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Abstract The interaction of low density lipoproteins (LDL)
with different surfactants was studied by capillary electro-
phoresis (CE) and sucrose density gradient ultracentrifuga-
tion as part of developing a method for quantitation of apoB-
100 in serum. A mixture of surfactants consisting of 70%
sodium dodecyl sulfate (SDS), 25% sodium myristyl sulfate,
and 5% sodium cetyl sulfate was found to delipidate LDL par-
ticles more effectively than pure SDS or sodium decyl sulfate.
The delipidation products of LDL [apolipoprotein B-100
(apoB-100) and lipids] were resolved as two distinct peaks by
CE when using a 3.5 mm 70% SDS mixture, 20% (v/V) aceto-
nitrile, 50 mwm sodium borate, pH 9.1 buffer. This CE method
was also used to characterize apoB-100 derived from samples
of lipoprotein [a] and very low density lipoproteins (VLDL).
A CE-based quantitation method for apoB-100 was developed
utilizing the observed linear relationship between apoB-100
concentration and its corrected 214 nm absorbance peak area
measured on-line by CE. Concentration values of apoB-100 in
LDL and VLDL samples were determined by CE and found to
be accurate when compared to values obtained by immuno-
turbidimetric analysis and the Lowry method. Capillary elec-
trophoresis can be used as a precise, accurate, and specific
on-line method for the qualitative and quantitative analysis of
the apoB-100 component of VLDL and LDL-related
lipoproteins.—Cruzado, I. D., S. L. Cockrill, C. J. McNeal,
and R. D. Macfarlane. Characterization and quantitation of
apolipoprotein B-100 by capillary electrophoresis. J. Lipid Res.
1998. 39: 205-217.
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Plasma lipoproteins are water-soluble pseudo-micellar
particles composed of lipids and one or more specific
proteins called apolipoproteins. There are three main
lipoprotein classes according to density: very low den-
sity lipoproteins (VLDL), low density lipoproteins
(LDL), and high density lipoproteins (HDL)(1). These
main lipoprotein classes can also be separated by parti-
cle size, electrophoretic mobility, molecular weight,

and affinity chromatography (2). In addition, each lip-
oprotein class is highly heterogeneous and composed
of several subclasses that vary in their composition, me-
tabolism, and influence on atherogenesis (3).

Studies relating to the structure and metabolism of
LDL are important because of the direct correlation
between atherosclerosis and high LDL levels in human
plasma (4). LDL is the end product of VLDL catabo-
lism and is the major cholesterol-transporting lipopro-
tein in human plasma (1). The majority of LDL parti-
cles contain a single apolipoprotein called apoB-100
(4). After the elucidation of the role of apolipoproteins
in the regulation of lipoprotein metabolism, it became
apparent that improvements in the characterization of
apoB-100 were needed to facilitate the development of
the linkage between LDL and atherosclerosis (1).

ApoB-100 is a glycoprotein, synthesized in the liver,
consisting of 4,536 amino acids and with a molecular
mass of 512,932 (5-7). There are 14 cystine residues in
apoB-100: two are free while twelve form six intramolec-
ular disulfide bonds (1). ApoB-100 is also a component
of VLDL and lipoprotein[a] (Lp[a]). A related apolipo-
protein, apoB-48, which is synthesized in the intestine, is
a component of chylomicrons (7). One of the analytical
problems in characterizing apoB-100 is that, in the free
form, it is insoluble in aqueous solutions and tends to
form aggregates. Consequently, the most effective delipi-
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dation process is one where a water-soluble complex of
apoB-100 is formed. Both non-delipidated and delipi-
dated forms of apoB-100 are sensitive to oxidation and
adventitious enzymatic cleavage (1).

A variety of separation techniques has been used in the
analysis of non-delipidated apoB-100. Ultracentrifuga-
tion (UC) (3, 8-12) and polyacrylamide gel electro-
phoresis (9) are the two most common analytical meth-
ods used. Tadey and Purdy (13, 14) used capillary
electrophoresis (CE) to study the electrophoretic behav-
ior of non-delipidated apoB-100 and other apolipopro-
teins using different surfactants and determined that the
interaction with sodium dodecyl sulfate (SDS) at pH 10
produced stable anionic complexes with high electro-
phoretic mobility. In the earlier studies, a key finding was
that high SDS concentrations efficiently delipidated LDL
forming water-soluble complexes consisting of apoB-100
and surfactant anions (15). Simons and Helenius (16)
determined that an SDS concentration of 0.2 M is suffi-
cient to displace all lipids from LDL. Equilibrium dialysis
showed that apoB-100 binds 2.6 times its weight in SDS,
which is a much higher uptake ratio than for other high
MW proteins. Optical rotatory dispersion and circular
dichroism studies have shown that when SDS interacts
with LDL above its critical micellar concentration (8
mw), significant conformational changes in the structure
of apoB-100 occur (16). These conformational changes
probably facilitate the penetration of additional SDS into
the interior of the spherical LDL particle (17). Gotto et
al. (18) obtained partial delipidation of LDL when using
sodium decyl sulfate (SdeS) with concentrations of 20—
100 mwm. By using UC, they found that the delipidation
products consisted of free lipids (floating fraction) and
partially delipidated apoB-100 (sedimenting fraction).

The plasma concentrations of VLDL and LDL parti-
cles are important parameters in establishing a compre-
hensive cardiac risk profile. Two different approaches
have been used to measure these concentrations. One
approach focuses on the apoB-100 concentration be-
cause each of the VLDL and LDL particles contains a
single apoB-100 species. Immunoassay techniques have
been developed targeting specific epitopes on the sur-
face of apoB-100 (19). A fundamental problem with
this approach is variability in the antigen/antibody inter-
action within the population of VLDL and LDL particles.
Other problems include variable dose-response working
curves, lack of purified apoB-100 standards for calibra-
tion, and a coefficient of variance of 5-10% for within-
laboratory analysis and up to 30% for inter-laboratory
comparisons (20). A second approach is based on the
interaction of lipoproteins with lipophilic dyes and ab-
sorbance measurements of the amount of dye incorpo-
rated (21). Problems encountered with this approach
include variability in absorption of the dye due to the
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heterogeneity in the structures and lipid content within
the VLDL and LDL populations (2).

