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Abstract Measurement of electrophoretic mobility arid par- 
ticle size of low density lipoproteins (LDL) allowed use of stan- 
dard electrokinetic theory to quantitate LDL, charge charac- 
teristics from subjects with predominance of large LDL 
(pattern A, n = 9) or small LDL (pattern B, n = 8). Pattern 
A LDL was found to have significantly lower ( P  5 0.001) mo- 
bility (-0.22 2 0.01 pm s-' cm V I ) ,  surface potential (-4.2 
2 0.3 mV) and charge density (-500 5 34 esu/cmp) than 
pattern B LDL (-0.25 t 0.01 pm s-l cm V I, -4.9 5 0.5 mV, 
and -580 ? 30 esu/cm'), but no significant difference in par- 
ticle valence (-22.0 2 1.4 for pattern A vs. -21.8 k 1.0 for 
pattern B). Thus, the greater mobility of pattern B LDL is duc 
to similar net charge residing on a smaller particle. Compari- 
son of subfractions in pattern B relative to pattern A LDL re- 
vealed greater surface potential in all pattern B SUbfrdCtiOnS 
and greater charge density in fractions of d 2 1.032 g/ml. In 
a subset of subjects incubation with neuraminidase produced 
significant reductions in all LDL charge parameters for all sub- 
fractions, but did not abolish the differences between pattern 
Aand B.IThusincreased surface potentialand charge density 
of unfractionated pattern B LDL is due both to charge proper- 
ties of particles across the size and density spectrum as well as 
enrichment of pattern B LDL with smaller, denser particles that 
have higher surface charge density.-La Belle, M., P. J. 
Blanche, and R. M. Krauss. Charge properties of low density 
lipoprotein subclasses.,J Lipid Res. 1997.38 690-700. 
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LDL particles exhibit considerable heterogeneity in 
density, size, and chemical composition (1 -7), and may 
also differ in charge ( 3 ,  8-10). LDL in the mid-density 
range (1.030-1.039 g/ml) have been found to have 
lower mobility on agarose gels than LDL of lesser or  
greater density ( 4 , l l ) .  This suggests that the most buoy- 
ant and dense LDL particles may have a relatively in- 
creased net negative electrical charge compared to mid- 
density LDL. Modifications that increase the net negative 
charge of LDL may have important metabolic conse- 
quences, such as reduced affinity for the LDL receptor 
(12,13). Interestingly, mid-density LDL bind with higher 
affinity to the LDL receptor (5, I1,14,15) and undergo 
receptor-mediated uptake and degradation at greater 
rates than LDL of lesser or  greater density (1 1, 15). 

Non-denaturing gradient gel electrophoresis has 
shown that, in a majority of the population, the LDL 
particle spectrum may be characterized by a predomi- 
nant peak of larger (pattern A) or  smaller (pattern B) 
diameter LDL (14, 16, 17). We previously reported that 
the small, dense LDL predominating in pattern B sub- 
jects have decreased levels of glycosylation of apolipo- 
protein B (apoB) and decreased sialic acid content. De- 
spite decreased sialic acid content, dense LDL have 
greater mobility on agarose gels ( 3 )  suggesting a greater 
net negative charge than the larger LDL that predomi- 
nate in the pattern A phenotype. However, electropho- 
retic mobility of particles on agarose gels is determined 
by surface charge density, which in turn is a function 
of valence (net negative charge) arid (inversely) of par- 
ticle diameter. Thus, a smaller LDL particle with the 
same valence as a larger particle would have a greater 
surface charge density, resulting in greater mobility. 

In the present study we used agarose gel electropho- 
resis to investigate differences in surface potential, 
charge density, and valence of LDL and LDL subfrac- 
tions of differing size and density and to test whether 
there are altered charge characteristics of LDL in pat- 
tern B subjects. 

MATERIALS AND METHODS 

Materials 

Bovine serum albumin (BSA) , and neuraminidase 
(Type X) were from Sigma. Trolox (6-hydroxy-2,5,7,8- 

Abbreviations: LDL, low density lipoprotein; apo, apolipoprotein; 
Lp [a], apolipoprorein[a]; TG, triglyceride; FC, free cholesterol; CE. 
cholesteryl ester; PL, phospholipid; e m ,  electrosvatic unit; kD, kilodal- 
ton; LCP, lipoprotein-complexing proteoglycan; BSA, bovine serum 
albumin; ELISA, enzyme-linked inlmunosorbent assay; EDTA, ethy- 
lenediamine-tetraacetic acid; GGE, gradient gel electrophoresis; 
AnUC, analytic ultracentrifugation. 
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tetramethylchroman-2carboxylic acid) was from Hoff- 
man La Roche. High molecular weight standards (BSA, 
lactate dehydrogenase, apoferritin, and thyroglobulin) 
and low molecular weight standards (phosphorylase B, 
BSA, ovalbumin, carbonic anhydrase, soybean trypsin 
inhibitor, a-lactalbumin) were from Pharmacia (Pisca- 
taway, NJ) , Latex beads (0.038 pm diameter) were from 
Duke Scientific Corp. (Palo Alto, CA.). 

