using a zonal 
rotor (3, 4). By this method plasma is subfractionated 
on a discontinuous sodium bromide density gradient 
during a one-step ultracentrifugal procedure and a pro- 
file of the HDL subclass distribution is obtained as the 
rotor is discharged. However, this method also has some 
drawbacks. As a consequence of the large rotor volume, 
HDL subclasses are isolated in a rather diluted form. 
Moreover, the experimental set-up allows the analysis 

Abbreviations: VLDL, very low density lipoproteins of d < 1.006 
g/ml; LDL, low density lipoproteins of 1.006 < d < 1.063 g/ml; 
HDL, high density lipoproteins of  1.063 < d < 1.21 g/ml; HDL:!, 
HDL of 1.063 < d < 1.125 g/ml unless otherwise defined; HDLa, 
HDL of 1.125 < d < 1.21 g/ml unless otherwise defined; apoA-I, A- 
11, B, or C, apolipoprotein A-I, A-11, B, or C; EC, cholesteryl esters; 
UC, unesterified cholesterol; PL, phospholipids; EDTA, ethylenedi- 
aminetetraacetic acid; TMU, tetramethylurea; SDS, sodium dodecyl 
sulfate; RID, radial immunodiffusion. 

Address correspondence to Dr. P. H. E. Groot, Department of 
Biochemistry I, Medical Faculty, Erasmus University, P.O. Box 1738, 
3000 DR Rotterdam, The Netherlands. 
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of only one sample during each (24 hr) centrifugation 
period. Therefore zonal ultracentrifugation is less at- 
tractive for studies in which a large number of samples 
have to be analyzed simultaneously. We have developed 
a new method for the separation of HDLZ and HDLs 
in human serum using a one-step ultracentrifugal pro- 
cedure with the SW-40 swinging bucket rotor. Sepa- 
ration is accomplished by density gradient ultracentri- 
fugation. The underlying principle of our method is 
rate movement, similar to the zonal rotor method. The 
HDL subclass profile that can be obtained by this 
method approaches the resolution of the zonal rotor 
method, but six serum samples can be analyzed during 
each (21 hr) centrifugation period. In the present study 
this new method is evaluated. 

MATERIALS AND METHODS 

Blood samples 
Blood was obtained at 9 AM from fasting healthy nor- 

molipidemic subjects, aged 20 to 39 years. The blood 
was allowed to clot for 3 hr at OOC. Serum was isolated 
at 4OC by low speed centrifugation and an EDTA so- 
lution (pH 7.4) was added (final concentration 2.5 mM). 

Isolation of the HDLz and HDLS subclasses 
The procedure for the lipoprotein isolation was 

started on the day of the blood collection. Serum was 
adjusted to the nonprotein solvent density of 1.40 g/ 
ml with solid NaBr. Two-ml aliquots of this solution 
were pipetted on the bottom of nitrocellulose Spinco 
SW-40 tubes (Beckman Instruments Inc., Palo Alto, 
CA) and carefully overlayered with NaBr/ 1 mM EDTA 
(pH 7.4) solutions using 5-ml syringes without plungers 
connected to umbrella-shaped long lumbar puncture 
needles. The composition of the discontinuous NaBr 
density gradient that resulted in an optimal separation 
of HDLz and HDLs and a minimal contamination of 
the HDL subclasses by serum albumin or apolipoprotein 
B-containing lipoproteins was worked out in initial stud- 
ies. Results of a set of experiments are shown in Fig. 
1. In all six density gradients, in which the density of 
the main layer of 7.5 ml was varied between 1.15 and 
1.20 g/ml, a bimodal distribution of HDL cholesterol 
was observed. The best separation was obtained by lay- 
ering from bottom to top, 2.5, 7.5, and 2.0 ml of NaBr 
(or H20)/1 mM EDTA (pH 7.4) solutions with densities 
of 1.25, 1.19, and 1.00 g/ml respectively. These con- 
ditions were used in all the subsequent experiments. 
The tubes were centrifuged at 15°C for 21 hr at 40,000 
rpm in a Beckman Ti SW-40 swinging bucket rotor 
using a Kontron TGA-65 ultracentrifuge (MSE Scien- 
tific Instruments, Crawley, England). The rotor was 