The first objective of this work is to study the interac-
tion of LDL with different surfactants and concentra-
tions as a prelude to the apoB-100 quantitation work us-
ing CE and UC techniques developed in our laboratory.
Previously, we have described the use of CE in the study
of Lp[a] (22), the separation of HDL and LDL particles
(23), and in the characterization and quantitation of
apolipoproteins A-1 and A-1l from HDL fractions (24).
We found that the best CE separation for lipoproteins
and their apolipoproteins is achieved when using a 50
mwm sodium borate, 3.5 mm SDS (70% pure), 20% (v/v)
acetonitrile (ACN), pH 9.1 buffer. Coupled with these
studies is the development of a fast UC technique that
utilizes a self-generating sucrose density gradient for the
separation of lipoproteins from human plasma and se-
rum. This UC technique converts the UC pattern of the
stained lipoproteins into a lipoprotein profile by using a
combination of photography, digitization, and computer
analysis. The second objective was to develop a CE-based
quantitation assay for apoB-100 and to compare the per-
formance of this assay method with immunoturbidimet-
ric analysis and the Lowry method. (25)

MATERIALS AND METHODS

Materials

Acetonitrile (ACN; EM Science, Gibbstown, NJ), so-
dium borate (Fisher Scientific, Fair Lawn, NJ) and SDS
(Sigma Chemical Co., St. Louis, MO) were used in the
preparation of the CE buffers. Human purified LDL sam-
ples were obtained from Sigma and Calbiochem (San Di-
ego, CA). Human Lp[a] was isolated by UC and purified
by lysine affinity chromatography in our laboratory as de-
scribed previously (21). Other reagents used were: so-
dium bromide (NaBr; Fisher Scientific), sucrose (Fisher
Scientific), sodium azide (Aldrich Chemical Co., Milwau-
kee, WI), ethylenediaminetetraacetic acid (EDTA; J. T.
Baker Inc., Phillipsburg, NJ), phenylmethylsulfonyl fluo-
ride (PMSF; Sigma), Sudan black B (SBB; Sigma), di-
methyl sulfoxide (Burdick and Jackson Laboratories Inc.,
Muskegon, MI), benzamidine (Sigma), SdeS (Aldrich),
methanol (Mallinckrodt, Paris, KY), and 2-mercaptoetha-
nol (Sigma). Deionized water was obtained from a Milli
Q water purification system (Millipore, Bedford, MA)
and used in the preparation of all solutions.

CE analysis of lipoprotein samples

CE separations were carried out using a Beckman
P/ACE model 5510 unit (Beckman Instruments Inc.,



Fullerton, CA) equipped with a diode array detector
and connected to a 80486DX IBM PS/2 computer. The
System Gold Chromatography software (Beckman) was
used to control the instrument functions and to analyze
the electropherograms. An untreated fused silica capil-
lary tube (Polymicro Technologies, Phoenix, AZ) with a
75 pm i.d., 375 pm o.d. was used. The total length of
the capillary tube was 56.8 cm, and the distance from in-
jection site to detector was 50.1 cm. The capillary was
operated at 20°C. The UV absorbance was monitored at
214 nm. An applied voltage of 17.5 kV was used in all
CE separations. All the CE buffers contained 50.0 mm
sodium borate and had a pH value of 9.1. The electroos-
motic flow (EOF) was measured for each run by making
a 1sinjection of either water, methanol-water 1:1 or 1.2
mwm benzyl alcohol (Mallinckrodt, Paris, KY) solution.
The EOF direction was towards the cathode, and it was
strong enough to carry the negatively charged particles
to the negatively charged electrode. The effective mo-
bility () values for negatively charged analytes were
calculated using the following equation:
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where L. is the total length of the capillary [cm], L4 is
the length of the capillary from injector to detector
[cm], U is the applied voltage [volts], t is the migration
time of the sample component [s], and tgg is the mi-
gration time of the EOF marker [s]. All sample injec-
tions were carried out by applying pressure of 0.5 PSI
for 4 s, unless indicated otherwise. All CE experiments
were repeated at least three times to measure the preci-
sion of the . values.

Separation of human serum lipoproteins
by sucrose density gradient UC

Serum lipoproteins were separated by single discon-
tinuous density gradient UC (12). Blood from the an-
tecubital vein of the donor (12 h fasted) was drawn into
7 mL Vacutainer tubes (Becton Dickinson Vacutainer
Systems, Franklin Lakes, NJ) containing no additives.
The blood was allowed to clot at room temperature for
45 min, and the serum was collected after a 20-min spin
at 2,000 rpm (161 g) and 4°C. For the UC analysis, a se-
rum volume of 250 p.L was first incubated with 10 pL of
SBB in dimethyl sulfoxide (1% w/v) for 30 min at 37°C
(Scientific Products TempCon Incubator, Baxter Diag-
nostics Inc., McGaw Park, IL). SBB served as a lipo-
philic stain for visualizing the lipoprotein bands after
the UC separation. Then, 200 pL of the stained serum
was mixed with 200 pL of water. This solution was then
layered over 800 pL of 20% sucrose in a 1.5-mL poly-
carbonate open-top tube (Beckman). The tube was
spun at 100,000 rpm (435,680 g) for 6 h at 20°C using a

Beckman TL-100 ultracentrifuge equipped with a
TLA100.2 rotor. The acceleration and deceleration
steps were set to 2.5 and 3 min, respectively. After sepa-
ration, the lipoprotein layers were removed by aspira-
tions using a hypodermic syringe.

Separation of human plasma lipoproteins
by NaBr density gradient UC

Blood from the antecubital vein of a donor (12 h
fasted) was drawn into 7 mL EDTA-containing Vacu-
tainer tubes. The plasma was separated from the red
blood cells by a 20-min spin at 2,000 rpm (161 g) and
4°C. A preservative mixture of 1.0 M benzamidine (1
pL/mL plasma) and 0.2 M PMSF (5 pL/mL plasma)
was then added to the plasma. A 200 pL aliquot was
stained with 7 pL of 1% (w/v) SBB in dimethyl sulfox-
ide. The preparation of the ultracentrifuge medium in-
volved a series of solutions layered in a 1.5-mL polycar-
bonate open-mouth tube in the following order: 250
L of 1.26 g/mL NaBr solution, 200 pL of 1.10 g/mL
NaBr solution, 207 pL of the stained plasma, and 600
wL of water. All of the layering solutions contained
0.01% EDTA and 0.01% sodium azide. The UC separa-
tion was carried out as described in the sucrose density
gradient UC procedure with the exception that the
samples were centrifuged for 3.5 h at 10°C.