Study subjects 
Normolipidemic volunteers were recruited for this 

study based on previously determined LDL particle size 
as measured by non-denaturing gradient gel electro- 
phoresis analysis of plasma followed by lipid staining. 
Subjects were categorized according to established cri- 
teria for LDL phenotype A or B, related to peak particle 
size, as described previously (17-21). Plasma samples 
were obtained after overnight fast from 10 men and 7 
women, not on any medication known to alter lipid me- 
tabolism. None of the subjects were smokers. Blood was 
collected by venipuncture into vacutainers containing 
1 mg of EDTA per ml and 10 pm Trolox, a water-soluble 
vitamin E analog. Blood cells were pelleted by centrifu- 
gation at 2000 gfor 30 min at 4°C. 

Isolation of LDL and LDL subfractions 
LDL (d 1.019-1.063 g/ml) was isolated by sequential 

ultracentrifugation (22) and subfractionated by density 
gradient ultracentrifugation as previously described (6) 
except that 11 rather than 7 fractions were collected 
(3). The bottom 0.5-ml fraction was excluded from 
study because of the presence of HDL in some subjects 
(6), Whole LDL and LDL subfractions were dialyzed 
into 20 mM Tris-HC1 (pH 7.5), 1 mM EDTA, 10 p~ Tro- 
lox and stored at 4°C under nitrogen. 

Determination of lipoprotein composition 
Total and unesterified cholesterol and triglyceride 

were analyzed using enzymaticendpoint reagent kits 
(Ciba-Corning Diagnostics Corp., Oberlin, OH), ac- 
cording to the manufacturers’ instructions, on a Gilford 
Impact 500E auto analyzer (Ciba-Corning Diagnostics 
Corp) . Phospholipids were measured using a standard- 
ized colorimetric method (23) and a phosphorus cali- 
brator (Sigma Chemical co., St. Louis, MO). LDL pro- 
tein concentrations were determined by a modification 
of the method of Lowry et al. (24) using BSA as the 
standard. Apolipoproteins B and E were measured us- 
ing standardized sandwich style ELISA. (25) Apopro- 
tein B calibrators were standardized using CDC # 1883 
serum reference material (Center for Disease Control, 
Atlanta, GA) and reference sera (Northwest Lipid Re- 
search Clinic, Seattle, WA) . Apoprotein E was standard- 
ized using pooled reference sera (Northwest Lipid Re- 
search Clinic). 

Determination of LDL particle size by gradient gel 
electrophoresis 

LDL particle diameters were determined by nonde- 
naturing 2- 14% polyacrylamide gradient gel electro- 
phoresis in 0.09 M Tris/0.08 M borate buffer (pH 8.3), 
3 mM EDTA at 8-10°C. Samples were electrophoresed 
at 40 V for 15 min, then 80 V for 15 min, and then at 
125 V for 24 h to allow all particles to run to their size 
exclusion limits (16, 18, 19). Gels were stained for pro- 
tein with Coomassie Brilliant Blue R-250 and scanned 
at 555 nm with a Transidyne RFT densitometer. Particle 
sizes were calculated from a calibration curve using a 
high molecular weight reference protyin mixture 
(Pharmacia Biotech., Piscataway, NJ), 380 A latex beads 
(Duke Scientific Corp., Palo Alto, CA) and lipoprotein 
calibrators that are frozen at -80°C and included on 
each gel run. Plasma samples, stored at -80°C and used 
as controls for gradient gel analysis procedures, were 
run in duplicate on each gel. Particle size of LDL peaks 
in the controls were measured within ? 2 A (coefficient 
of variation, 2 1 %) . 

Determination of LDL hydrated particle size by 
analytic ultracentrifugation 

LDL subfractions (n = 12) were prepared from two 
individual subjects and from a pool of five plasma sam- 
ples. Each LDL subfraction was divided into two equal 
volumes and dialyzed to NaBr-NaC1 salt solutions, d 
1.063 and 1.203 g/ml. Each pair of dialyzed samples 
and their respective salt background was measured by 
analytic ultracentrifugation. Peak flotation rate, molec- 
ular weight, and hydrated particle density (a) were de- 
termined by established analytic methods (22). Mini- 
mum molecular weights were determined from 
flotation velocity measurements and corrected to bring 
results closer to results obtained by sedimentation equi- 
librium measurements, as described by Kahlon et al. 
(26). Particle size, assuming sphericity, was calculated 
from the following equation: 

molecular weight Eq. I) d 0.3153 X o 
particle diameter (A) = 

where hydrated particle density (0) is closely approxi- 
mated from the measurement of flotation velocity at 
background densities 1.063 and 1.203 gm/ml extrapo- 
lated to zero migration or rho-intercept, and the factor 
0.3153 is the product of calculated molecular volume 
and Avogadro’s number (22). In Eq. 2 the Stokes radius 
is calculated using the value of Kahlon et al. (26), to 
correct results obtained by flotation velocity for particle 
shape and/or hydration, and bring the estimated parti- 
cle size closer to results obtained by sedimentation equi- 
librium. 
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radius = (f/fo) (diameter/2) 
Lq. 2) 

and: f / f ”  = 1.215 

Control samples were analyzed for Stokes radius of LDL 
in duplicate on three different analytic ultracentrifuges 
(Model E, Beckman Instruments, Fullerton, CA) and 
calculated LDL diameter was within 2 1.0 A (coefficient 
of variation, 20.5%). 

