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Abstract We describe in this report a protocol for the prepa-
ration of a polyacrylamide gel system (S-GGE 2.8/8.30) that
consists of two linear gradients designed for the simultaneous
determination of the diameters of LDL and HDL from whole
plasma. The lower gel consists of an 8-30% linear gradient
which is optimum for the resolution of HDL subfractions and
the upper gel consists of a 2-8% linear gradient to allow for
the resolution of LDL and larger lipoprotein fractions such as
Lp[a] and small VLDL. In contrast to other non-denaturing
gradient gel systems which are based on protein staining, the
present system uses lipid stain to specifically identify lipopro-
teins. This approach also allows the plasma to be pre-stained
with immediate visualization of the lipid bands being possible
at the completion of the electrophoretic run.Bf Using com-
mercially available gel casting equipment, the present gradi-
ent gel system can accommodate up to 21 lanes per gel. The
inter-run and intra-run coefficients of variation for LDL parti-
cle size are 0.47 and 0.16%, respectively. The inter- and intra-
run CVs for Lp[a] particle size are 0.92% and 0.89%, respec-
tively. The inter-run and intra-run coefficients of variation for
HDL, and HDL; particle size are 1.36% and 3.23%, respec-
tively.—Li, X., W. Innis-Whitehouse, W. V. Brown, and N-A.
Le. Protocol for the preparation of a segmental linear poly-
acrylamide gradient gel: simultaneous determination of
Lp[a], LDL, and HDL particle sizes. J. Lipid Res. 1997. 38:
2603-2614.
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Sixty to 75% of the cholesterol in blood is associated
with low density lipoproteins which consist of a non-
homogeneous mixture of spherical particles ranging
widely in particle size (23-28 nm), buoyant density, and
chemical composition (1, 2). Using a non-denaturing
2-16% polyacrylamide gradient gel electrophoresis,
Austin and Krauss (3) have noted that individuals with
a high-risk lipid profile were most likely to have primar-
ily small, dense low density lipoprotein (LDL) particles.

In a case-control study of men and women with docu-
mented myocardial infarction (MI), Austin et al. (4) re-
ported that LDL phenotype B, the LDL subclass pat-
tern characterized by a preponderance of small dense
LDL particles, was associated with a 3-fold increased
risk of MI. This association remained significant after
adjustment for age, sex, and relative weight. It has also
been suggested that there may be a major genetic de-
terminant for this LDL phenotype (5). Whether or not
the relationship between LDL phenotype and coronary
artery disease (CAD) is independent of other risk fac-
tors such as LDLc, HDLc (6), or triglyceride (TRIG)
(7) is still unclear.

High density lipoproteins (HDL) are responsible for
the reverse transport of cholesterol from peripheral tis-
sues back to the liver. Data from Cheung et al. (8) and Jo-
hansson et al. (9) suggest that patients with documented
CAD may have altered HDL particle size distribution
when compared to that observed in non-CAD controls.
In these studies, the heterogeneity of plasma HDL was
assessed using a non-denaturing 4-30% polyacrylamide
gradient gel first described by Blanche et al. (10).

A major impediment to large prospective studies of
lipoprotein particle size distribution has been the un-
availability of an efficient and reproducible method
that can allow the determination of particle diameters
for cholesterol-rich lipoproteins. High quality pre-cast

Abbreviations: S-GGE 2.8/8.30, segmental gradient gel electro-
phoresis with a 2-8% and an 8-30% gradient; TRIG, triglycerides;
CHOL, cholesterol; VLDL, very low density lipoproteins; IDL, inter-
mediate density lipoproteins; LDL, low density lipoproteins; HDL,
high density lipoproteins; HDLc, HDIL-cholesterol; LpA-I, apoA-I-
containing lipoproteins; LpA-I/A-Il, lipoproteins containing both
apoA-I and apoA-Il; LpB, apoB-containing lipoproteins; LDLc, LDL-
cholesterol.
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gradient gels used in the earlier studies are no longer
available commercially. Rainwater et al. (11) have re-
ported a procedure for the preparation of a 4-30% gra-
dient gel that provides estimates of HDL particle size
comparable to those obtained with the PAA 4/30
(Pharmacia). In this gradient, however, LDL and larger
lipoprotein particles tend to accumulate at the top of
the gel, prohibiting the determination of particle size
of these lipoproteins. A custom-made 2-16% gradient
gel was also described by these investigators for the de-
termination of LDL particle size (12). Except for Gam-
bert et al. (13), who used lipid staining to visualize the
LDL band, most investigators used Coomassie to stain
the gels for protein after the electrophoresis. The use
of a protein stain typically requires extensive staining
and de-staining procedures for the gels after electro-
phoresis and special handling of the gels during these
steps to maintain gel size and shape before scanning
(12). Furthermore, by using a protein stain, many pro-
tein bands other than those corresponding to plasma
lipoproteins are visible from the electrophoresis of
whole plasma.

We have developed a protocol for the casting of a
segmental gradient gel that would provide optimal con-
ditions for the simultaneous characterization of LDL
(2-8% gradient) and HDL subclasses (8-30% gradi-
ent) from whole plasma. Commercial kits available for
the preparation of gradient gels can be used for the
preparation of this gel. The system described in this
report uses a novel layering technique to ensure the
formation of a uniform linear gradient across a wide
gel that provides up to 21 sample Janes. With the con-
ventional dual-gel electrophoretic chamber, a maxi-
mum of 42 samples can be analyzed simultaneously.
Another advantage of this protocol is the use of the
lipid stain Sudan Black to pre-stain whole plasma, thus
allowing the immediate and specific visualization of
only lipid-containing particles in plasma without re-
quiring the extensive procedure associated with the
staining and de-staining of the gel after electrophore-
sis. Furthermore, instead of using R, to relate molecu-
lar weight to particle diameter, we took advantage of
the unique relationship between acrylamide concentra-
tion and pore size to define a concept of gel constant
that can be used to calculate particle diameter. This
concept is based on the observation of Fawcett and
Morris (14) who noted that, for a linear gradient of
polyacrylamide, the gel pore size at any point in the
gradient is proportional to the concentration of acryla-
mide at that point and spherical particles cannot mi-
grate through pore sizes that are smaller than their re-
spective diameters (15). Thus, the particle diameter of
a lipoprotein band in any lane of the gradient can sub-
sequently be calculated from the gel constant which
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can be uniquely defined for that gradient based on the
position of a number of calibrators of known diameters.