An unstained LDL sample was obtained by centrifug-
ing eight UC tubes containing unstained plasma along
with two UC tubes of SBB-stained plasma under the
conditions described above. After UC separation, the
pale yellow LDL bands from the eight centrifuge tubes
were extracted using as a location reference the posi-
tion of the SBB-stained LDL layer in the other two UC
tubes. Approximately 1 mL of unstained LDL was ob-
tained by pooling the LDL fractions from the eight UC
tubes and concentrating to a final volume of 100 p.L by
spinning the sample in a Centricon concentrator 100
(Amicon, Inc., Beverly, MA) for 1 h at 2,000 rpm (161
g) and 4°C. This concentrated unstained LDL sample
was used in the preparation of a CE calibration curve
for the quantitation of apoB-100.

Conversion of the stained lipoprotein UC profile
into an intensity versus density plot

After the UC separation, each tube was photo-
graphed against the white background of an opalescent
glass diffuser (Edmund Scientific, Barrington, NJ) using
a Macro 5 SLR camera (Polaroid Corporation, Cam-
bridge, MA) loaded with color Polaroid Spectra film
and set to a 2X magnification. A 285 HV external flash
unit (Vivitar, Santa Monica, CA) was synchronized to the
camera shutter, positioned behind the glass diffuser, and
used as the light source. Each photograph was digitized
with a ScanJet 3p gray scale scanner (Hewlett-Packard,
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Tokyo, Japan) and analyzed by SigmaGel software
(Jandel Scientific Software, San Rafael, CA). This pro-
gram measures the gray scale intensity along the vertical
axis of the UC tube in the digitized photograph giving
an intensity versus tube length plot. A gray scale inten-
sity value of 0 corresponds to white and an intensity
value of 255 corresponds to black. At a particular loca-
tion along the vertical axis of the UC tube, the gray scale
intensity is a measure of the concentration of SBB taken
up by the lipoproteins with a specific density at that lo-
cation in the final density gradient. The density gradi-
ent along the UC tube, measured by gravimetric analy-
sis, was found to be highly reproducible when the UC
conditions were kept constant. Using this scheme, a lip-
oprotein UC profile is converted into a SBB intensity
versus particle density plot.

Study of the interaction of LDL with different
surfactants by UC

Ten LDL samples from a normolipidemic human
subject were isolated simultaneously by sucrose density
gradient UC as described previously. The ten fractions
were combined to yield a 2 mL volume sample of fresh,
homogeneous LDL. Aliquots of 200 pL were mixed
with 200 pL of solutions of known surfactant concen-
tration. The surfactants used were SdeS, 99% pure
SDS, and 70% pure SDS, and their final concentration
in the LDL mixture varied from 0 to 100 mm. The
LDL-surfactant mixtures were incubated for 30 min at
37°C, after which they were analyzed by sucrose density
gradient UC. The UC results were converted into SBB
intensity versus density plots as described above. Ali-
quots of the floating and sedimenting fractions were re-
moved with a pipet and analyzed by CE.

Bicinchoninic acid (BCA) protein quantitation

The reactions involved in the BCA analysis are the re-
duction of Cu?* to Cul®™ mainly by the tyrosine and
tryptophan residues in proteins, and the formation of a
purple complex (Ayax = 562 nm) when the Cul* ions
complex with BCA. The Lowry method (25) is based on
a similar principle: the reduction of Cu2* ions followed
by complexation with the Folin-Ciocalteu reagent
which also produces an intense colored complex with
Cult (26). The weakness of both of these assays is that
there is considerable variability in reactivity depending
on the nature of the protein (26). In studies where it is
not feasible to prepare protein standard solutions with
known concentrations, as in the case of apoB-100, the
strategy of linking the calibration to that obtained from
a set of bovine serum albumin (BSA) solutions with
known concentrations has proven to be a reasonable al-
ternative that has been widely adopted.

A calibration curve based on the BCA method was
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first obtained using a set of BSA solutions with accu-
rately known concentrations. This calibration curve was
then used to standardize the unstained concentrated
LDL sample isolated by NaBr density gradient UC in
terms of [apoB-100] based on the BCA method. The
standardized solution was then used to prepare a set of
solutions with varying [apoB-100] by serial dilution for
use in the CE calibration. In the application of the BCA
quantitation method to the analysis of BSA and apoB-
100, the standard working reagent was prepared in situ
by mixing 50 mL of reagent A with 1 mL of reagent B.
Reagent A was purchased from Pierce Chemical Com-
pany (Rockford, IL) and consisted of 1% BCA, 2%
Na,CO;°H,0, 0.16% sodium tartrate, 0.4% NaOH, and
0.95% NaHCOj;. Reagent B was made by preparing a
4% CuSO,'5H,0 (Mallinckrodt, Paris, KY) solution. A
set of BSA solutions with known concentrations was
prepared. A 1-mL volume of the standard working re-
agent was mixed with 50 pL of each BSA solution.
Then the solutions were incubated for 30 min at 37°C
then equilibrated to room temperature for 15 min. The
absorbance at 562 nm of each solution was measured
using 500-p.L volume quartz cuvettes with a 1.0-cm path
length (Fisher Scientific) and a Perkin-Elmer Lambda
4B UV/Vis spectrometer (Norwalk, CT). A linear rela-
tionship was obtained between the absorbance at 562
nm of the Cul™-BCA complex and the BSA concentra-
tion (8-90 mg/dL): slope value was 0.0078 (= 0.0002),
y-axis intercept value was 0.01 (*+ 0.01), and the linear-
ity was 0.994. This calibration curve was then used for
the standardization of the LDL stock solution in terms
of [apoB-100]. Because of the high [apoB-100], it was
necessary to dilute an aliquot of the stock a factor of 5
prior to analysis by the BCA method. From this mea-
surement, it was determined that the stock solution
had an [apoB-100] of 280 (*=8) mg/dL.

The BCA method was also used as a sensitive qualita-
tive test for the identification of lipid and protein frac-
tions isolated by sucrose density gradient UC in the de-
lipidation studies. In this application, 10 pL of the
micro BCA reagent (26) was mixed with 10 pL of sam-
ple in a Falcon 3911 Microtest Il flexible assay plate
(Becton Dickinson Labware, Oxnard, CA). The mix-
ture was then incubated at 37°C for 60 min. Samples
testing positive for proteins showed a color change
from light green to purple.