Particle diameter of the isolated LDL subfractions 
was also determined by GGE, and a regression equation 
representing the relationship of these two measure- 
ments was obtained and used to convert the GGE parti- 
cle diameters of experimental samples to equivalent 
particle diameters based on Stokes radius (see Fig. 1, 
Results). These values were used for all electrokinetic 
determinations. 

Agarose gel electrophoresis of LDL and LDL 
subfractions 

LDL electrophoretic mobility was determined by 
electrophoresis of approximately 0.5-1 kg of LDL pro- 
tein on Beckman Paragon Lipogels. Samples were ap- 
plied to the gels and allowed to penetrate for 5-10 min 
before electrophoresis at 100 V for 30 min in the Beck- 
man kit barbital buffer using the Beckman Paragon 
Electrophoresis System. To correct for gel to gel varia- 
tions, two lanes of standards (Pharmacia low molecular 
weight standards) were run on each gel. The gels were 
then fixed in ethanol-acetic acid-water 4.5: 1.4.5 (vol/ 
vol) for 5 min, dried, stained for protein using Coomas- 
sie Brilliant Blue R-250, and destained in methanol- 
acetic acid-water 2: 1 : 8. The gels were scanned using 
a Molecular Dynamics Personal Densitometer and the 
migration distance was determined as the distance from 
the sample application point to the center of the 
stained band. LDL charge characteristics (electropho- 
retic mobility, surface potential, valence, and charge 
density) were calculated from electrokinetic theory as 
described by Sparks and Phillips (20). Briefly, surface 
potential (S) was calculated according to equation 3 

S = UGnn/Dc Eq. 3) 

where U is the corrected particle mobility expressed as 
(pm/s) X (cm/V), n is the coefficient of viscosity 
(0.0089 poise for barbital buffer), and Dc is the solvent 
dielectric constant (78.36 for barbital buf3er). Con- 
verting from electrostatic volts to ordinary volts (1 stat- 
volt = 300 volts) the equation becomes S = U X 9000 
X 6nn/Dc = U X 19.27. This number differs slightly 
from the value of 19.35 used by Sparks and Phillips (20) 
due to a small error in the original calculations. 

Valence (V),  the net number of negative charges, was 
calculated according to equation 4: 

V = (1.049 X 10’)Ur(l + Io- + K r , ) / ( f ( l  + k,) 

where U is the corrected particle mobility on the agar- 
ose gel, r is the Stokes radius in cm of the particle, r, is 
the counterion hydrated radius (in this case Na, 2.S X 
lo-’ cm [ref. 19]), f is a function of particle size and 
thickness of ionic double layer around the particle and 
is calculated from equation 5: 

fly. ‘4) 

f ‘ =  (3.66 X 10’ X r) + (-1.74 X 10” X r’) 

+ (3.54 x 10’h x r 5 )  Eq. 5) 

+ (-1.8 X 10” X r‘) + 0.979, 

and K is the Debye-Huekel constant which is calculated 
from equation 6 

K = dI/(3.06 X lo-’) X 10-”)/r2. k;q. 6)  

where I is the electrolyte ionic strength (0.05 for barbi- 
tal buffer). Charge density was calculated as a function 
of valence from equation 7: 

Cd = (V X 3.82) Eq. 7) 

Neuraminidase treatment of LDL 
LDL samples from 13 subjects (6 pattern A and 7 pat- 

tern B) were dialyzed overnight at 4°C versus 80 ml of 
40 mM sodium acetate buffer (pH 5.0), 1 mM EDTA, 
and 10 p~ Trolox. The samples were then incubated in 
dialysis buffer containing 10 mM CaCl, and 50 mU of 
neuraminidase per 0.1 mg ofLDL protein. Control sam- 
ples were incubated in dialysis buffer with CaC12. After 
incubation for 24 h at 27°C under nitrogen, aliquots 
were removed for electrophoresis on agarose gels. 

Statistical analysis 

Student’s paired t-test and correlation coefficients 
were determined using Statview (Abacus Concepts, 
Inc.) . Multiple regression models including subject and 
subfraction density were used to assess relationships of 
LDL charge parameters with indices of density and 
composition (SuperANOVA, Abacus Concepts, Inc.) . 
Post hoc analysis was performed using the Schiffe test. 
In all analyses P < 0.05 was considered significant. 

RESULTS 

Particle diameter and plasma lipid levels 

Isoiated LDL subfraction particle diameters measured 
by GGE correlated strongly ( r  = 0.989) with diameters 
measured by AnUC as shown in Fig 1. LDL isolates 
were relatively homogeneous in size distribution as de- 
termined by gradient gel profiles (data not shown), and 
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Particle Diameter (A) by 
Gradient Gel Electrophoresis 

Fig. 1. Plot of isolated LDL subfraction particle diameters by GGE 
vs. AnUC (n = 12). The regression equation shown in the figure was 
used to adjust particle size of experimental samples measured by GGE 
to equivalent hydrated particle diameter as measured by AnUC. 

the 12 fractions studied represented LDL species with 
peak particle sizes ranging from 286A to 241A by GGE 
and 281A to 232A by AnUC. Results for particle diame- 
ters using both methods are shown in Table 1, along 
with individual and mean values for plasma lipids. Sub- 
jects with LDL subclass pattern B did not differ signifi- 
cantly from the subjects with pattern A in age, total cho- 
lesterol, or LDL cholesterol, but as reported previously 
(16, 27) pattern B subjects had higher levels of plasma 
triglycerides and lower levels of HDL cholesterol. 