METHODS

Materials and Equipment

Acrylamide was obtained from Sigma Chemicals (A-
3553 and M-7279), as were the ammonium persulfate
(A-1433) and TEMED (T-9281) and the stain, Sudan
Black B (Sigma: S-0395). Ethylene glycol (E178-1) and bo-
ric acid (BP 168-500) were purchased from Fisher Scien-
tifics. Tris(hydroxymethyl)aminomethane (EK-1174952)
was from VWR Scientifics.

The gel apparatus was purchased from Hoefer and
included the SE 650 vertical slab unit, the SG-100 gradi-
ent maker, and the PS-1500 power supply. The gradient
gel was prepared using the 18 X 8 slab gel unit from
Hoefer (SE 6402) with a 3-mm spacer. Two 12-slot sam-
ple applicators from Isolabs (GC-50) were adapted for
our gel system to optimize sample loading. The gel was
scanned using the LKB 222-020 UltroScan XL Laser
Densitometer. The principle for the multitrack gradi-
ent layering unit developed for these gradient gels is il-
lustrated in Fig. 1. In our prototype, the oscillating
motion of the dispensing arm was controlled by a plat-
form mixer (Vari-Mix, Thermolyne).

Buffers

Three stock preparations containing high, interme-
diate, and low concentrations of acrylamide were avail-
able: 1) high: 38.4 grams of acrylamide and 1.6 g N,N'-
methylene-bis-acrylamide in 100 ml of borate buffer
(80 mm boric acid, 90 mm Tris, 3 mm EDTA, pH 8.3)
and 2) medium: 10.24 ¢ acrylamide and 0.43 ¢ N,N'-
methylene-bis-acrylamide in 100 ml of borate buffer
and 3) low: 2.3 g acrylamide and 0.19 g N,N"-methyl-
ene-bis-acrylamide in 100 ml of borate buffer. A stock
solution of TEMED was prepared by combining 0.6 ml
of TEMED and 99.4 ml of the borate buffer. Ammo-
nium persulfate solution (5 mg/ml) was also prepared
with the borate buffer.

Preparation of segmental gradient polyacrylamide
gels (S-GGE 2.8/8.30)

The segmental polyacrylamide gradient gel (3 mm
thick) was poured in two steps using the Hoefer SE
6402 gel maker kit with 18 X 8 cm glass plates and the
gradient maker (Hoefer GS100). Each chamber of the
gradient maker was filled with a mixture of 6 ml of the
appropriate acrylamide concentration, 1 ml of TEMED
buffer, and 1 ml of ammonium persulfate solution. For
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Fig. 1. Schematic of the apparatus for the preparation of linear
gradient gel. In this setup, the higher concentration of polyacryla-
mide is always in chamber B of the gradient maker for both linear
gradients. The gel volume for each gradient is approximately 16
ml (7 cm wide by 3.8 cm high and 0.3 ¢m thick). Parameters that
have been optimized for the preparation of the gradient gels in-
clude the rate of the side-to-side motion of the dispensing arm
and the rate of flow from the dispensing tip as determined by the
distance from the bottom of the gradient maker to the tip of the
dispensing arm. Variation in one of these parameters must be
matched by an appropriate change in the other parameter in
order to preserve the quality of the gradient.

the first stage, the two chambers contained the high
(chamber B) and medium (chamber A) concentrations
of acrylamide to generate the 8-30% gradient. As sche-
matized in Fig. 1, the acrylamide solutions were al-
lowed to flow continuously as the dispensing arm was
moved from side to side along the upper rim of the
glass plates, thus creating multiple tracks along the
glass plates across the width of the gel chamber. This
motion (15 side-to-side oscillations/min) ensured the
even distribution of the acrylamide solution between
the plates over the entire width of the gel (14 cm). The
chambers were allowed to empty completely creating
the lower gradient gel (approximately 3.8-4 cm in
height) which was then allowed to polymerize at room
temperature (2 h). The chambers of the gradient mak-
ers were subsequently filled with the medium (cham-
ber B, 6 ml) and low (chamber A, 6 ml) concentration
acrylamide to form the 2-8% linear gradient gel. To

Liet al.

each chamber, 1 ml of TEMED buffer and 1 ml of am-
monium persulfate solution were added for a total of
16 ml for both chambers. The quality and reproducibil-
ity of the gel is optimal if the rate of gel flow is matched
to the appropriate rate of movement of the dispensing
arm. The rate of flow is controlled by gravity (18.5 cm
in height) with a mean rate of 1.5 ml/min and the dis-
pensing arm moved at a rate of 15 cycles/min.

Electrophoresis

Whole plasma (30 pl) was mixed with 10 pl of a
prestaining solution (0.6% Sudan Black B solution in
ethylene glycol) prior to application to the gel. After a
2-h incubation period at room temperature, a single
load of 10 pl of prestained plasma solution was applied
to individual troughs, characteristic of the GA-50 sam-
ple applicator (Isolabs). Electrophoresis was per-
formed at room temperature, 50 mA, 80 V for 18-20 h.
The lipoprotein bands were scanned at 633 nm using
the LKB 222-020 UltroScan XL Laser Densitometer.