RESULTS AND DISCUSSION

Interaction of LDL with buffers of different
composition studied by CE

In the first part of the study, we investigated how the
electrophoretic properties of LDL are affected by the



use of different surfactants and an organic modifier in
the CE background electrolyte. Earlier studies have
shown that SDS binds to the apolipoproteins increasing
their electrophoretic mobilities and thus improving
their CE separation (13, 14). We have demonstrated
that the separation of plasma lipoproteins is further im-
proved when ACN is added to the SDS-containing
buffer as an organic modifier (23). In addition, the use
of a mixture of surfactants can enhance the resolution
of a CE protein separation. In a recent work, we used a
mixture of surfactants that consisted of 70% SDS (Cy,-
chain), 25% sodium myristyl sulfate (Cy4-chain) and
5% sodium cetyl sulfate (C,g-chain), which proved to
give a superior CE separation of proteins than pure
SDS (24). This mixture of surfactants is referred in this
paper as 70% SDS, and pure SDS as 99% SDS.

In the first measurement, a sample of LDL was ad-
justed to pH 9.1, and analyzed by CE in the absence of
surfactant. The electropherogram showed a single sym-
metric peak. Next, the influence of the presence of the
surfactants (70% and 99% SDS SdeS) in the CE buffer
was studied without adding ACN. In each case, the sur-
factant concentration in the CE buffer was fixed at 3.5
mwm. The electropherograms indicated significant inter-
actions had taken place between the LDL particles and
the surfactant in the CE buffer. The single peak ob-
served in the absence of surfactant was transformed
into two peaks with higher p. values than the original
value measured for LDL in the absence of surfactant.
Table 1 summarizes the . values observed for the dif-
ferent LDL components in each CE buffer. The two
peaks observed are referred to as LDL-1 and LDL-2.

The formation of two distinct species with different
e Values from LDL indicates that the surfactant has
dissociated the LDL particles in the capillary forming
two distinct groups of negatively charged particles with

TABLE 1. Effective mobility values of the LDL components
separated by capillary electrophoresis in buffers containing
no surfactants or 3.5 mm SdeS, 99% SDS, and 70% SDS

Effective Mobility ()

Surfactant LDL-1 LDL-2
10 5em?2V 1571

None —14.1+0.3

SdeS —18.13 = 0.04 —19.56 = 0.03

99% SDS —26.84 = 0.04 —28.86 = 0.08

70% SDS —28.39 + 0.02 —29.70 = 0.03

The CE samples consisted of 2 wL of LDL (isolated by NaBr den-
sity gradient UC) mixed with 20 pL of the CE buffer. The applied
voltage was 17.5 kV. The total length of the untreated fused silica cap-
illary was 56.8 cm, and its length from injector to detector was 50.1
cm. The CE capillary was thermostatted at 20°C. Samples were in-
jected by a 4 s 0.5 PSI pressure pulse. The buffer also contained 50
mm sodium borate adjusted to a pH of 9.1.

e Values depending on the nature of the surfactant. As
shown in Table 1, the two species formed in the interac-
tion with SdeS have higher p, values than LDL. The
trend continues with 99% SDS and 70% SDS. Most
likely, a component of the surfactant interaction is re-
lated to differences in the hydrophobicity of the nega-
tively charged surfactants. Sdes is the less hydrophobic
because it has the shortest carbon chain (Cyg) and in-
teracts with LDL less strongly than the 70% SDS, which
appears to have an even larger interaction with LDL
than 99% SDS. The effectiveness of the 70% SDS may
be due to combined interaction of SDS to maintain sol-
ubility and its long chain components (Cy4 and Cgg),
which bind more strongly to the non-polar domains.

The influence of the addition of an organic modifier
to the CE buffer (20% ACN) was then studied. The
presence of the organic modifier increases the hydro-
phobicity of the buffer modifying the interaction of
LDL with the surfactant as well as inducing conforma-
tional changes in LDL (27). With ACN present in the
buffer but no surfactant, a single LDL peak was ob-
served with a slightly higher mobility than when ACN is
not present. The electropherogram of LDL in the
SdeS-ACN buffer had a single LDL peak with a .
value close to what was observed in the absence of
SdeS, indicating that there was no interaction of this
surfactant with LDL. The other two surfactant anion
systems (70% and 99% SDS) react with LDL in the
presence of ACN resulting in dissociation and complex
formation but to different degrees. The interaction of
99% SDS with LDL in ACN produced four families of
dissociation products with distinct w. values higher
than that for intact LDL while the 70% SDS gave the
same pattern of two dissociation products similar to
that observed in the absence of ACN but with lower p.,
values. The . values are given in Table 2.

In the absence of ACN in the CE buffer, the surfac-
tant anions interact with the LDL particle destabilizing
its structure resulting in dissociation and delipidation.
In the presence of ACN, SdeS does not partition into

TABLE 2. Effective mobility values of LDL components separated
by capillary electrophoresis in buffers containing 3.5 mwm surfactant
of three different types and 20% (v/v) ACN

Effective Mobility (j.e)

Surfactant LDL-1 LDL-2 LDL-3 LDL-4
105cm2Vv-1g1

None —15.3+0.2

SdeS —-14.8 = 0.1

99% SDS —-17.1+0.03 —-196*+0.2 —-215+0.2 -248=*+0.1

70% SDS —19.33 = 0.09 —-25.9+0.2

Capillary electrophoresis separation conditions were as de-
scribed in Table 1.
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LDL but SDS still interacts because the non-polar inter-
action with LDL is stronger due to the longer aliphatic
chain. It would appear that the species formed in the
interaction of 99% SDS in the presence of ACN are par-
tial delipidation products while those formed in the
70% SDS interaction may be the end products of LDL
delipidation but with fewer surfactant anions incorpo-
rated when ACN is present as evidenced by the lower
e Values. To test this hypothesis, a sucrose gradient UC
separation was used to separate the delipidation prod-
ucts of LDL produced by interaction with the surfac-
tants and analyze them by CE.

UC analysis of delipidated LDL

UC density profiles of LDL were measured after
treatment with SdeS, 99% SDS, and 70% SDS for a
range of surfactant concentrations from 0 to 10 mm.
The results obtained for SdeS showed only a slight in-
crease in the density of the LDL band (1.015-1.033 g/
mL) presumably due to loss of some lipids. The two
peaks observed in the electropherogram are presum-
ably due to minimally delipidated LDL particles that
have retained most of their density.