Charge of LDL from pattern A and B subjects and 
effects of neuraminidase 

Table 2 summarizes the charge characteristics of un- 
fractionated LDL from all subjects. The charge values 
reported here differ from those reported previously by 
Sparks and Phillips (20) due to an error in the com- 
puter program originally used to calculate LDL charge 
(M. C .  Phillips, personal communication). LDL from 
subjects with pattern A had significantly lower ( P  5 

0.001) mobility, surface potential, and charge density 
than LDL from pattern B subjects. Notably, however, 
there was no difference in valence between pattern A 
and B LDL. 

Treatment of LDL with neuraminidase (Table 3) re- 
sulted in significant ( P  5 0.01) reductions in LDL mo- 
bility, surface potential, charge density, and valence in 
both groups. Despite these changes, pattern B LDL re- 
tained significantly greater ( P  < 0.03) mobility, surface 
potential, and charge density than did pattern A LDL. 
The resulting negative valence was approximately 1 unit 

greater for pattern B than pattern A LDL, but this differ- 
ence was not statistically significant. Thus, differences in 
degree of sialation do not appear to explain the charge 
differences found between pattern A and B LDL. 

For all subjects combined, significant correlations 
were found between LDL diameter and both LDL va- 
lence ( r  = -0.60, P = 0.01) and charge density ( r  = 
0.62, P = 0.02). When LDL pattern A and B phenotypes 
were analyzed separately, a significant correlation ( r = 
0.89, P = 0.004) was found between LDL diameter and 
valence in the pattern B group but not in the pattern 
A group. None of these correlations were significant in 
the subset of samples analyzed after neuraminidase 
treatment. 

Charge differences among LDL subfractions 

To determine whether the differences in charge of 
LDL from pattern A and B subjects were due to differ- 
ences between the large LDL particles characteristic of 
pattern A and the smaller LDL prevalent in pattern B, 
or to differences throughout the LDL size and density 
spectrum, we examined subfractions generated by den- 
sity gradient ultracentrifugation. Table 4 shows the re- 
sults from all subjects combined. Both surface potential 
and charge density were significantly higher in the most 
dense subfraction (d = 1.060 g/ml) whereas valence 
was greatest in the two most buoyant fractions (d 5 
1.027 g/ml). 

Comparison of the charge characteristics of the same 
LDL subfractions between pattern A and B subjects 
(Fig. 2A-C) showed that, for all the subfractions, pat- 
tern B LDL consistently had a significantly greater sur- 
face potential ( P  5 0.03) than did the corresponding 
pattern A subfractions. Similarly, the charge density of 
all LDL subfractions in pattern B was consistently 
greater than in the corresponding pattern A subfrac- 
tions, although this difference reached statistical sig- 
nificance (P 5 0.04) only in subfractions 4-10. The va- 
lence of pattern B LDL in subfractions 1-10 was also 
consistently greater than the corresponding pattern A 
LDL, reaching statistical significance ( P  5 0.04) in sub- 
fractions 1, 2, 5, and 10. 

Incubation with neuraminidase significantly (P < 
0.001) reduced surface potential and charge density in 
all LDL subfractions of both pattern A and B subjects 
(Fig. 3). After neuraminidase treatment, ANOVA re- 
vealed that the surface potential and charge density of 
subfraction 10 remained significantly greater ( P  < 
0.05) than in subfractions 2 through 8. Treatment 
with neuraminidase reduced LDL valence signifi- 
cantly (P < 0.001) in all subfractions but in general 
did not alter the relative differences among the subfrac- 
tions. 

Further, after neuraminidase treatment, pattern B 
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TABLE 1. Comparison of age, sex, diameter 01' the main LDI.. plasma ti-iglycei-ide le~cls, arid cholesterol 
levels of subjects in LDL subclass pattern A vcr~iis subiecrs in LDI, subclash patter-n I3 

~ 

Pattern Age Sex 'Iriglywt-ides T11ta1 H D I .  