Calibration of lipoprotein particle size

Whole plasma from a human donor exhibiting dis-
tinct lipoprotein bands corresponding to LDL, Lp[a],
HDL,y, and HDL3 (CHOL = 297, TG = 97, HDLc =
73, and Lp[a] = 29 mg/dL) was run in multiple lanes
of each gel. The diameter of the LDL band in this
plasma sample was calibrated using a set of in-house
LDL calibrators (27.7, 25.3, and 24.2 nm). The diame-
ters for the in-house LDL calibrators had been previ-
ously standardized against the calibrator pool ILH
containing LDL with diameters of 29.7, 27.1, and 24.7
nm available from Dr. Krauss (Donner Laboratory) as
previously reported (16, 17) using PAA 2/16 gels from
Isolabs.

As with other gradient gel systems, the diameters of
HDLy and HDL;3 in the S-GGE 2.8/8.30 gradient gel
were determined using the high molecular weight cal-
ibrators obtained from Pharmacia (HMW 17-0445-
01). For these calibration runs, the gels were stained
for protein with Coomassie after electrophoresis to vi-
sualize the protein bands corresponding to the mo-
lecular weight standards. The high molecular weight
calibrators included: thyroglobulin (17.0 nm), fer-
ritin (12.2 nm), catalase (10.4 nm), lactate dehydro-
genase (8.4 nm), and albumin (7.1 nm). Frozen ali-
quots of plasma from this donor were maintained at
—80°C (up to 2 years) and included in all subsequent
runs as calibrators for the gel. The quality of the cali-
brators was assessed by the actual position of the
bands as well as the values calculated for the gel con-
stant (see below). These aliquots were thawed once
for each use and discarded without being re-frozen
for later use.

Lipoprotein particle size by segmental gradient gel 2605
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Determination of particle size using the gel constant

From gel chromatography experiments, Fawcett and
Morris (14) noted that the pore size (S,,..) of polyacryl-
amide gel varied inversely to the monomer concentra-
tion (Tgradicnl)’ ie.

Spore = Kl[l/Tgrudich 1“‘(] I)

where K, denotes the unknown proportionality con-
stant. For a linear gradient, the monomer concentration
Tyrudient Of the polyacrylamide at any distance din the gel
is a function of the distance d from the top of the gel, thus

Tgrudicm = f( d) 11(/ 2)

The function f will also depend on the range and slope
of the gradient. By combining equations 1 and 2, we
obtained:

Sere = Ky X[1/£(d)] Eq. 3)

When gradient electrophoresis is carried out to comple-
tion, spherical particles of uniform size will continue to
migrate until they reach a distance in the gradient, d, e,
where the pore size of the gel matrix becomes so small as
to prevent further penetration by the particle. At this
point of equilibrium the pore size is approximately
equal to the particle size. In other words,

Spm’li(‘h' = Sp(n‘v = Kl X [ 1//( dp;lrliflr)] [1"{/' 4)
or

(:gcl = Spunicle Xf( dpurlicle) = Spun: Xi( dpnniclc) [’:(I 5)

By using a calibrator of known particle diameter Sqipyaior
and by measuring the distance djipaor Migrated into
the gel of this calibrator, we can calculate the gel con-
stant, Cyy, for this particular linear gradient.

Cgcl = Scz\lihmmr Xj( dcalihmmr)

Using the distances determined by the gel scanner
for the bands corresponding to the LDL, Lp[a], HDL,,
and HDL; calibrators, we can calculate the gel constants
for the upper and lower gels. As the distance diprawor
depents ultimately on the polyacrylamide concentra-
tion in the gel gradient, equation 5 would indicate that
Cyen will depend only on the pore size and should, in
theory, be the same independent of the gradient:

(:gcl(nm - %) = Sca]ihr;xlnr X
[ I‘ + ( dculihrulor)*(Slopegmdicm) I

where S jibraor 18 the known diameter (nm) of the cali-
brator; L is the lowest gel concentration for the gradi-
ent, i.e., 2% for the 2-8% gradient and 8% for the 8-
30% gradient; d jiprawr (Mm) is the position of the band
corresponding to the calibrator from the top of the gra-
dient; Slopeg,gicn 1 the slope (% per mm) of the gradi-

Eq. 6)
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ent, or the difference between the lowest and and the
highest gel concentrations (6% for the top gradient and

22% for the bottom gradient) divided by the height of

the gel. The actual height of each gradient can be deter-
mined by the operator for each gel using the scanner.

2-8% gradient
with Lp[a]
Cy = 30.40 X [2 + (9.8)*%(6/35)] = 111.863
with LDL
Cya = 25.70 X [2 + (13.7)%(6/35)] = 111.748

8-30% gradient

with HDIL,
Cyo = 11.80 X [8 + (38.40—35.0)%(22/37)] = 118.255

with HDLg
Coor = 9.60 X [8 + (41.70—35.0)%(22/37)] = 115.044

From this estimate of the gel constant, the diameter
Sunknown Of any particle can be calculated from the dis-
tance dynewn rom the top of the gel. It should be
noted that the densitometer gives the position of the
band as referenced to an arbitrary set point (typically,
from the edge of the glass plate) and the distance to
the top of the gradient must be subtracted to obtain
the true distance of migration into the gel. Further-
more, for the lower gradient gel, the actual height of
the upper gel must also be subtracted.

. . .
sunknm}vn = (‘gvl/,/(dunknnwn)

With each gel, the calibrator plasma containing Lp[a],
LDL, HDL,, and HDL3 of known particle diameters was
always applied in three separate lanes including the two
outside lanes and one toward the center of the gel.
From the previously determined diameters of Lp[a]
and LDL in the calibrator plasma, six separate est-
mates (2 calibrators X 3 lanes) were obtained for the
gel constant of the 2-8% gradient. The mean value was
used to determine the diameters of LDL and Lp(a] in
the unknown samples. Similarly, the diameters of HDL,
and HDLs in the calibrator plasma allowed the calcula-
tion of six estimates for the gel constant corresponding
to the 8-30% gel gradient and the mean value was used
in calculating the HDL particle diameter.