In contrast, the influence of SDS on the LDL particle
density distribution is substantial as shown in Fig. 1. In
the 99% SDS, the intensity of the LDL peak decreases
and a new peak appears with a density of 1.013 g/mL
(Fig. 1a). (The peak labeled M is the location of the

300 (a) 3.5 MM 99% SDS
200
@
2
3 100 -
=
80' LA B A L
D 300
I M (b) 3.5 mM 70% SDS
m
& 2004
100 ~
0 T T LU
1.015 1.033 1.043 1.068 1.169
Density (g/mL)
Fig. 1. UC profiles of LDL samples treated with (a) 3.5 mm 99%

SDS, and (b) 3.5 mm 70% SDS. Peak: M, meniscus. The UC sepa-
ration was carried in 1.5 mL open-mouth polycarbonate tubes.
Each LDL sample (200 p.L), previously stained with SBB and sepa-
rated from serum by sucrose density gradient UC, was diluted with

water to a final volume of 400 p.L, and then layered over a 20% su-

crose solution (800 pL) in each UC tube. The tubes were centri-
fuged for 6 h at 100,000 rpm (435,680 g) and 20°C.
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meniscus in the UC tube and serves as a reference
point in the profile.) The intensity of this new peak in-
creases with a corresponding loss in intensity of the
LDL peak and a slight shift to higher density when 70%
SDS is used (Fig. 1b). When the SDS concentration is
increased to 7 mm and 10 mwm, the LDL peak disap-
pears, the intensity of the low density fraction in-
creases, and a high density component appears near
the bottom of the UC tube. The low density compo-
nent is referred to as the floating fraction and the high
density component, the sedimenting fraction.

The floating and sedimenting fractions were with-
drawn from the UC tube and tested for protein using
the BCA method. The floating fraction was found to
contain no proteins while the sedimenting fraction had
a high protein content.

The floating and sedimenting fractions were then an-
alyzed by CE. The results are shown in Fig. 2. Fig. 2a is
the electropherogram of the floating fraction and Fig.
2b, of the sedimenting fraction. The . values for the
floating and sedimenting fractions are the same as
those obtained for LDL-2 and LDL-1, respectively (Ta-
ble 2). Increasing the SDS concentration up to 100 mm
did not change the electropherograms of these two
fractions. We conclude that the sedimenting fraction is
LDL-1 and is apoB-100 that has been fully delipidated
and complexed with SDS. LDL-2 is the floating fraction
and is a mixture of UV-absorbing lipid products of the

0.030

EOF (a) Floating fraction
Lipids

0.015

0.000 JeF=—r=p=mr M e
0.016 -

(b) Sedimenting fraction
apoB-100

Absorbance at 214 nm

0.008 -
EOF

o.ooof“\*sj\
L A e

———
0 5 10 15 20 25
Time (min)

Fig. 2. Electropherograms of (a) floating and (b) sedimenting
fractions of LDL sample treated with 7.0 mm 70% SDS and sepa-
rated by sucrose density gradient UC. Background electrolyte: 50
mwm sodium borate, 20% (v/v) ACN, 3.5 mm 70% SDS, pH 9.1.
Samples were not diluted for CE analysis. EOF marker, water. .
values: apoB-100, —17.97 X 105 cm2V~1s~1; and LDL lipids,
—25.85 X 1075 cm2V~1s~1, Other CE conditions were as de-
scribed in the legend to Table 1.



dissociation of LDL and complexed with SDS giving a
distribution of anionic lipid complexes with a narrow
charge/volume distribution. The UC results are consis-
tent with those obtained by Gotto et al. (18). The LDL-
1 peak observed for LDL delipidated by 99% SDS in
ACN is fully delipidated apoB-100; LDL-2,3 are proba-
bly partially delipidated LDL and LDL-4 is due to free
lipids.

The LDL particle density distribution is not affected by
the other components of the CE buffer: 50 mm sodium
borate and 20% ACN. Some delipidation of LDL occurs
when the [SdeS] exceeds 50 mm but at 100 mwm the delip-
idation is not complete. The LDL-to-surfactant concen-
tration ratio influences the degree of delipidation.

The key finding serving as the basis for the quantita-
tion study is that when the CE buffer is 3.5 mm 70%
SDS and 20% (v/v) ACN, LDL is fully delipidated and
the apoB-100 is separated from the lipids during the
CE separation.

Factors influencing the delipidation of LDL by SDS

The delipidation of LDL by the anion of SDS is initi-
ated by attachment of the anion to the surface of the
particle with subsequent diffusion into the interior and
disruption of the pseudomicellar structure. At high
LDL concentrations in the absence of other lipopro-
teins, LDL forms aggregates that delipidate at a lower
rate when reacted with SDS (28). This feature is an im-
portant consideration in developing a CE-based quanti-
tation method for apoB-100 because delipidation by
the CE buffer is a component of the analysis. This prop-
erty of LDL places restrictions on the amount of LDL
that can be injected into the capillary. To study this ef-
fect, electropherograms of LDL were obtained using
different effective initial concentrations. In the first ex-
periment, an aliquot of the concentrated LDL stock so-
lution (280 mg/dL) was injected into the capillary us-
ing a 4 s duration pressure pulse. The sample was
analyzed using the 70% SDS-ACN CE buffer. Figure 3a
shows the electropherogram obtained. In contrast to
what was observed for the more dilute LDL samples
where an apoB-100 and a lipid peak were identified,
only a single peak was observed which is presumably
non-delipidated LDL (. = —.20.75 X 10~>cm2 V-1s71),
By reducing the injection time to 2 s, the concentration
of LDL sample in the capillary is effectively reduced by
a factor of 2. Figure 3b shows the electropherogram ob-
tained. The intensity of the LDL peak decreases due to
the reduced LDL concentration and two small peaks
appear with p. values corresponding to delipidated
apoB-100 and the lipid peak indicating that a small
fraction of the LDL was delipidated at the lower con-
centration. Figure 3c is the electropherogram obtained
after further dilution by a factor of 4. Under these con-
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Fig. 3. Electropherograms of a concentrated LDL sample using
a(a)4s, (b) 2s,and (c) 1 s pressure injection. Background elec-
trolyte: 50 mm sodium borate, 20% (v/v) ACN, 3.5 mm 70% SDS,
pH 9.1. Sample: 2 pL of LDL (isolated by NaBr density gradient
UC) mixed with 20 pL CE buffer, except for (c): 1 wL LDL mixed
with 20 pL CE buffer. EOF marker, water. Other CE separation
conditions were as described in the legend to Table 1.