I 
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Fig. 1. The effect of NaBr density gradient composition on the sep 
aration of human HDL, and HDL9. Twwml aliquots of serum, 
brought to a nonprotein solvent density of 1.40 g/ml with solid NaBr, 
were overlayered with 2.5 ml NaBr-1 mM EDTA (pH 7.4) of d 1.25 
g/ml, 7.5 ml NaBr-1 mM EDTA @H 7.4) of a density as indicated 
in the figure and 2.0 ml 1 mM EDTA (pH 7.4). The gradients were 
centrifuged and fractionated as indicated in the text. Cholesterol con- 
centrations were measured in all the 37 fractions collected from each 
gradient and are shown in the figure. For reasons of clarity the in- 
dividual data points are omitted. Albumin and apolipoprotein B were 
detected in fractions 3 to 12 and 34 to 37, respectively (not shown). 
Albumin concentrations were less than 10 pg/ml in fractions 9 to 12. 
Note the difference in zero cholesterol concentration which is raised 
by one unit (40 pg/ml) for each successive profile. The top panel 
shows the density profile after centrifugation in the gradient with 7.5 
ml of NaBr solution of a density of 1.19 g/ml which was used in all 
subsequent studies. 

stopped without braking. The gradients were fraction- 
ated using a specially designed fractionator (Fig. 2) con- 
nected to a micropump (model 2132) and an Uvicord 
I11 U.V. spectrophotometer (both from LKB, Bromma, 
Sweden) equipped with a quartz micro flow-through 
cell. Absorbance at 280 nm was measured. The flow 
rate was 0.56 ml/min and 37 fractions of 0.28 ml were 
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Fig. 4. Apparatus to fractionate density gradients in Spinco SW-40 tubes. The apparatus is constructed out of 
perspex except for parts E and F which are made of polyvinylchloride. The apparatus was assembled in the 
following way. Part B is screwed on top of part C and attached to a labstand. Next, the Spinco SW-40 nitro- 
cellulose tube is placed in position in part B and part A is screwed tightly on top of part B. By this action the 
diameter of the tube increases slightly and the tube is W t l y  pressed against the inner wall of part B. The air 
inlet on part A, which is connected to a rubber tubing, is closed with an artery clamp. The silicone rubber disk, 
slightly greased with vaseline, is placed in position in part B. Parts EF are slipped into part D and the needle 
and the tubing, which connects the needle outkt with the micropump, are filled with a NaBr solution of d 1.30 
g/ml. Parts DEF are now slipped into part C and moved up until the needle hits the bottom of the centrifuge 
tube. The tube is punctured (leakage is prevented by the pressure of part F on the silicone rubber disk) and 
part DEF is carefully moved up and tightened by screwing part D on part C. The air inlet on part A is opened 
and the fractionation of the erpadient is started by switching on the micropump. 

collected from each tube. The @em fmct' -was 
designed in such a way that the nonlipopro6ein serum 
proteins (bottom phase) remained in the h t o m  3.55 
ml of the tube during the fractionation. As a resuk of 
this construction the contamination of she collected li- 
poproteins by these residual serum probeins vaa pound 
to be minimal. The bottom phase cauM be rseovered 
after the lipoprotein phase had been removed. The h e -  
tionation procedure was performed at room tempera- 
ture and six tubes, the content of one Fo(or, cwki be 
fractionated in 3 hr. During this time the 280 nm ab- 
sorbance profile of the effluent was not changed by dif- 
fusion. 

Determination of the apparent hydrated densitiea of 
isdsted HDLL and HDLs 

The apparent hydrated densities of HDL:! and HDLs 
were determined by equilibrium density gradient ultra- 
centrifugation. HDL2 and HDLs were isolated from 
serum using the procedure described in the preceding 
section. The isolated high density lipoprotein subclasses 
were subsequently analyzed by equilibrium density gra- 
dient ultracentrifugation in a gradient described by 
Chapnan et al. (6), but adapted to a Spinco SW-40 ro- 
tor. Tubes were centrifuged at 15°C at 40,000 rpm for 
48 or 72 hr and the gradients were fractionated as de- 
scribed in the preceding section. 
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All the density measurements were performed at 
15°C with a digital precision density meter (model DMA 
40, Anton Paar, Graz, Austria). 

Analytical ultracentrifugation of isolated HDLp and 

Analytical ultracentrifugation was performed in a 
Beckman model E instrument using the An-D rotor and 
a Kel F double sector cell. For measurements of flota- 
tion rates, either schlieren optics or the photoelectric 
scanning system (at 280 nm) was used. Measurements 
were performed at 52,000 rpm, 26°C and at a density 
of 1.200 g/ml(O.l95 M NaCI, 2.762 M NaBr, and 0.1 
g/l EDTA, pH 7.4). Photographs or scans were taken 
every 8 min for a period of 80 min after reaching full 
speed and F1.20 flotation rates were calculated from In 
x versus t plots. 