A 62 
42 
38 
63 
42 
42 
43 
49 
46 

Average 47 f 9 

B 41 
42 
39 
48 
49 
47 
37 
69 

Average 47 t- 10 

Significant 
at P = NS 

- 

M 129 
F 67 
F 111 
M 62 
F 58 
F 41 
F 92 
M 103 
M 65 

81 2 2 9  

F 122 
M 89 
F 107 
M 112 
M 136 
M I94 
M 346 
M 228 

167 f 86 

0.01 

231 
169 
111 
199 
142 
166 
157 
189 
249 

I79 t- 43 

21 1 
176 
222 
266 
205 
114 
317 
264 

222 t- 62 

NS 

mg//Il 

60 
63 
:?I I 
60 
4 4 
6 3 
:r 4 
fi6 
67 

5 6 2  12 

53 
54 
52 
45 
36 
5 2 
3.5 
44 

44 2 9 

0.01 

145 262 
93 266 
58 274 

127 278 
86 267 
95 274 
85 269 

102 264 
169 266 

107 i 34 268 t- 6 

134 256 
104 256 
149 249 
199 258 
142 258 
43 237 

213 247 
174 246 

107 f 34 251 f 8 

NS 0.0003 

i 
253 
257 
266 
271 
259 
266 
26 1 
255 
257 

261 f6 

246 
246 
238 
248 
248 
225 
236 
235 

240 i- 8 

0.0003 

LDL subfractions retained greater surface potential and 
charge density ( P  < 0.05) than did the corresponding 
pattern A LDL subfractions (Fig. 3),  although this 
reached statistical significance only for surface potential 
(Fig. 3D) in subfractions 4-10, probably due to the 
smaller sample size, and for charge density in subfrac- 
tions 3-6 and 8-10 (Fig. 3E). Valence of pattern B LDL 
after neuraminidase treatment remained greater in all 
pattern B subfractions and was significantly greater ( P  
< 0.05) in subfractions 3, 5 and 8-10 (Fig. 3F). 

Composition of LDL and LDL subfractions 
Analyses of lipid and apoprotein content of unfrac- 

tionated LDL and individual LDL subfractions were 
performed (Table 5 )  to assess whether variation in 
these parameters was related to the observed valence 
and charge density differences among the fractions. 

Compared with pattern A, the percent by weight of 
protein and triglyceride in pattern B LDL was found to 
be significantly greater ( P  = 0.04 and 0.019, respec- 
tively) while the percent free cholesterol was signifi- 
cantly lower ( P  = 0,008) throughout. No significant dif- 
ferences were found between the percent cholesteryl 
ester or the percent phospholipid in pattern A and pat- 
tern B LDL. For the subfractions, pair-wise comparisons 
of LDL protein, cholesteryl ester, and phospholipid 
composition revealed no significant differences be- 
tween pattern A and B. The triglyceride content of pat- 
tern B LDL subfractions 1 through 7 was significantly 
greater ( P  < 0.04) than in the corresponding pattern 
A LDL subfractions, while the free cholesterol content 
in pattern B LDL subfractions 3 through 9 was signifi- 
cantly lower ( P  5 0.02). 

Multiple regression analysis (results not shown), ad- 

TABLE 2. Charge characteristics o f  unfractionated LDI. in pattern A 01- pattern €3 subjcct? 

Pattern 

Variable All Subjects A B I' (A YS. B) 

Mobility ( -pn s ' cm V') 0.23 2 0.02 0.22 ? 0.01 0.25 2 0.01 0.001 
Surface potential ( -mV) 4.5 -+ 0.4 4.2 -+ 0.3 4.9 lr 0.3 0.001 
Charge density (-esu/cm') 538 2 52 500 ? 34 580 t- 30 0.0002 
Valence (-e) 21.9 ? 1.6 22.0 t- 1.4 21.8 2 1.9 NS 

Values given are the mean t SD. 
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TABLE 3. Charge characteristics of unfractionated LDL in pattern A and B subjects 
before and after neuraminidase treatment 

Pattern 

Variable 2 Neuraminidase AI1 Subjects A B P (A vs. Bt 
~~ ~ 

0.24 f 0.02 
+ 0.18 I 0.03" 

0.06 I 0.02 
4.7 2 0.3 

+ 3.5 f 0.5" 
1.2 I 0.4 

556 I 39 
+ 410 2 61" 

146 2 46 
Valence (-e) - 22.1 2 1.6 

5.8 2 1.8 

Mobility (-pm s-' cm V-') 

Surface potential (-mV) - 

Charge density (-esu/cm') - 

- 

+ Neur. loss 

+ Neur. loss 

+ New. loss 

+ 16.3 I 2.1" 
+ Neur. loss 

Values given are the mean f SD. 
"Significantly different from untreated LDL, P < 0.01. 

0.23 2 0.01 
0.16 f 0.01" 
0.07 2 0.01 

4.3 2 0.4 
3.1 2 0.3" 
1.2 2 0.3 

521 I 1 2  
367 2 27" 
153 5 30 

22.4 2 0.8 
15.8 2 1.6" 
6.6 2 1.1 

0.25 f 0.01 
0.19 f 0.03" 
0.06 2 0.02 
4.9 2 0.3 
3.7 t 0.5* 
1.2 2 0.5 

587 2 24 
447 2 59" 
140 I 58 

21.9 2 2.1 
16.7 t 2.5" 
5.2 2 2.2 

0.003 
0.026 
NS 

0.003 
0.026 
NS 

0.001 
0.015 
NS 
NS 
NS 
NS 

justing for differences among individual subjects and 
subfractions, revealed no significant relationships be- 
tween variation in subfraction valence or charge density 
and any of the measured lipids among the pattern A 
subfractions. However, there were strong negative rela- 
tionships of relative protein content with valence and 
charge density (P = 0.0001; p coefficient = -0.992 and 
- 18.6 for valence and charge density, respectively). In 
LDL subfractions from pattern B subjects, there were 
significant relationships between variation in valence 
and amount of protein (P = 0.005, fl= 0.022), triglycer- 
ide (P = 0.0001, p = -1.83), free cholesterol (P = 
0.005, p = 0.725), and cholesteryl ester (P = 0.0001, 
p = 2.02). Variation in subfraction charge density for 
pattern B also related significantly to content of triglyc- 
eride (P = 0.005, p = 0.070), free cholesterol (P = 0.02, 
p = -0.004), and cholesteryl ester (P = 0.003, p = 
-0.072). 