ditions, the SDS interacts more effectively with LDL re-
sulting in delipidation of approximately 80% of the
LDL particles based on the relative peak intensities of
the apoB-100 and lipid peaks. when an LDL sample is
fully delipidated, the LDL peak is absent in the electro-
pherogram and this feature is used to detect incom-
plete delipidation. When the LDL fraction from the
UC tube is diluted by a factor of at least two with the 3.5
mwm 70% SDS, 20% (v/v) ACN buffer, the electrophero-
grams show complete delipidation. If the LDL sample
is analyzed immediately after UC separation, delipida-
tion occurs within 30 min when the LDL sample is in-
cubated with the CE buffer. Samples stored at 4°C for
more than 1 day require 2—-4 h incubation for complete
delipidation. It may be that apoB-100 assumes a confor-
mation at 4°C that has a weaker interaction with SDS
than its conformation at room temperature. Another
possibility is that LDL forms aggregates after isolation
that are more difficult to delipidate (28). The correla-
tion between storing time at 4°C and increased time for
full delipidation has only been observed for LDL but
not the other lipoprotein fractions when analyzed by
CE.
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Influence of LDL particle density on the CE
of delipidated LDL

The electropherogram of delipidated LDL using
the 70% SDS-ACN buffer is characterized by a peak
corresponding to apoB-100 complexed with SDS and
a well-defined lipid/SDS peak each with reproduc-
ible . values that have been found to be invariant
for LDL samples from a large population of donors.
Some of these donors had a significant dense LDL
component in their particle density profile, a compo-
nent recognized as a risk factor for atherosclerosis
(3). A CE analysis was carried out for buoyant and
dense LDL obtained from a donor with documented
heart disease. Figure 4 is the particle density profile
of the plasma sample showing the two LDL bands: a
buoyant component (LDL-b) and a dense compo-
nent (LDL-d). The two shaded areas in the LDL re-
gion represent the locations where the samples were
withdrawn from the UC tube. Electropherograms of
the two fractions are shown in Fig. 5. In both electro-
pherograms, the apoB-100 peak has the characteris-
tic we value of —19.1 X 10-% cm2 V-1 s~1and the lip-
ids peak, —25.5 X 107® cm2V~1s~1 Integrated peak
area ratios for the apoB-100 and the lipids peak were
measured to be 1.3 for the buoyant form (Fig. 5a)
and for the dense form, the lipids peak is somewhat
narrower (Fig. 5b) with a ratio of 1.9 which is con-
sistent with the buoyant form having a higher lipid
content.
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Fig. 4. UC lipoprotein profile of a donor with heart disease.

Peaks: M, meniscus; LDL-b, buoyant LDL; and LDL-d, dense LDL.
The plasma lipoproteins were separated by NaBr density gradient
UC. These solutions were layered in a 1.5 mL open-mouth poly-
carbonate tube and in the following order: 250 L of 1.26 g/mL
NaBr solution, 200 pL of 1.10 g/mL NaBr solution, 207 pL of
SBB-stained plasma, and 600 p.L of water. The tube was then cen-
trifuged for 3.5 h at 100,000 rpm (435,680 g) and 10°C.
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Identification of apoB-100 in delipidated Lp[a]
and VLDL

Using the 3.5 mm 70% SDS/20% (v/v)ACN borate
buffer at pH 9.1 as the reference delipidating and CE
buffer, the w. value for the apoB-100 has a sample-to-
sample variation of =2% which means that apoB-100
can be identified in the electropherogram of a mixture
derived from fractions with densities close to VLDL and
LDL. This feature was applied to the analysis of Lp[a].
The structure of Lp[a] is similar to that of LDL except
that apolipoprotein [a](apo[a]) is attached to apoB-
100 by disulfide bridges (29). An individual identified
as having an elevated plasma Lp[a] level by an immu-
noassay screen donated blood for the analysis. Lp[a]
was isolated by the lysine/Sepharose method (21) and
analyzed by CE. Figure 6a shows the electropherogram
obtained for the delipidated sample. Two peaks were
observed with ., values, in units of 107> cm?2V-1s-1, of
—15.9 and —26.1. The peak with the larger mobility
has a . value corresponding to the lipids peak but the
peak with the lower . value does not correspond to
apoB-100. Treatment with 4 mm 2-mercaptoethanol fol-
lowed by boiling for 7 min at 100°C cleaved the disul-
fide bonds between apoB-100 and apo[a]. Analysis by
CE showed four peaks (Fig. 6b), referred to as peaks 1-
4, with p, values of —10.5, —14.5, —19.6, and —26.1 X
105cm?2 V1571 respectively. Peak #1 has been identi-
fied as mercaptoethanol (ME) by measurement of a
pure sample. Peak #2 is a product of the reduction of
Lp[a] and has been assigned to apo[a]. The third peak
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Fig. 5. Electropherograms of (a) buoyant LDL and (b) dense
LDL. Background electrolyte: 50 mm sodium borate, 20% (v/v)
ACN, 3.5 mm 70% SDS, pH 9.1. Samples: 2 pL of each LDL sam-
ple (from Fig. 4) was mixed with 20 pL CE buffer. EOF marker,
water. Other CE separation conditions were as described in the
legend to Table 1.
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Fig. 6. Electropherogram of (a) Lp[a] and (b) reduced Lp[a].
Background electrolyte: 50 mm sodium borate, 20% (v/v) ACN,
3.5 mm 70% SDS, pH 9.1. Samples: (a) 2 pL of Lp[a] mixed with
20 pL CE buffer; and (b) 2 wL of Lp[a] mixed with 0.5 L 0.09 m
2-mercaptoethanol and 10 pL CE buffer (5 sand 1 s pressure in-
jections, respectively). EOF marker, 1.2 mm benzyl alcohol. Peaks:
ME, 2-mercaptoethanol; apo[a], apolipoprotein [a]; and apoB-
apo[a]; apoB-100 bound to apo[a]. Other CE separation condi-
tions were as described in the legend to Table 1.

is due to apoB-100 and the fourth peak is the lipids
peak based on p, values. In studying Lp[a] from other
donors, considerable donor variability was found in the
e values for both delipidated apoB-100:apo[a] and
apo[a] which is attributed to the different phenotypes
of Lp[a]. A measurement of the p, value for delipi-
dated Lp[a] is a potential CE-based marker for classify-
ing Lp[a] phenotypes.