Characterization of the lipoprotein fractions 

Chemical analysis. Cholesterol was determined by an 
enzymatic method (8) using cholesterol esterase (cat. no. 
16 1772) and a free cholesterol test combination (cat. 
no. 3 10328) both from Boehringer Mannheim GmbH, 
G.F.R. Unesterified cholesterol was determined with 
the same method except that cholesterol esterase was 
omitted from the incubation mixture. 

The triglycerides in HDL2 and HDL3 were deter- 
mined in pooled gradient fractions. Lipids in 2.5 to 6 
ml of the HDL2 or HDLs pool fractions were extracted 
according to Bligh and Dyer (9) in a chloroform-meth- 
anol-water 2:2: 1.8 (v/v) system. The chloroform phase 
of this extraction was transferred to a glass tube and 
the solvent was evaporated at 50°C under a stream of 
nitrogen. The lipid residue was solubilized in 5 ml of 
isopropylether-ethanol 95:5 (v/v) and 0.1 ml of water 
was added. Just before use, the isopropylether was 
passed through an Alp03 column, to remove peroxides. 
Phospholipids in the lipid extract were removed with 
0.5 g of Si02 and triglyceride glycerol was determined 
as described by Laurell (10). Triolein standards were 
treated similarly. The triglyceride concentrations are 
expressed as triolein. 

Total protein was determined by the method of 
Lowry et al. (1 1) with bovine serum albumin as stan- 
dard. Aliquots of the gradient fractions (50 PI) were 
used without prior delipidation. Turbidity by lipids af- 
ter the color development could only be detected in the 
top fractions of the gradients and was removed by ex- 
tractions with diethylether. 

Phospholipid phosphorus concentrations were deter- 
mined according to Bartlett (12). Prior to this proce- 
dure, lipoproteins were precipitated with trichloroacetic 
acid (final concentration 5 % ,  w/v) and collected by cen- 
trifugation. The phospholipid phosphorus content was 

HDLS 

multiplied by 25 to approximate the original amount 
of phospholipid. 

Immunologzcal methods. Apolipoprotein B concentra- 
tions were determined by quantitative immunoelectro- 
phoresis according to Laurell (1 3) as described previ- 
ously (14). Human serum albumin concentrations were 
measured by radial immunodiffusion (RID) using an 
antiserum raised in rabbits (cat. no. 103 1 13 B, Behring 
Werke AG, Marburg, G.F.R.). Pure human serum al- 
bumin was used as the standard. 

Apolipoprotein A-I and A-I1 concentrations were 
determined by radial immunodiffusion. Monospecific 
antisera against pure human apolipoprotein A-I and A- 
I1 were raised in goats. 

The gel plates for the apolipoprotein A-I assay were 
prepared as described before (15) and contained 1% 
(w/v) agarose, 0.01% (w/v) NaNs, 30 mM sodium bar- 
bital buffer (pH 8.6), and 1.18% (v/v) antiserum. The 
thickness of the antiserum-supporting gel layer was 1.5 
mm. Wells (diameter 3 mm) were introduced with a 
punch. Prior to application to the RID plate, samples 
were delipidated with tetramethylurea (TMU) (1 6). 
Aliquots (50 PI) of the serum standard, gradient frac- 
tions, or sera were mixed with redistilled TMU (50 
pl), incubated at room temperature for 30 min and di- 
luted with 150 pl of a 10 M urea-20 mM Tris-HC1 (pH 
8.0) solution. The final dilutions that were applied to 
the RID plate (serum 1/200-1/25; gradient fractions 
(1 / 10- 1 / 15) contained 6 M urea, 10% (v/v) TMU, and 
12 mM Tris-WC1 (pH 8), and were prepared by appro- 
priate dilution. Aliquots (7 PI) of these samples were 
applied to the wells, using a microsyringe, and allowed 
to diffuse into the antiserum-containing gel during a 44- 
to 64-hr period at 37°C in a humid chamber. The ring- 
shaped immunoprecipitates, stained as described pre- 
viously (15), were measured in 0.1-mm units using a 
measuring projector designed for this purpose (Model 
VDC 02, Behring Werke AG, Marburg, G.F.R.). For 
the day to day standardization, a serum pool of known 
apolipoprotein A-I content was used. Eight dilutions 
(1/250-1/20) of the standard were applied to each RID 
plate and the surface area of the immunoprecipitate 
rings was found to be linearly related to the standard 
serum concentration ( r  > 0.995). The apolipoprotein 
A-I concentration in the serum standard was deter- 
mined by the same procedure using pure apolipoprotein 
A-I as primary standard. The protein content in the 
primary standard was determined by the method of 
Lowry et al. (1 1) using bovine serum albumin as ref- 
erence protein. 