Lipoprotein isolation

To examine the characteristics of the different class
of lipoproteins in this system, individual fractions were
isolated by ultracentrifugation from freshly collected
plasma. VLDL was recovered in the supernate of the d
1.006 g/ml spin (24-h spin at 39,000 rpm and 10°C)
using the SW 40 swinging bucket rotor (Beckman In-
struments, Palo Alto, CA). LDL was recovered in the
density range of 1.019-1.063 g/ml by sequential ultra-
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centrifugation. Lp[a] was isolated by density ultracen-
trifugation using a modification of the method re-
ported by Fless, ZumMallen, and Scanu (18). In brief 1
ml of plasma was adjusted to a density of 1.050 g/ml us-
ing solid KBr and layered with 12 ml of a 1.040 g/ml
density solution. Ultracentrifugation was performed at
35,000 rpm for 15 h (10°C) using the SW 40 swinging
bucket rotor. The fraction corresponding to Lp[a] was
removed by careful aspiration and confirmed by ELISA.

In order to compare our estimates obtained for
HDL-sized particles with this new procedure, we used
LpA-I and LpA-11/A-II fractions that had been isolated
by immunoaffinity chromatography and generously
donated by Dr. M. Cheung of the Northwest Lipid Re-
search Laboratory (8). The diameters of the major pro-
tein fractions in these HDL subclasses had been deter-
mined using the 4-30% gel available from Alamo Gels,
Inc (San Antonio, TX). By using these purified HDL
subfractions to compare the estimates of particle diam-
eters obtained by the two gels we can be sure that only
peaks corresponding to HDL proteins are visualized af-
ter staining with Coomassie.

RESULTS

Reproducibility of the S-GGE 2.8/8.30 for
lipoprotein particle diameter

Figure 2A illustrates the reproducibility of the linear
gradient across the 21 lanes of the gel as demonstrated
by identical distances of migration across all lanes for
all four major lipoprotein bands. Figure 2B presents
the actual particle diameters obtained for LDL and
Lp[a] when the calibrator plasma was applied in mult-
ple lanes of five different gels. Only 9.4% (3/32) of the
individual particle diameter estimates for LDL were
outside 1 SD of the mean and none were outside 2 SD.
For Lp[al, 12.5% (4 out of 32 lanes) of the particle di-
ameter estimates from five separate gels were outside 1
SD of the mean. None were outside 2 SD. For the HDL
subfractions, 18.8% (6 out of 32 lanes) were outside 1
SD and 6.2% (2 out of 32) were outside 2 SD (Fig. 2C).
Table 1 presents the mean values and fractional stan-
dard deviation (100 X SD/mean) for the distance from
the top and for the calculated particle diameter for
Lp(a], LDL, HDL,, and HDL3 from 16 lanes on the
same gel (within run) as well as values from 65 differ-
ent gels (between runs).

The reproducibility of the gel constants (mean *
SEM for the most recent series of 100 gels) was ob-
tained for both the 2-8% (Cye = 113.5 * 0.45) and the
8-30% linear gradients (Cger = 116.43 = 0.28). There
was no statistical difference between the two estimates

Lietal

for the Cg from the lower and upper gradient gels as
assessed by unpaired ttest. These empirical results fur-
ther support the earlier observation that the pore size
at any point in a linear gradient is defined solely by the
gel concentration, independent of the range of the gra-
dient prepared.

In order to examine the effect of the pre-staining
procedure on the electrophoretic mobility of the lipo-
proteins, whole plasma aliquots from a single donor
were incubated in the staining solution for 15 min, 30
min, 1 h, and 2 h at room temperature and electropho-
resed in adjacent lanes. As shown in Fig. 3A, there was
no change in the position of any bands corresponding
to the four major lipoprotein fractions. Table 2 pre-
sents the actual particle diameters for six separate incu-
bations at 15 min, 1 h, and 2 h for a freshly collected
plasma sample that displays all four major lipoprotein
bands. There was no statistical difference in particle
size with the different incubation times.

Figure 3B illustrates the reproducibility of the posi-
tion of LDL bands as different concentrations of LDLc
were applied. With the present protocol for pre-staining
and electrophoresis, particle size determination for
LDL can be determined from a sample with an LDLc
concentration of 40 mg/dL. While there appeared to
be a dose-dependence between LDLc and the intensity
of the stained LDL bands, we were not able to establish
a reliable standard curve between the areas under the
LDL peaks as determined from the densitometer and
the concentrations of LDL when plasma samples from
different donors were analyzed. This is in contrast to
the reported data obtained with protein staining. Dif-
ferences in the lipid composition of LDL among indi-
viduals could account for the variability in the stain in-
tensity for different preparations of LDL.

In contrast to the sharp bands characteristic of LDL,
small VLDL can be shown to have significantly broader
peaks which are poorly stained (Fig. 3C). For this experi-
ment, VLDL from a normotriglyceridemic donor
(CHOL = 195, TG = 80, HDLc = 56, and Lpla] < 0.1
mg/dL) was isolated by ultracentrifugation using the
SW40 swinging bucket at density d < 1.006 g/ml. In con-
trast to the band corresponding to 40 mg/dL of LDLc
(lane 4, Fig. 3B), the band corresponding to 50 mg/dL
of VLDL~holesterol (lane 3, Fig. 3C) was barely visible
under identical staining conditions. As shown, the band
corresponding to VLDL from this normotriglyceridemic
individual was slightly larger than Lp[a] in our calibrator
(lane S) and was significantly more heterogeneous as in-
dicated by the broadness of stained band. In our hands,
VLDL isolated by ultracentrifugation of whole plasma
obtained from individuals with fasting TG of 350 mg/dL
or greater can be visualized as a dark stain at the top of
2% gel, suggesting that these particles were too large to
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Fig. 2. Reproducibility of lipoprotein particle size determinations. Actual photograph (panel A) of a gradient gel with the same plasma
sample (CHOL = 279, TG = 65, HDLc = 65 and Lp[a] = 175 mg/dL being applied to 17 of the 21 available lanes. Aliquots of this
plasma sample were also applied to different lanes (x-axis) for five different gels (different symbols) over a 2-week period. The calculated
particle diameters (nm) are plotted on the vertical axis as function of lane number (horizontal axis) for each gel and the different sym-
bols represent results from different gels. The mean diameter (— ), 1 SD range (---) and 2 SD range (——) are presented for LDL and
Lp[a] particle diameter (panel B) as well as for HDL, and HDLg (panel C).