DISCUSSION 

In this study quantitative measurements of LDL 
charge parameters were used to identify the physical 
and chemical factors associated with the greater mobil- 
ity of small dense LDL compared with large buoyant 
LDL on agarose gel electrophoresis, and to demon- 
strate differences in charge characteristics of LDL from 
subjects with a predominance of large (pattern A) ver- 
sus small (pattern B) LDL. Among LDL density subfrac- 
tions, charge density and surface potential were found 
to be greatest in the most dense LDL particles while 
LDL negative valence was greatest in the most buoyant 
LDL. This finding is consistent with results of an earlier 
study (4) although in that report the LDL subfractions 
at both extremes of the density range had greater mo- 
bility on agarose gels compared to the middle density 
fractions. These authors hypothesized that this was due 

TABLE 4. Charge characteristics of LDL density subfractions 

Subfraction Volume Density Mobility Surface Potential Charge Densihi 

(ml) 

1 0.5 
2 1 .o 
3 0.5 
4 0.5 
5 0.5 
6 0.5 
7 0.5 
8 0.5 
9 1 .o 

10 1.0 

(g/ml) 
1.024 
1.027 
1.030 
1.032 
1.034 
1.037 
1.040 
1.043 
1.049 
1.060 

(pmcm/Vs) 

0.246 2 0.033 
0.241 10.034 
0.235 2 0.026 
0.233 2 0.024 
0.236 2 0.023 
0.235 rt 0.027 
0.237 2 0.028 
0.241 2 0.020 
0.256 2 0.029 
0.277 t 0.034" 

( -mV) 

4.7 I 0.5 
4.6 2 0.5 
4.5 2 0.4 
4.5 I 0.3 
4.5 2 0.4 
4.5 I 0.5 
4.5 I 0.5 
4.6 2 0.4 
4.9 2 0.6 
5.3 2 0.7" 

( -em/ cm') 

547 2 48 
536 2 55 
515 I 45 
517 I 37 
521 I 44 
527 2 58 
534 I 50 
543 2 44 
584 I 70 
630 I 75* 

Valence 

( - e )  

27.6 I 3.0' 
25.4 2 2.V 
23.5 I 2.3 
22.8 2 2.0 
22.1 2 1.9 
21.4 I 2.5 
20.5 2 2.1 
20.2 2 1.8 
20.3 I 2.4 
21.2 I 3.0 

Values given are the mean for all subjects ? SD. 
"Indicates fractions significantly different ( P  < 0.05) from subfractions 3-7. 
'Fractions significandy different from subfractions 1-8. 
'Fractions significantly different from subfractions 3- 10. 
dFractions significantly different from subfractions 6-9. 
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Fig. 2. Charge characteristics of LDL density subfractions from sub- 
jects with LDL subclass patterns A (n = 9) and B (n = 8). Charge 
characteristics were determined from the migration of 0.5-1.0 pg pro- 
tein from each subfraction on agarose gels as described in Methods. 
Error bars show the standard deviation and an * indicates significant 
differences between pattern A (open bars) and B (shaded bars). (A) 
Surface potential of LDL subfractions, calculated from equation 3. 
(B) Charge density of LDL subfractions, calculated from equation 7. 
(C) Net negative electrical charge (valence) of LDL subfractions, cal- 
culated according to equation 4. In C, the horizontal line shows the 
average valence in unfractionated LDL for all subjects. 

to increased net negative charge of the LDL at the ex- 
tremes of the density spectrum. Our quantitative analy- 
sis shows that this hypothesis is correct only for the 
larger LDL particles found in the lower density subfrac- 
tions. The increased mobility on agarose gels of the 
most dense LDL is primarily due to a smaller diameter 
relative to negative charge, resulting in an increased 
surface charge density. 

Determination of particle valence and charge density 
is partially dependent on the hydrated particle diameter 
(equations 4 and 7). Measurements of LDL particle di- 
ameter by AnUC, GGE, electron microscopy, laser light 
scattering, and sedimentation equilibrium have all 
yielded particle diameters differing by as much as 68 
A (28) and each method has potential weaknesses in 
determining particle diameter GGE, laser light scatter- 
ing, and AnUC have the advantage of high precision 
and reproducibility ( 2  1 A, CV = 0.5%). For GGE how- 
ever, a correction factor(s) for any distortions from 
sphericity introduced by the gel matrix is not known, 
whereas for AnUC a correction factor for shape distor- 
tion due to particle compression by gforces has been 
estimated (29). Because as shown in Fig. 1, LDL particle 
diameter measurements from AnUC and GGE are 
highly correlated, we used this linear relationship to 
convert the more easily obtained GGE results to AnUC 
particle diameters for calculating valence and charge 
density. As expected, based on the strong correlation 
between particle diameters estimated by GGE and 
AnUC, statistical significance of the differences in va- 
lence and charge density between LDL subfractions de- 
scribed here were similar when based on particle diame- 
ters measured by either technique (data not shown). 