The gel plates for the apolipoprotein A-I1 assay con- 
tained 1% (w/v) agarose, 5% dextran T-10 (Pharmacia, 
Uppsala, Sweden), 0.01% (w/v) NaNs, 30 mM sodium 
barbital buffer (pH 8.6), and 3.3% (v/v) antiserum. 
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Fig. 3. HDL subclass profiles after rate-zonal ultracentrifugation of x r u m  on density gradients in the SW-40 rotor. Details of the ultracentri- 
fugation are described in Materials and Methods. Serum was obtained from a female (left) and male (right) healthy donor. Corresponding 
fractions from six identical density gradients were pooled and analyzed for phospholipid (PL). cholesteryl ester (EC), unaterified cholesterol 
(UC) (Fig. 3A): protein, apolipoprotein A-1 (apoA-I), apolipoprotein A-11 (apoA-Il), and albumin are in Fig. 3B; apolipoprotein B is not shown. 
Concentrations are expressed in pg/ml gradient fraction (volume 6 X 0.28 ml). hpolipoprotein A-I/A-I1 ratios (mg/mg protein) are shown in 
Fig. 3C. For reasons of clarity the individual data points are omitted in this figure. Fig. 3D: protein pattern analyzed by SDS polyacrylamide gel 
electrophoresis. Aliquots containing 10 pg of protein (left) and 15 fig of protein (right) were applied to each gel. Pure human apoA-I. apoA-11, 
apoC-Ill. and bovine serum albumin were applied to the reference gels. 

Aliquots of the serum standard, gradient fractions, or 
sera were applied to the RID plate without prior deli- 
pidation (1 7, 18) after appropriate dilution (serum 1 / 
100-1/10; gradient fractions, 1/5-1/8) with 30 mM 
sodium barbital buffer (pH 8.6). The gel plates were 
treated as described above. The apolipoprotein A-I1 
concentration in the serum standard was determined 
after delipidation as described for the apoA-I assay. 
Pure apolipoprotein A-I1 was used as primary standard. 
The interassay coefficients of variation were 4% and 6% 
for apoA-I and apoA-I1 analysis, respectively. 

Eltcfrophoretic methods. The protein composition of 
the density gradient fractions was analyzed by SDS poly- 
acrylamide gel electrophoresis on 12% (w/v) gels ac- 
cording to Weber and Osbome (19). Samples were ex- 
tensively dialyzed against 150 mM NaCI, 1 mM EDTA 
(pH 7.4) in Spectrapor membrane tubing (cut-off mol 
wt 3500, Spectrum Medical Industries, Los Angeles, 

CA) and delipidated at 4OC with 20 vol ethanol-diethyl- 
ether 3:l (v/v) according to Brown, Levy, and Fred- 
rikson (20). The apolipoproteins were solubilized in 100 
mM sodium phosphate buffer (pH 7.0)/2% (w/v) SDS. 
A slight turbidity was removed by centrifugation and 
the protein content of the supematant was determined 
by the method of Lowry et a!. (1 1). Gels were loaded 
with 10 or 15 pg of protein. 

RESULTS 

Separation of H D L  and H D b  
Ultracentrifugation of human serum in discontin- 

uous sodium bromide density gradients resulted in a 
bimodal distribution of the high density lipoproteins 
that is based on a difference in flotation rate of HDL 
subclasses (Fig. 1). To investigate the nature of these 

IS46 Journal of Lipid Research Volume 23. 1982 
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HDL subclasses, serums from a normolipidemic female 
and male were centrifuged and the lipid and protein 
profiles were analyzed (Fig. 3). There was clearly a bi- 
modal distribution of all the constituents of HDL. For 
both sexes the tube numbers, in which the two major 
populations of HDL were recovered from the gradient, 
were rather similar. From the data in Fig. 3A and 3B, 
we calculated the mean chemical composition of the 
HDL subclass with low (fractions 7 to 22) and high flo- 
tation rate (fractions 24 to 32). The compositions of the 
low flotation rate subclass [54.9%, 56.9% (w/w) protein; 
27.776, 24.2% (w/w) phospholipid; 14.2%, 16.2% (w/ 
w) cholesteryl esters; and 2.9%, 2.7% (w/w) unesterified 
cholesterol for the female and male serum, respectively] 
and the high flotation rate subclass [4 1.5%, 46.1 % (w/ 
w) protein; 33.9%, 29% (w/w) phospholipid; 18.9%, 
18.7% (w/w) cholesteryl esters; and 5.7%, 6.2% (w/w) 
unesterified cholesterol for the female and male serum, 
respectively] are comparable with the compositions of 
HDLS and HDL2, respectively, isolated by rate-zonal 
ultracentrifugation in the zonal rotor (4.2 1). ‘Therefore 
we have tentatively designated these two HDL sub- 
classes as HDLp and HDLS. 