TABLE 1. Reproducibility of the distance of migration enter the gel matrix. Using the value of gel constant cal-
into the gel and diameter of the major classes of culated for the 2-8% gel and equation 6, we would pre-
lipoproteins in whole plasma . . . . ’
— N N dict that only particles with diameter less than 55 nm
Within-Run Between-Run would be able to enter the gradient.
(n = 16 lanes) (n = 65 gels)
l.ip()prolcinﬁ [)js:d{l(‘(' Diameter Distance l)iamclf'r— Identification of Lp[a]
mm nm min nm The identity of the Lp[a] band was confirmed by sev-
:‘g[;‘] 12*7*8 * fzg 39;3 * ggé 1238 * j‘;g 3238 * (l)?? eral approaches. First, the stain characteristics of the
.DL 3.70 £ 1.68 25.70 = 0. 3.70 £ 276 25.90 = 1.16 . .
HDL, 3870 = 155 11.80 136 3880 =209 1210 + 3.03  LP[a] bandare different from those of VLDL (Fig. 3C).
HDL; 71,70 = 1.37  9.60 = 1.25 7270 £ 211 970 =258  The Lp[a] band is sharper and more comparable to

: T that of LDL than to that of VLDL. Second, isolated
Values are given as mean * SD. The migration distance is calcu- f . £ be sh d di

lated as the position of the peak as printed by the gel scanner pro- ractions of Lp[a] can be s OV{n'tO correspond to dis-
gram minus the position of the top of the respective gel gradient. tinct peaks upon electrophoresis in the S-GGE 2.8/8.30
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Fig. 3. Conditions for optimal lipoprotein bands on the S-GGE 2.8/8.30 gel. In all of these panels, S indicates the lane to which the
Standard (calibrator) sample was applied. Panel A: By varying the incubation period for pre-staining of whole plasma from 120 min (lane
1), 60 min (lane 2), 30 min (lane 3), to 15 min (lane 4) we can show that there was no effect on the position of the Lp[a], LDL, HDL,,
and HDL; bands. Panel B: The position of the LDL band was not affected by the concentration of LDLc in the 10 pl of sample applied to
the lane. A concentrated preparation of LDL (LDLc = 270 mg/dL, lane 5) isolated by ultracentrifugation was dialyzed against normal sa-
line (d 1.006 g/ml and 0.01% EDTA) and diluted with d 1.006 g/ml solution containing 0.01% EDTA to various concentrations of cho-
lesterol ranging from 160 (lane 1), 80 (lane 2), 50 (lane 3), to 40 (lane 4) mg/dL. All diluted samples were pre-stained by incubation at
room temperature for 2 h. Panel C: The application of comparable concentrations of cholesterol in the form of VLDL resulted in consid-
erably broader bands which are less intensely stained as compared to LDL and Lp[a]. VLDL was isolated by ultracentrifugation and ap-
plied at cholesterol concentrations of 100 mg/dL (lane 1, ~530 mg/dL of TG), 50 mg/dL (lane 2, 265 mg/dL of TG) and 25 mg/dL

(lane 3, 133 mg/dL of TG).

gel with migration distance identical to the correspond-
ing peaks obtained with whole plasma (Fig. 4). And
third, analysis of postprandial plasma samples from an
individual demonstrated that the peak corresponding
to Lp[a] was unchanged while the area under the peak
corresponding to remnants increased at 2 h postprandi-
ally before returning to fasting level after 10 h (Fig. 5).
Figure 4A illustrates actual gel scans for a plasma
sample with a high concentration of Lp[a]. In Fig. 4B,
we present the gel scan of a partially purified Lp[a] iso-
lated by density gradient ultracentrifugation using the
SW40 swinging bucket as previously described by Fless
et al. (18). The position of the Lp[a] peak was 28.20
mm in whole plasma as compared to 28.52 mm for the

TABLE 2. Effect of the duration of the pre-incubation period with
the staining solution on lipoprotein particle diameters

Incubation Time

Lipoprotein 15 min 1h 2h

nm

Lp[a] 28.42 * 0.12 28.30 + 0.07 28.30 £ 0.17
LDL 25.77 £ 0.22 25.65 + 0.17 25.77 £ 0.12
HDL, 11.62 £+ 0.06 11.68 = 0.14 11.67 = 0.12
HDL4 9.55 = 0.12 9.63 = 0.17 9.72 * 0.06

Values are given as mean £ SD. For each time period, the sam-
ple was incubated in six separate aliquots and analyzed in six separate
lanes. All samples were electrophoresed in the same gel.

Lietal

isolated Lp[a] from the edge of the plate. This corre-
sponds to a distance of 8.2-8.5 mm from the top of the
gel gradient. The gel scan in Fig. 4C illustrates a single
peak for LDL isolated by ultracentrifugation in the
density range 1.020-1.063 g/ml from the same plasma.
In all samples with Lp[a] concentrations of 35 mg/dL
or greater as determined by ELISA, we have consis-
tently been able to visualize a band at approximately
8.2-8.75 mm from the top of the gel corresponding to
a particle diameter in the range of 27 to 30 nm.