The detection by CE of apoB-100 as a product of de-
lipidated VLDL was also investigated. The VLDL frac-
tion from the UC separation of the serum from a nor-
molipidemic donor was analyzed by CE using the same
conditions as for the LDL study. Figure 7a is the elec-
tropherogram obtained. A weak intensity peak was
identified with a ., value of —19.3 X 105 cm2 V~1s~1
which corresponds to apoB-100. There was no evidence
for a lipid peak. Figure 7b is the electropherogram ob-
tained for a hypertriglyceridemic donor. The apoB-100
peak is considerably higher in intensity and a broad
complex pattern is also present which is due to anionic
complexes of lipids with SDS with a considerably
greater spread of mobility values than observed for
LDL. Recent unpublished studies using a neutral sur-
factant for delipidation and the 70% SDS/ACN buffer
for CE analysis confirmed that the broad peak in the
electropherogram is due to coupling of free lipids to
SDS during delipidation. S. L. Cockrill, L. W. Watkins,
and R. D. Macfarlane, unpublished results).
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Fig. 7. Electropherograms of VLDL samples from (a) normoli-
podemic and (b) hypertriglyceridemic donors. Background elec-
trolyte: 50 mm sodium borate, 20% (v/v) ACN, 3.5 mm 70% SDS,
pH 9.1. Samples were isolated by NaBr density gradient UC and
analyzed by CE after dilution by a factor of 2 with the CE buffer.
EOF marker, water. Other CE separation conditions were as de-
scribed in the legend to Table 1.

Quantitation of apoB-100 by CE

The area of the apoB-100 peak in the electrophero-
gram is proportional to the concentration of apoB-100
in solution and this is the basis for using CE to quanti-
tate serum levels of apoB-100 levels in LDL and VLDL,
factors that have been linked to the development of
atherosclerosis (21). Absorbance at 214 nm is due pri-
marily to the peptide bonds in apoB-100 and is consid-
erably higher than at 280 nm. In the first step, the peak
area at 214 nm was calibrated against the apoB-100
concentration using an unstained LDL stock solution
where the [apoB-100] had been previously measured
using the BCA method as described in Materials and
Methods. A set of samples was prepared by serial dilu-
tion using the delipidating CE buffer. In the measure-
ment of the peak area, a background is first subtracted
and the residual total absorbance is referred to as a cor-
rected peak area (CPA) that is used in obtaining the
calibration curve. Over a range of concentrations from
3-43 mg/dL, the calibration curve is linear with a slope
of 0.296 (*=0.007), a y-intercept of 0.2 (+0.2), and lin-
earity of 0.995. This concentration range was adopted
as the working range of the analysis.

The method was tested using an LDL solution ob-
tained from Calbiochem, assayed by the vendor as 950
mg/dL apoB-100 using the Lowry method (25). The
sample was diluted to a concentration of 21 mg/dL us-
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ing the delipidating CE buffer and analyzed by CE. A
value of 24 (=1) mg/dL was obtained. The good agree-
ment is significant because it demonstrates that when
the apoB-100 concentration is within the linear range
of the calibration curve where effective delipidation by
the buffer is achieved, the method is accurate, even for
stored LDL samples.

A more stringent test of the accuracy of the overall
method for plasma/Zserum analysis including staining
by SBB and ultracentrifuge separation was made using
a plasma standard obtained from Sigma (Cardiolipid
Control Level 1). The total apoB-100 concentration
(VLDL + LDL) was 58 (+12) mg/dL determined by
immunoturbidometric analysis. A measured aliquot
(pL of UC plasma) of the plasma standard was stained
with SBB and separated into VLDL, LDL, and HDL by
sucrose density gradient ultracentrifugation. The
VLDL and LDL layers were identified and withdrawn
quantitatively (wL of VLDL or LDL fraction) from the
UC tube using the distribution of the stain as a marker
for the location of the band. A measured aliquot of the
VLDL and LDL fraction was diluted with the delipidat-
ing CE buffer using a dilution factor (D.F.) which was
typically 2 and analyzed by CE. The apoB-100 peak in
the electropherograms was identified by its characteris-
tic we value and a determination of the CPA was made.
The plasma concentration of apoB-100 in VLDL and
LDL was calculated using the following equations:

[ApoB —100] . (mg/dL) =

CPA y (pL of LDL fraction)
0.296 (ML of UC plasma)

[ApoB —100] p. (Mmg/dL) =

CPA
0.296

D.F. x

(UL of LDL fraction)

D.F. x (uL of UC plasma)

The factor 0.296 is the slope of the calibration curve
obtained from the analysis of the LDL standard as de-
scribed above. Following this procedure, the total
apoB-100 concentration was found to be 58 (*+7) mg/
dL, a value in good agreement with that obtained by
immunoturbidometric analysis. During the delipida-
tion of LDL and VLDL by the CE buffer, the SBB incor-
porated in the LDL particle is released along with the
other lipids and separated from apoB-100 by CE.

Results from clinical applications of the methodology

Using the methodology described above, the serum
apoB-100 levels of several donors were measured in
conjunction with the standard lipid screen for choles-
terol and triglycerides levels as a preliminary test of the
use of the methodology in a clinical application. The
normal range of total plasma apoB-100 concentrations
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determined by immunoassay is 70-100 mg/dL with
90% in LDL and the remainder distributed in VLDL
and intermediate density lipoproteins (30, 31). For hy-
perlipidemic individuals, the total [apoB-100] is typi-
cally in the range from 100 to 160 mg/dL (32). Using
the CE-based analysis, the same range of values was
found in a small sampling of a donor population. A
young healthy male with a normal lipid profile had
apoB-100, 5, and apoB-100, p, levels of 51 and 3 mg/
dL, respectively. An individual with moderately elevated
cholesterol levels had apoB-100, 5. and apoB-100y, p,
levels of 99 and 5 mg/dL, respectively. A hyperlipi-
demic donor exhibited apoB-100, p, and apoB-100y, p,
levels of 159 and 6 mg/dL. This limited test of the
method is an indication that the range of apoB-100 val-
ues obtained by the CE-based methodology is consis-
tent with what has been observed from methods cur-
rently in use.