Measurements of the apolipoprotein A-I and A-I1 
profiles by RID indicated that the two major HDL 
apolipoproteins were distributed differently. Most of 
the apoA-I and apoA-I1 was associated with HDLs (frac- 
tions 3 to 22). However, the apolipoprotein A-I/A-I1 
ratio was higher in the “heavy” HDLs region (fractions 
3 to 12) as compared with the bulk of the HDLs peak 
(Fig. 3C), which suggests that HDLs is heterogeneous 
in composition. 

A second peak in the apoA-I profile coincided with 
HDLP (fractions 24 to 32), while the apoA-I1 profile 
only showed a shoulder in this region of the gradient. 
The apolipoprotein A-I/A-I1 ratio was higher in HDL2 
than in the bulk of HDLS (Fig. 3C). ApoA-I was also 
found in the bottom phase (10.8% and 9.4% of the 
serum apoA-I concentration) and to a very small extent 
in association with the apolipoprotein B-containing li- 
poproteins (fractions 36 and 37; approximately 0.5%). 
ApoA-11 could not be detected in these fractions. The 
recoveries of apolipoproteins after the fractionation 
procedure were 94% and 88.9% (apoA-I) and 98.3% 
and 77% (apoA-11) for the female and male, respec- 
tively. 
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Fig. 4. The effect of recentrifugation of HDLz and HDLs isolated 
by rate-zonal ultracentrifugation on density gradients in the SW-40 
rotor. The protein and cholesterol profiles of HDLz and HDLs, iso- 
lated from serum of a female donor as described in Materials and 
Methods, were determined (Fig. 4A and 4B, first centrifugation). Frac- 
tions were pooled as indicated by the black bars and the densities of 
the HDLz and HDLS pooled fractions were determined. Part of the 
HDLs pool (1.80 ml) and the HDLP pool (1.75 ml) were adjusted to 
a nonprotein solvent density of 1.40 g/ml using solid NaBr (expanded 
volumes were 2 ml) and recentrifuged under identical conditions as 
applied in the first centrifugation. Protein and cholesterol profiles after 
the second centrifugation are shown (Fig. 4A and 4B, 2nd centrifu- 
gation). For reasons of clarity the individual data points are omitted 
in this figure. 

The gradient fractions were also analyzed for albu- 
min and apolipoprotein B. Albumin was detected in the 
first 12 fractions and a slight contamination with non- 
lipoprotein serum proteins probably explains the shoul- 
der in the protein profile in this region of the gradient 
Fig. 3B). ApoB was associated with the top fractions of 
the gradient (fractions 34 to 37). VLDL and LDL were 
not separated from each other by this procedure. All 
the observations based on specific immunoassays were 
confirmed by SDS-polyacrylamide electrophoresis using 
delipidated gradient fractions (Fig. 3D). 

Recentrifugation of isolated HDLp and HDb 
We recentrifuged isolated HDL2 and HDLs in order 

to test whether these HDL subclasses, isolated by the 

present method, were stable particle populations. The 
results are shown in Fig. 4. The protein and cholesterol 
profiles of HDL2 and HDL3 after the second centrifu- 
gation were similar to the original profiles. This indi- 
cates that stable particle populations had been isolated. 

Determination of the apparent density of isolated 
HDLP and HDLs 

T o  obtain information about the physical properties 
of the HDL2 and HDL3 subpopulations, isolated by the 
present method, we determined the apparent hydrated 
densities by equilibrium density gradient centrifugation. 
Isolated HDL2 or HDLs (fraction number 23-32 and 
7-22, Fig. 3) from a female and male donor was recen- 
trifuged in KBr density gradients until flotation equi- 
librium was reached. The gradients were fractionated 
using the fractionator described in Fig. 2 and the density 
and protein profile of the gradients were determined. 
The HDL2 and HDL3 were recovered in single bands 
with somewhat overlapping solvent densities. The top 
of the HDL2 protein profile coincided with a density of 
1.089 g/ml (female) and 1.093 g/ml (male) while HDLS 
was found at a density of 1.129 g/ml (female) and 1.130 
g/ml (male). Prolonged centrifugation (72 hr instead 
of 48 hr) did not change the HDL density distribution, 
which indicates that the observed densities can be 
considered as apparent hydrated densities of HDL2 
and HDL3. 