To further demonstrate the ability of the gel to re-
solve small VLDL and remnants from Lp[a], we exam-
ined non-fasting plasma from an individual with a dis-
tinct Lp[a] band present in fasting plasma (Fig. 5A). As
shown in Fig. 5A, a distinct peak corresponding to
Lp[a] was noted that was slightly larger than LDL and a
subpopulation of even larger particles appeared as a
shoulder (peak 1) to the left of the Lp[a] peak. Peak 1
was not visible in the gel scans from the plasma of most
individuals with normal TG levels (<100 mg/dL, Fig.
4). Postprandial plasma samples collected after the
consumption of a standardized liquid test meal con-
taining fat and cholesterol (19, 20) were subjected to
electrophoresis (Fig. 5 B-D). At 2 and 4 h after the test
meal, when postprandial plasma TG were expected to
increase, this shoulder associated with larger lipopro-
tein particles clearly became a distinct peak (peak 1)
with increasing areas (Fig. 5B and C). The position of
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Fig. 4. Gel scans for whole plasma, isolated Lp[a}], and isolated
LDL. Plasma from a healthy normal control woman (CHOL =
279, TG = 65, HDLc = 65, and Lp[a] = 175 mg/dL) was used for
this experiment. Panel A: Two sharp and distinct peaks can be vi-
sualized corresponding to lipoprotein particles with diameters of
23 nm or greater. In view of the low plasma TG and high Lp[a)
levels in this individual, we postulated that this peak of larger di-
ameter corresponded to Lpl[a]. Panel B: By density gradient ul-
tracentrifugation, a fraction enriched in Lp[a] was isolated and
confirmed by ELISA. Upon electrophoresis, this fraction exhib-
ited a major band at the same position as that designated Lp({a]
when whole plasma was used. There was a minor peak of small
LDL which can be visualized. This would be consistent with con-
tamination by LDL of the Lp[a] fraction which was isolated at a
density higher than plasma LDL. Pane} C: LDL isolated in the
density range 1.020-1.063 g/ml from the same plasma exhibited a
single peak corresponding to the major LDL peak seen with
whole plasma.

this band, i.e., the diameter of this lipoprotein fraction,
is not changed in postprandial plasma. By 10 h after
the test meal, as plasma TG returned to fasting level,
this band of larger lipoprotein particles was reduced
back to a shoulder to the left of the Lpla] peak (Fig.
5D). The particle diameter corresponding to this peak
is estimated to be 36.7 nm. We postulate that this peak
of larger lipoproteins corresponded to TG-rich lipopro-
teins and their remnants which were generated during
postprandial lipemia. This shoulder is demonstrable in
only a subset of the individuals studied with the oral fat
load and its presence does not appear to be associated

2610  Journal of Lipid Research Volume 38, 1997

- A
]
] B
—~
o 2
$_M
o ]
o
= T Y T T T
3
‘64 4hr
D4 6
2 - C
<7 5
4
i 1] T T T
| 3
E 10hr 6 D
11
L 45

Distance (mm)

Fig. 5. Gel scans of whole plasma samples obtained at different
times after the consumption of a fat-containing meal. Panel A:
Analysis of fasting plasma from a female patient with documented
CAD (Lp[a] =85, CHOL = 175, TG = 125, HDLc = 79 mg/dL). In
addition to the peaks corresponding to Lp{a] (peak 2), LDL
(peak 3), HDL, (peak 4), HDL; (peak 5), and albumin (peak 6),
this sample had a prominent shoulder (peak 1) to the left of the
Lp{a] peak suggestive of the presence of larger lipoproteins. This
shoulder became a well-defined peak at 2 h (panel B) and 4 h
(panel C) after the consumption of a single fat-containing meal
(see Ref. 19 and 20). In panel D, after 10 h, peak 1 became more
of a shoulder to the left of the Lp[a] peak as was the case with the
fasting plasma sample. We believe that this broad peak larger than
Lp{a] represents TGrich remnants. The diameter of peak 1 is esti-
mated at 36.7 nm with a range of 32 to 39 nm in different samples.

with fasting TG levels. Additional experiments are on-
going to further characterize the nature of this lipopro-
tein peak. It is clear, however, that the sharp band in
the size range from 27 to 30 nm must correspond to
Lp{a) and not to IDL or other TGrich remnant lipo-
proteins which would typically have larger diameters
ranging from 33.5 to 39 nm.

HDL particle size: comparison with SFBR 3/31 gel

In order to compare the diameters of HDL particles
obtained with our gel system and the conventional
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Pharmacia PAA 4/30 gel, we examined LpA-I and LpA-
I/A-II fractions isolated by immunoaffinity chromatog-
raphy (8). These lipoprotein fractions were kindly pro-
vided by Dr. Marian Cheung (Northwest Lipid Research
Laboratory, University of Seattle, Seattle, WA) and the
corresponding diameters were determined using the 3—
31% gels (SFBR 3/31, Alamo Gels, Inc., San Antonio,
TX) after protein staining. Figure 6A illustrates the
lipid-stained bands obtained for whole plasma, LpB,
LpA-I, and LpA-I/A-II for one individual. In contrast to
the protein-stained gels (8, 9), only one or two major
bands could be visualized with the lipid stain. For most
samples, two lipid-rich bands can always be identified
for LpA-I and only one for LpA-I/A-Il. Only the major
bands with the greatest area under the peak based on
the protein stain were selected in this comparison. The
two estimates of HDL particle diameters for LpA-I and
LpA-I/A-II from 11 individuals were highly correlated
(r = 0.978 for a total of 37 peaks). We used this linear
regression equation to calculate the adjusted particle
diameters of the HDLy and HDL;3 in our calibrator. A
new gel constant was derived using these adjusted di-
ameters and Fig. 6B illustrated the correlation between
the particle diameters for HDL subfractions deter-
mined on the S-GGE 2.8/8.30 using the gel constant
approach and the values obtained by Dr. Cheung using
the SFBR 3/31 gel and the R;approach. The slope of
the linear regression was 0.948 with an intercept of 0.4
nm (r = 0.97).