The increased valence of buoyant LDL could be re- 
lated to higher sialic acid content of these subfractions. 
However, while all subfractions had significant decreases 
in all charge parameters after neuraminidase treatment, 
the valence of the most buoyant LDL fractions remained 
higher than in the denser fractions, although the differ- 
ences did not reach statistical significance. In addition, 
denser LDL retained greater mobility and charge den- 
sity. Thus differing sialic acid content does not appear to 
be responsible for differences in charge properties across 
the LDL density spectrum. 

It is unlikely that variation in Lp[a] content contrib 
uted to the charge differences at any LDL subfractions 
as Lp[a] has pre-P mobility (30) and immunoblots for 
Lp[a] (not shown) demonstrated only trace amounts of 
Lp[a] in the denser LDL. Another possibility that might 
account for the increased mobility and charge density 
of the dense LDL is oxidative modification. Oxidation 
can increase LDL electrophoretic mobility (7) and 
small dense LDL is known to be more susceptible to 
oxidation than large buoyant LDL (7). In addition an 
LDL particle with increased electronegative charge 
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Fig. 3. Effect on LDL charge characteristics of neuraminidase treatment of LDL isolated from subjects with LDL subclass pattern A (n = 6) 
or pattern B (n = 7). LDL subfractions were incubated with or without neuraminidase as described in Methods. An * indicates significant 
differences between pattern A (open bars) and B (shaded bars). Error bars indicate the standard deviations. (A-C) Surface potential, charge 
density and valence, respectively, of untreated LDL subfractions. (D-F) Surface potential, charge density and valence, respectively, of neuramini- 
dase-treated LDL subfractions. 
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TABLE 5. LDI. coniposition and particle diameter in untractionated 1.01. ;ind LU1. tlcnsit) aulili.,tc-tion.; 
from subjects with LDL, subclass pattern A 0 1  1.1)l. subclass pattcr-n 13 

‘i (:omposition 
% of Totnl Pariiclc , 

Subtraction Protein Diameter- (A) Protein ‘r(; FC CE PI. 

Unfractionated 
1 
2 
3 
4 
5 
6 
7 
8 
9 

10 

- 
4.4 t 2.8 
8.8 t 3.5 
8.4 t 3.2 

15.6 t 2.6 
19.7 t 2.1 
14.6 f 2.1 
10.6 t 2.4 
7.3 rt 2.2 
7.6 2 2.6 
3.1 & 2.4 

261 t 6 
274 t x 
268 t 5 
264 t 5 
261 t 8 
257 i 8 
254 -t 7 
247 t 6 
241 2 5 
234 t 3 
226 f 5 

Unfractionated 
1 
2 
3 
4 
5 
6 

8 
9 

10 

” 
I 

- 
4.5 t 3.5 
6.2 t 3.9 
4.0 t 2.0 
6.3 t 4.5 
9.0 t 6.8 

11.8 t 4.7 
15.3 t 5.4 
18.2 t 7.8 
20.0 -t 7.6 

4.8 t 4.0 

240 -t 8 
279 t 10 
269 t 8 
263 i 5 
260 t 3 
252 t 6 
246 i 7 
240 t 7 
236 2 6 
229 i 6 
224 i- 9 

20.1 i 0.8 4.4 i- 0.9 
16.9 t 1.0 11.6 t 4.3 
18.3 t 1.5 7.3 t 2.5 
18.2 t 1.6 4.3 i- 1.3 
19.7 t 1.2 3.5 t 0.7 
21.1 i- 2.1 2.9 -+ 0.6 
20.8 t 1.1 2.8 t 0.7 
22.3 f 1.3 3 . 0  t 1.0 
24.2 t 3.0 3.3 t 1.2 
26.2 t 2.0 5.4 ? 1 :1 
28.5 t 4.5 5.5 ? 0.7 

I’attenl I3 Subjects 

23.1 t 1.5 
15.0 t 1.6 
17.8 f 2.2 
19.8 t 1.8 
21.0 i- 1.9 
21.3 f 1.8 
21.8 ? 1.9 
23.5 t 1 .’3 
23.2 i 4.6 
25.6 f 2.0 
29.1 t 1.7 

7.8 t 3 3  
20.5 f 6.5 
12.4 f 3.6 
7.5 t 0.9 
7.0 t 1.3 
6.6 f 1.3 
5.9 t 1.1 
4.7 t 1 .0 
4.0 i 1.0 
3.8 t 1.4 
5.8 t 1.6 

8.7 t 0.8 44.8 2 2.2 
8.8 t 2.7 40.1 t 4.1 
8.9 t 1.6 43.2 i 2.0 
9.3 t 1.2 44.8 i- 1.7 
9.7 f 1.0 44.9 2 2.0 
9.7 ? 1.7 45.4 t 2.4 
8.9 t 0.6 45.4 t 2.0 
7.6 t 1.5 45.7 t 2.6 
7.4 ? 0.9 -14.4 t 2.2 
7.1 ? 1 .4  12.4 t 5.1 
7.2 2 4.0 40.4 5 2.5 