Flotation characteristics of isolated HDLP and 
HDL3 determined by analytical ultracentrifugation 

The flotation rates of the HDL2 and HDLs subpop- 
ulations were determined by analytical ultracentrifu- 
gation at a density of 1.200 g/ml and 26°C and com- 
pared to those of a total HDL fraction isolated from the 
same serum by conventional sequential ultracentrifu- 
gation (1.063 < d < 1.21 g/ml density fraction). Schlie- 
ren photographs of this study are shown in Fig. 5. From 
these data it is evident that the flotation rates in the 
HDL2 and HDL3 subpopulations, isolated by the pres- 
ent method, were different and overlapped only slightly. 
A close agreement in flotation rates of isolated HDL2 
and HDLs subpopulations with those in total HDL is 
also seen in this figure. Peak F1.ZO0 flotation rates were 
calculated from runs at a low protein concentration 
(0.75 mg/ml) using the photoelectric scanning equip 
ment and were found to be 5.18 S (HDL2) and 
2.34 S (HDLs). 

The HDL2 and HDLs concentration and 
composition in serum of normolipidemic subjects 

T o  study the subject variability and sex-related dif- 
ferences in the serum HDL subclass distribution, we 
analyzed sera from 12 normolipidemic individuals (6 
males and 6 non-pregnant females). The cholesterol 
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Fig. 5. Schlieren photographs of total HDL isolated by sequential ultracentrifugation (1.063 < d < 1.21 g/ 
ml), HDLp (fractions 23 to 32, compare Figs. 3 and 6) and HDLs (fractions 7 to 22) of a female donor. (The 
HDL cholesterol profile of this subject is shown in Fig. 6 and indicated with *.) Prior to analytical ultracentri- 
fugation, HDLa and HDL, were concentrated by flotation at  d 1.24 g/ml and all HDL fractions were extensively 
dialyzed against 0.195 M NaCI. 2.762 M NaBr, 0.1 g/l EDTA (pH 7.4) (dZ6' 1.200 g/ml). HDL protein con- 
centrations were 5.45 mg/ml (HDL2 and HDLs) or 1 1  mg/ml (total HDL). Cell contained 0.42 ml (HDL2 and 
total HDL) or 0.40 ml (HDL,) lipoprotein solution. All photographs were taken 64 min after reaching full speed 
(52.000 rpm). Direction of flotation: from right to left. 

profiles are shown in Fig. 6. The position of the peak 
of the cholesterol profile of HDL3 was identical in males 
and females. However, the cholesterol profiles in the 
HDL2 region suggested a slight sex difference. The 
HDL2 in females as compared with males was shifted 
about one fraction in the direction of the top of the 
gradient. 

Based on the cholesterol analysis, gradient fractions 
were pooled as indicated in Fig. 6 and analyzed chem- 
ically. The serum concentrations of HDL2 and HDL3, 
calculated from these analyses, are shown in Table 1. 

The concentration (Table 1) and cholesterol profiles 
(Fig. 6) of HDL2 showed a greater subject variability as 
compared with HDLS. No statistically significant dif- 
ferences in serum HDL lipid and protein concentrations 
were observed between the male and female group, but 
the number of sera tested was small and the subject 
variability was large. A statistically higher concentration 
of HDL2 in serum of females as compared to males has 
been well established (21) and w e  do not want to con- 
clude from the present data that such a sex difference 
has to be denied. Interestingly, in two subjects, one male 
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Fig. 6. The HDL cholesterol profiles of 12 normolipidemic subjects determined after rate-zonal ultracentrifugation of serum on density gradients 
in the SW-40 rotor. Details of the ultracentrifugation are described in Materials and Methods. Left: cholesterol profiles in sera of six females. 
Right: cholesterol profiles of six males. For reasons of clarity the individual data points are omitted in this figure. Fraction numbers 7 to 22 
(females, HDLs), 7 to 21 (males, HDL3), 23 to 32 (females, HDLs) and 22 to 32 (males, HDLz) were pooled for each individual donor and 
analyzed chemically (Tables 1 and 2) and immunochemically (Table 3). The mean serum cholesterol concentration averaged 179 * 27 (SD) mg/ 
ml (n = 12). After centrifugation, 96 & 6% was recovered in the isolated fractions including the bottom phases. 

and one female, the serum concentrations of HDL2 ex- 
ceeded HDLs . The serum HDL cholesterol concentra- 
tion in both subjects was 72 mg/100 ml. 

We calculated the chemical composition of the HDL 
subclasses (Table 2). The subject variability in HDL sub- 
class composition was small. The protein content of 
HDL2 and HDLs was slightly higher in males than in 
females. A small sex difference was also observed in the 
unesterified cholesterol content of HDL2. The chemical 
composition of both HDL subclasses is in good agree- 
ment with previously published data from studies using 
other isolation procedures (3, 4, 6, 21-23). We also 
measured the concentration of apolipoproteins A-I and 
A-I1 in the isolated HDL subfractions using specific im- 
munoassays (Table 3). No statistically significant differ- 

ences were observed in serum and HDL subclasses 
apolipoprotein concentrations between the male and 
female group. Approximately 13% of the total serum 
apoA-I was recovered in the bottom phase of our gra- 
dient. No apoA-I1 could be detected in this fraction. 
The apolipoprotein A-I/A-I1 ratio in HDL2 was slightly 
higher than in the HDL3 subclass but this difference was 
only statistically significant in the group of six males 
(Table 3). 