Advantages of a CE-based method for
apoB-100 quantitation

The most precise and well-founded method for
apoB-100 quantitation in serum is the method of Vega
and Grundy (33) where apoB-containing serum lipo-
proteins are precipitated, delipidated, resolubilized,
and the protein content is assayed by the Lowry-Folin
method (25). A second chemical method uses SDS-PAGE
to separate the apoB-100 and absorbance measurements
of the stained bands (34). Immunoassay has also been
used for quantitation of serum apoB-100 levels (35).

A difference between the method of Vega and
Grundy (33) and the CE-based method is that precipi-
tation is used to isolate apoB-100-containing lipopro-
teins from serum whereas the method described here
uses sucrose density gradient ultracentrifugation. Choice
of method depends on the objective of the analysis. If
the objective is to measure integrated apoB-100 levels,
the precipitation method is faster and could be cou-
pled with CE to measure apoB-100 levels utilizing the
high resolution separation features of CE to eliminate
interferences in the analysis. The ultimate goal of the
ultracentrifuge/CE method is to develop a comprehen-
sive cardiac risk profile protocol that includes the parti-
cle density profile as well as measurement of the key
apolipoprotein levels in VLDL, LDL, and HDL. Conse-
quently, the ultracentrifuge-based initial separation is
the starting point in the overall scheme and, because
precipitation purification is not used, is an essential
step for purification from other plasma proteins, partic-
ularly albumin which co-elutes with apoB-100 in the de-
lipidating CE buffer used in this study.

One feature that CE bring to the analysis of apoB-100
is the ability to analyze the delipidated mixture directly
using on-line separation, circumventing the need to re-



move interfering lipids and, if other apolipoproteins
are present in the LDL fraction, they are separated
from apoB-100 during the CE analysis. A more precise
method for apoB-100 quantitation using CE is through
UV-absorbance by apoB-100 using an internal BSA stan-
dard in a mode that utilizes the flexibility of CE. The
CE analysis can be programmed for serial injection
where the delipidated apoB-100 sample is first injected
followed by a second injection of the BSA concentra-
tion standard after a brief interval of electrophoresis.
The electrophoresis continues to completion and the
resulting electropherogram has peaks due to apoB-100
and BSA analyzed under identical conditions.

Both CE and SDS-PAGE can be used to quantitate
apoB-100 in delipidated LDL solutions and both meth-
ods provide a separation from other proteins. The ad-
vantage of CE is that concentration can be linked di-
rectly to the UV-absorbance of apoB-100. In SDS-PAGE,
concentrations are determined by the affinity of the
apolipoprotein for a visible chromophore such as Coo-
massie Blue. Variability in chromogenicity within the
isoforms of apoB-100 is a source of systematic error and
the method of determination of optical density from
a gel plate is less precise than a direct absorbance
measurement.

The advantage of immunoassay over CE for the
quantitation of apoB-100 is speed and ease of analysis
of serum/plasma samples without separation of the
apoB-100-containing lipoproteins. Immunoassay is an
integrating analysis measuring total apoB-100 levels
and accuracy is dependent on uniformity of immunore-
activity in the apoB-100 isoform distribution. Quantita-
tion based on CE with on-line separation and detection
is uniformly responsive to this distribution because
measurement is based on UV-absorbance of apoB-100.
The potential for high accuracy and precision inherent
in the CE method can be utilized to develop apoB-100
standards in plasma/Zserum samples to monitor the ac-
curacy of immunoassay methods.

A unique feature of CE operating at basic pH using
a silica capillary is the phenomenon of electroosmotic
flow which does not occur in SDS-PAGE. This marker,
which is easily identified in the electropherogram, ac-
counts for all of the instrumental variables that influ-
ence the electromigration of ions. By measuring ion
mobilities relative to the EOF, highly reproducible .
values for apoB-100 are obtained which means that
the CE analysis of apoB-100 is both quantitative and
qualitative.

One of the unexplained findings in this study that
was not pursued further portends the potential of CE
for characterizing new features of the apoB-100 iso-
form distribution utilizing variables that are associated
with the CE buffer. The observation was that LDL is de-

lipidated by 99% SDS, 20% ACN giving three distinct
classes of apoB-100-containing delipidation products.
Different buffer systems might be sensitive to particular
features of the heterogeneity of LDL.

Summary

The overall objective of the study was to investigate
the use of CE to study the delipidation of LDL by sur-
factants in conjunction with developing a method for
the on-line quantitation of apoB-100 in lipoprotein
fractions isolated by density gradient ultracentrifuga-
tion. LDL was injected and transported through a silica
capillary by electroosmotic flow and detected on-line by
214 nm absorbance produced an electropherogram of
LDL characterized by a narrow range of . values. Add-
ing anionic surfactants to the CE buffer at low concen-
tration increased the average ., due to uptake of sur-
factant anions. Increasing the concentration further
induced delipidation giving apoB-100 and free lipids
identified as two peaks in the electropherogram and
verified by sucrose density gradient ultracentrifugation.

Using 3.5 mm 70% SDS, 20% (v/v) ACN as a delipi-
dating CE buffer, electropherograms of buoyant and
dense LDL were obtained showing that the lipid con-
tent of dense LDL is lower than the buoyant form but
that the ., values for apoB-100 for both forms are the
same. Apo[a] was distinguished from apoB-100 using
the delipidating CE buffer and apoB-100 was identified
in VLDL based on its characteristic w. value. The lipid
component from VLDL and LDL was found to have dif-
ferent ., distributions; the composition of these com-
ponents is not known.

A CE-based gquantitation method for apoB-100 in
LDL and VLDL was developed using BSA as a standard.
The method was tested with commercial LDL and
plasma standards and measured apoB-100 levels were
found to be accurate within the precision of the standard.

The overall advantage of a CE-based method for apoB-
100 quantitation when linked to an ultracentrifuge-based
separation is the potential for high accuracy by elimi-
nating systematic error associated with precipitation,
resolubilization, losses associated with lipid removal, and
variability in chromogenicity and immunoreactivity
within the apoB-100 isoform distribution. The repro-
ducibility and control of CE of conditions for analysis
makes high precision possible, and the use of electro-
osmotic flow as a mobility marker combined with the
high resolving power of CE gives the method high spec-
ificity for apoB-100 analysis. il
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