A

Lp(a)
LDL

s

o

Diameter (nm) PAA 4/30

Effect of sample storage on LDL and Lp[a]
particle diameter

Figure 7 illustrates the reproducibility of lipoprotein
particle size between fresh samples and frozen samples
from a group of 52 individuals including normolipi-
demic controls and subjects with varying degrees of hy-
perlipidemia. Fresh plasma samples were analyzed as
they were available (within 7 h of collection) using as
many as 20 separate gels. Frozen samples were ana-
lyzed at the end of an 8-month storage period using
four separate gels within a 2-week period. The mean
(£SD) LDL particle diameter for the group was 25.7
nm (*0.807) based on the analysis of freshly isolated
plasma and 25.3 nm (*0.693) when analyzed from
frozen plasma samples. There was no statistically signif-
icant difference between the two measurements by
two-tailed paired ttest. The mean (xSD) ratio of LDL
diameter between the fresh and the frozen estimate
was 1.0077 (£0.028). In 26.9% (17 of 51) of the sam-
ples, the ratio of the two estimates of LDL particle di-
ameters (fresh vs. frozen) was greater than 1.033 (out-
side 1 SD) following a single freeze-thaw cycle. For
7.7% of the plasma samples (7 of 52), the ratio of the
size estimates for LDL was greater than 1.06 (outside 2
SD) following a single freeze-thaw cycle. One third of
the samples (16 of 52) were actually stored for 12
months prior to re-analysis. As there were no differ-
ences in the estimates for particle diameter with

B
11 Al v v : ;
10 1
9 -
8 1
1 /o *=0.933
7 v ] v ] L\l v
7 8 9 10 M

S-GGE 2.8/8.30 (nm)

Fig. 6. Comparison of HDL particle size with the SFBR 3/31 gel system. Panel A: Photograph of a gradi-
ent gel depicting the calibrator (lane 1), whole plasma (lane 2), LpB (lane 3), LpA-I (lane 7) and LpA-1/
A-I (lane 5) for one subject. The band in lane 7 identified in the size range of plasma LDL does not con-
tain apoB as determined by ELISA and can be shown by FPLC to contain phospholipids, cholesteryl es-
ters, cholesterol, apoE, and apoCs (data not shown). Panel B: Correlation between HDL diameters deter-
mined by protein staining using the SBFR 3/31 gel from Alamo Gels Inc. and by lipid staining using the S-
GGE 2.8/8.30 gel after the diameters of the HDL calibrators were adjusted to be comparable with the val-
ues reported by Northwest Lipid Research Laboratory. The triangles (A) correspond to peaks identified
from LpA-I fractions and the circles (O) indicate peaks identified from LpA-I/LpA-II fractions.
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Fig. 7. Effect of sample storage on LDL particle diameter:
Plasma samples from 51 subjects including normolipidemic con-
trols and patients with various forms of dyslipidemia were electro-
phoresed fresh (within 7 h of sample collection) and after storage
at —80°C (3-12 months in cryovials without any additives). No sta-
tistically significant difference was found between the two esti-
mates by two-tailed paired -test. The ratio of the two estimates of
LDL particle diameters (Fresh/Frozen) is plotted as a function of
LDL particle diameter determined from freshly isolated plasma.
The mean ratio ( — ), 1 SD (---), and 2 SD lines (——) are also
plotted. The variability in the ratio reflects the combined effect of
sample storage and gel reproducibility.

longer storage, results from these samples were in-
cluded in the final analysis.

DISCUSSION

There is an increased interest in the potential role of
LDL particle size as an independent risk factor for pre-
mature CAD (3-7). Austin et al. (3, 5) presented data
which suggested that LDL subclass patterns may be an
inheritable trait. Other investigators would suggest that
LDL particle size reflects the metabolism of TG-rich lip-
oproteins (6, 7). The particle diameters of HDL sub-
classes are also believed to reflect differences in the me-
tabolism of HDL as modulated by lipid transfer protein
(9, 21) and may be associated with risk for CAD (8, 9).
The lack of a reliable source of high quality non-
denaturing gradient gels has hampered this research.
In the development of an efficient gradient gel system
for the determination of lipoprotein particle diameter,
we emphasized the need for I) a way to standardize the
gradient, 2) a system capable of handling more than six
samples per gel, 3) a system that can allow the simulta-
neous determination of LDL and HDL particle size,
and 4) a system that allows the immediate visualization
of the bands without time-consuming staining and de-
staining procedures.

In the present report we have described a protocol

2612 Journal of Lipid Research Volume 38, 1997

for the preparation of a gradient gel system consisting
of two linear gradients, an 8-30% gradient for particles
in the range of HDL and a 2-8% gradient for LDL and
larger lipoprotein particles. The present system offers
several advantages over existing systems previously de-
scribed in the literature. Using commonly available gel
casting equipment and conventional electrophoretic
supplies, this protocol allows the reproducible prepara-
tion of gradient gels that can accommodate up to 21
samples per gel, or 42 samples per run with a dual-gel
electrophoretic chamber. The protocol allows the ap-
plication of pre-stained plasma samples and the gel can
be scanned for particle size immediately at the end of
the electrophoretic procedure. Elimination of the ex-
tensive staining and de-staining steps after electro-
phoresis should also minimize the need to handle the
gel, preventing any artifact that these steps may intro-
duce. More importantly, the use of a lipid stain allows
the specific visualization of only the lipoprotein frac-
tions present in whole plasma.