DISCUSSION 

Rate-zonal ultracentrifugation of human serum on 
density gradients in zonal rotors has proved to be a 

TABLE 1 .  The concentration of HDLp and HDLS in sera of 12 normolipidemic individuals 

Cholesteryl Unesterified 
Protein Phospholipids Esters Cholesterol Triglycerides Total 

mgll 

HDLS 
Males (n = 6) 1363 * 146 623 2 84 400 * 42 64 f 7.7 35 f 14.4 2484 * 263 
Females (n = 6) 1249 * 216 643 * 139 414 f 61 74 f 10.5 32 f 6.3 2411 +- 419 

HDLP 
Males (n = 6) 413 f 165 300 f 152 205 f 105 52 * 24.6 22 f 10.9 985 & 457 
Females (n = 6) 349 f 175 293 * 143 204 f 110 53 * 28.8 20 f 10.4 919 2 468 

For details of the lipoprotein separation see Fig. 6. The concentrations are expressed in mg of lipid or protein per liter serum. For the 
calculations it is assumed that the molecular weights of phospholipids, cholesteryl esters, and triglycerides are 775, 651, and 885, respectively. 
All values are mean ? SD. 
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TABLE 2. The composition of HDLt and HDLs in sera of 12 normolipidemic individuals 

Cholesteryl Unesterified 
Protein Phospholipids Esters Cholesterol Triglycerides 

% by weight 

HDLS 
~ 25.0 * 1.7 16.1 f 1 . 1  2.58 * 0.13 1.40 * 0.58 

Females (n =6) 51.8 f 1.0 26.6 k 1.6 17.3 f 1 . 1  3.10 * 0.2 1 1.38 * 0.20 
Males (n = 6) 

2.25 * 0.80 
2.23 * 0.43 Females (n = 6) 38.2 f 0.9 32.0 0.8 21.9 f 1.0 5.7 k 0.4 

Males (n = 6) 

a Statistically different at P = 0.01 level. All values are mean f SD. For details see Fig. 6 and Table 1 .  

HDL, 
5.2 * 0.46 ~ 30.1 * 1.6 20.3 f 1.7 

useful method to monitor the HDL population distri- 
bution and to separate HDL2 and HDLs (3, 4, 24). 
However, this method also has some drawbacks: a) zonal 
rotors permit the analysis of only one serum sample 
at a time 6 )  as a consequence of the large rotor volume 
dilute solutions of lipoproteins are obtained; and c)  
proper operation of a zonal rotor requires expertise. 
The aim of the present study was to develop a simple 
method to characterize the subclass distribution of the 
high density lipoproteins in human serum. We searched 
for a one-step ultracentrifugal procedure in which sev- 
eral small serum samples coulti be analyzed simulta- 
neously. We based our method on the same separation 
principle as in the zonal rotor method, i.e., rate move- 
ment in a density gradient. 

The results obtained with the present method are in 
accordance with the published data for the zonal rotor 
method. First of all both methods result in a bimodal 
distribution of the serum HDL population. Secondly, 
the chemical compositions of the slow and fast flotation 
rate subclass of HDL, observed in the present study, are 
in close agreement with the compositions of HDLs and 

HDL2, respectively, isolated by the zonal rotor method 
(4, 21). In addition, the distribution of the major HDL 
peptides, apolipoproteins A-I and A-11, is similar in both 
methods (compare Fig. 3 with (4)). Furthermore, the 
apparent hydrated densities of the slow and fast flota- 
tion rate subclass of HDL, determined by equilibrium 
density ultracentrifugation at 15°C (1.13 and 1.091 g/ 
ml, respectively) as compared with those of HDLs and 
HDL2 obtained by Patsch et al. (4) in the zonal rotor 
at 20°C (1.14 and 1.096 g/ml, respectively) show only 
minor differences. Finally, the flotation rates of both 
HDL subpopulations determined by analytical ultracen- 
trifugation at d 1.200 g/ml and 26°C (5.18 S and 2.34 
S for the peak in the fast and slow flotation rate subclass) 
are comparable to those obtained by Patsch et al. (4) 
determined at d 1.21 g/ml (5.9 S and 2.9 S for HDL2 
and HDL3, respectively). Therefore we propose that 
the two HDL subclasses isolated in the present study 
represent HDL2 and HDLs. 

Although the subfractionation of HDL in the present 
method is based on rate movement and not simply on 
specific gravity, we observed a gradual decrease in pro- 

TABLE 3. The concentration of apolipoproteins A-1 and A-I1 in serum, HDLz, 
and HDLS of 12 normolipidemic individuals 

Serum HDLn HDLs Bottom phase 

Males (n = 6) 
A-I 
A-I1 

A-l/A-I1 

Females (n = 6) 
A-I 
A-11 

A-l/A-I1 

mgll 

1600 & 186 300 * 127 877 * 90 2 0 6 2  17 
638 f 46 95 f 20 427 f 40 0 

3.12 * 0.83 2.05 * 0.14 

P c 0.01 

234 * 41 1668 f 189 249 f 123 871 f 191 
619 * 103 89 * 31 385 * 90 0 

2.73 * 0.54 2.27 * 0.27 - 
N.S. 

For details of the lipoprotein separation see Fig. 6. All values are expressed in mg of protein 
per liter serum, and are the mean * SD. 
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tein and increase in lipid content of HDL from bottom 
to top of the gradient (Fig. 3). In accordance with Patsch 
et al. (4), we observed that the apolipoprotein A-I/A- 
I1 ratio in HDLs is not uniform but higher in the pro- 
tein-rich, “heavy” HDLs region (Fig. 3). This phenom- 
enon has been discussed by Patsch et al. (4) and the 
presence of two subpopulations of HDLs particles, 
HDLsL (light) and HDLsD (dense), has been proposed. 
These observations seem to be in line with earlier stud- 
ies of Cheung and Albers (25) using equilibrium density 
ultracentrifugation for HDL subfractionation in which 
a 2- to 3-times higher apolipoprotein A-I/A-I1 ratio was 
found in dense HDLs (d > 1.15 g/ml) as compared with 
the bulk of HDLs. 

The HDLB isolated by the present method is also 
enriched in apolipoprotein A-I as illustrated by the 
higher apolipoprotein A-I/A-I1 ratio (Fig. 3, Table 3). 
However, a more pronounced difference in this ratio 
has been found between HDL2 and HDLs isolated by 
the zonal rotor method (in HDL2 this ratio was 1.8- to 
4-times higher than in HDLs (4, 21)). One explanation 
for this difference could be a selective loss of apolipo- 
protein A-I from HDL2 during the isolation procedure. 
It has been found that apolipoprotein A-I is lost from 
HDL during ultracentrifugation (26). The g,,, forces 
to which HDL is exposed in the present method 
(284,000 g) are higher than in the zonal rotor method 
(1 25,000 g). However, the fraction of serum apolipo- 
protein A-I recovered in the bottom phase in the pres- 
ent method (1 0-1 3%, Fig. 3 and Table 3) is only slightly 
higher than that found in the zonal rotor method (6- 
8%, ref. 4). 

In this study serum instead of plasma was used for 
HDL subfractionation. After gradient ultracentrifuga- 
tion of plasma, in spite of the presence of a surplus of 
EDTA to prevent clotting, a thin, floating pellicle in the 
bottom phase was observed. This pellicle caused dis- 
turbances in the gradient as the needle of the gradient 
fractionator was brought in position, thereby influenc- 
ing the separation of HDLs from the bulk of the serum 
proteins. 

Recent epidemiological studies have shown that sus- 
ceptibility to coronary artery disease is negatively cor- 
related with the serum high density lipoprotein choles- 
terol concentration (27-30). By analysis of the HDL 
subclass distribution, it has been observed that the sub- 
ject variation in serum HDL concentrations is mainly 
localized in HDL2, while serum HDLs concentrations 
showed relatively less variation (31, 32). Th’ is was con- 
firmed in the present study. Thus, measurements of 
HDL2 in population studies and in disease may allow a 
more sensitive discrimination than measurements of to- 
tal HDL (31). 

The interrelationship between HDL2 and HDLs is 
not completely understood. It has been proposed that 
HDLs is converted into HDL2 by uptake of a surface 
remnant from triglyceride-rich lipoproteins as their tri- 
glyceride moiety is hydrolyzed by lipoprotein lipase 
(33). The reverse process, conversion of HDL2 into 
HDLs, may be initiated by degradation of the phos- 
phatidylcholine surface film of HDL2, a process in which 
a central role of the endothelial liver lipase has been 
proposed (23, 34, 35). We feel that the present method 
for HDL subclass separation and profile analysis is a 
valuable tool in studies concerning the metabolic inter- 
relationship between HDLP and HDLs .I 
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