Several technical aspects of the gel preparation are
described to ensure the quality of the gel gradients. In
the casting of the typical gradient gels, the polyacryla-
mide solutions are commonly allowed to flow into the
gel chamber from a stationary dispensing line (11)
which is typically placed at the center of the gel. How-
ever, as the polyacrylamide solution flows from the dis-
pensing tip to the sides of the plate, a secondary gradi-
ent is formed across the width of the gel resulting in
lower gel concentrations toward the edges. In order to
reduce this diffusion effect, only narrow gels with 6-8
lanes across have been available to date. The mult-
track and continuous layering technique (Fig. 1) is de-
signed to counter the problems of uneven gradients
and disturbances in the process of gel making. With the
present system, the side-toside movement of the dis-
pensing tip ensures even distribution of the polyacryla-
mide solutions across the entire width of the gel cham-
ber. Multiple tracks of gel solution can be visualized
across the width of the gel chamber as the uniform gra-
dient is formed. While crude, the use of the Vari-Mix
plattorm mixer as the motor for the dispensing arm in
conjunction with flow rate controlled by gravity (in-
stead of variable-rate diffusion pumps) should allow
this protocol to be reproduced at a very reasonable
cost. This oscillating delivery scheme is also critical for
the reproducible preparation of thicker gels (3 mm)
that will be stable at lower acrylamide concentrations
(as low as 2%). This increased stability at lower poly-
acrylamide concentrations is critical for resolving parti-
cles larger than LDL such as Lp(a] and TG-rich lipo-
proteins. However, one disadvantage of these thicker
gels is the tendency for the applied samples to diffuse be-
tween the glass plates and the gel itself during the first
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hour of the electrophoresis. This typically results in faint
and blurred bands for the lipoprotein classes. To over-
come this problem, we recommend the use of a special
sample applicator (GC-50, Isolabs) which is constructed
as a series of enclosed troughs ideal for sample loading.

While most gradient gel systems require extensive
and time-consuming steps for the staining and de-staining
of the gel after the completion of the electrophoresis
(7, 11, 15), our protocol uses pre-stained plasma sam-
ples (18) and allows immediate visualization of the
bands. We have demonstrated that pre-incubation of
whole plasma or isolated LDL fractions with the lipid
staining solution for up to 2 h at room temperature did
not affect the size of LDL, Lp[a], HDLy, and HDLs as
assessed by the distance of migration into the gel.

Depending on the composition and concentration of
the lipoprotein classes, distinction between Lp[a] and
small VLDL or IDL may not be possible by particle size
alone. As illustrated in the figures presented here, qual-
itative differences can be noted between bands corre-
sponding to Lpla] and those corresponding to rem-
nants of TGrich lipoproteins (Fig. 3C). The band
corresponding to Lpla] tends to be sharp, and, de-
pending on the Lp[a] concentration, the intensity of
this band may be comparable to that observed for LDL
(Fig. 2). On the other hand, staining of TG-rich VLDL
is significantly less intense, in spite of comparable cho-
lesterol contents (Fig. 3C, lanes 1-3). This ability to dis-
tinguish between Lp[a] and TG-rich remnants may be
unique to the use of the lipid stain and may not be pos-
sible with protein stain as the protein concentration in
these lipoprotein fractions is typically lower.

Other evidence in support of the identification of
the band in the range of 27-30 nm to be Lp(a] is the
characteristic diffuse appearance of the band corre-
sponding to the TG-rich fraction suggestive of the in-
herent heterogeneity in particle size within VLDL. Fur-
thermore, as illustrated in Fig. 3C, we would require a
minimum concentration of 50 mg/dL of cholesterol in
the TGrich lipoprotein fraction to visualize these
bands. This would correspond to a VLDL-TG in the
range of 250-300 mg/dL. It is our experience that
VLDL from hypertriglyceridemic plasma samples
(TG > 300 mg/dL) do not enter the gel gradient. This
is not unexpected as from the gel constant and equa-
tion 6 we can demonstrate that, in theory, only particles
less than 55.9 nm would be expected to enter the 2%
gel at the top of the gradient.

Using HDL fractions that have been isolated by im-
munoaffinity chromatography, we have been able to
demonstrate a high correlation between estimates of
particle size obtained using the protein-stained SFBR
3/31 gels and the particle diameters obtained with our
lipid-stained segmental gradient gel (» = 0.978). The
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slope of the regression line, however, is only 0.59, with
our approach using the lipid stain giving a higher esti-
mate of particle diameter. Once we adjusted the diame-
ters of the HDL subfractions in our calibrator, the two
gel systems gave identical results (Fig. 6B).

In non-denaturing gradient gel electrophoresis, it is
expected that the pore size matrix will determine to
which location a particle of a given diameter will mi-
grate. In preliminary studies, we noted that the migra-
tion distances of HDLy, and HDL3 were not different
between runs of 8, 16, and 24 h (data not presented).
For LDL and Lp(a], however, a run time of 8 h or less
was not adequate to define the true diameter for LDL
and Lp[a]. There was no difference in the migration
distance for LDL and Lp[a] when the electrophoresis
was allowed to continue to 24 h (data not presented).
Attempts to shorten the run time by varying the voltage
or current have typically resulted in cracks in the gel by
the end of the electrophoresis.

A new concept introduced in this report is the use of
the parameter defined as the gel constant to character-
ize a linear gradient, thus allowing for better standard-
ization among gels. The conventional approach which
uses molecular weight for the estimation of particle di-
ameter is based on a relation between the volume of a
particle and the density of the fraction. The gel con-
stant is defined by the particle size of the calibrator and
the polyacrylamide concentrations in the gradient. For
this approach to work, the electrophoresis protocol
must be allowed to proceed slowly to complete equilib-
rium. The fact that the same identical gel constant
(113.5 for the 2-8% gradient and 116.4 for the 8-30%
gradient) was obtained for over 100 gradient gels pre-
pared individually over a 12-month period would pro-
vide indirect support that the reported conditions are
optimal for the reproducibility of these gels. While the
Ry approach requires the interpolation of particle size
from a number of calibrators of known diameters, the
gel constant approach allows the determination of a
unique gel constant that is characteristic of the acryla-
mide gradient formed. The diameter of the unknown
particle can be directly calculated from the gel constant
and the distance of the desired band from the top of
the gel without referring back to a standard curve
based on known calibrators. The reproducibility of the
gel constant derived from the same set of calibrators
can be used as a quality control for the gel gradients. i
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