22.0 t 1.5 
22.5 f 1.4 
22.3 t 1.0 
23.3 t 1.5 
22.2 t 1.1 
20.8 t 1.1 
22.2 f 1.8 
21.4 f 0.8 
20.7 t 2.1 
19.0 t .5.6 
18.4 2 6.8 

5.7 f 0.6 42.8 i 5.0 
7.8 z 0.8 34.2 i 6.2 
7.4 t 0.7 39.4 t 4.2 
7.6 t 0.6 41.2 t 4.4 
7.0 2 0.8 41.4 Z 3.1 
6.7 2 0.9 42.2 i 3.2 
6.3 t 0.8 42.9 & 2.6 
5.5 t 0.9 43.6 t 3.0 
5.2 i 0.8 49.1 rt 5.3 
4.7 i 0.5 47.2 t 5.8 
3.9 ? 1.5 43.1 i- 7.8 

20.5 f 2.9 
22.5 f 0.8 
23.0 t 1.8 
23.9 t 2.7 
2 3 5 5  1.7 
23.2 f 2.6 
23.0 2 2.3 
22.7 t 1.2 
20.9 _t 2.0 
21.0 rf- 1.7 
19.8 t 3.6 

- 

Fractions have the same volume and density as for Table 4. Values given represent the mean t SD, ex- 
pressed as percent composition. The distribution of protein across the LDL subfractions, expressed as % of 
total protein, was calculated for each subject by taking the sum of the protein in all subfractions as 100%. For 
the conipositional data, the sum of the mass of all LDI. components for each subject was taken as 100%. 
Statistical analysis of the results is described in the text. 

(LDL-) has recently been isolated from plasma (3.1- 
33). Although the density distribution of LDL- is 
shifted towards the more dense fractions (31, 33), the 
relative quantity measured in these fractions appears to 
be small and not sufficient to account for the increased 
charge density and mobility of the dense LDL fraction. 

We have found that while pattern B LDL has signifi- 
cantly greater mobility, surface potential, and charge 
density than does pattern A LDL, valence of unfraction- 
ated LDL does not differ significantly between pattern 
A and B. Thus, a predominance of smaller particles with 
increased surface charge density accounts for the ob- 
served increased mobility on agarose gels. 

Examination of the particle valence and distribution 
of protein in the density subfractions (Tables 4 and 5 ,  
respectively) explains why, in the unfractionated LDL, 
the smaller pattern B LDL possesses approximately the 
same valence as the larger pattern A LDL. In both pat- 
tern A and B subjects, density subfractions that account 
for a majority of the LDL protein (subfractions 4 
through 6 for pattern A subjects and subfractions 7 
through 9 for pattern B subjects) have essentially the 
same valence (Fig. 2C). Thus, while the pattern B LDL 
subfractions have increased valence compared to the 

same pattern A LDL subfractions, the subfractions com- 
prising the majority of the LDL protein have very simi- 
lar valence. 

Electrophoretic mobility, surface potential, valence, 
and charge density of pattern B LDL were increased 
across the entire size and density range of LDL particles 
in pattern B subjects. A possible explanation for these 
differences would be greater sialation of pattern B LDL. 
While greater sialic acid content could result in in- 
creased negative charge, we have previously found that 
sialic acid content is lower in pattern B LDL than in 
pattern A LDL (3).  Further, while incubation with neur- 
aminidase produced significant reductions in all LDL 
charge parameters for both pattern A and B LDL and 
LDL subfractions (Table 3 and Fig. 3, respectively), this 
did not abolish the significant charge differences be- 
tween pattern A and B LDL or result in pattern B L,DL 
losing more net negative charge than did pattern A 
LDL. Moreover, although the difference did not reach 
statistical significance, neuraminidase-treated pattern A 
LDL showed a slightly greater loss in valence than did 
pattern B LDL, consistent with the increased sialic acid 
content in pattern A LDL reported previously ( 3 ) .  Thus 
differing LDL sialic acid content does not appear to 
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contribute to the charge differences between pattern A 
and B LDL. 

Other components of LDL that can contribute to 
LDL charge are phospholipids, apoprotein compo- 
nents, and neutral lipid (e.g., by affecting protein con- 
formation). Compositional analysis of unfractionated 
LDL and LDL density subfractions (Table 5) showed 
that pattern B LDL had significantly increased protein 
and triglyceride and decreased free cholesterol com- 
pared to pattern A LDL. As a number of studies have 
shown that alterations in LDL lipid composition can al- 
ter the expression of certain apoB epitopes (34-38), it 
is possible that such conformational differences result 
in altered exposure of charged amino acid residues. 
The finding of a significant relationship between rela- 
tive protein content and valence in pattern A and B 
LDL subfractions and of valence with other lipid com- 
ponents in pattern B fractions is consistent with this hy- 
pothesis. It is of interest that total phospholipid content 
did not relate to LDL charge properties among the LDL 
subfractions. It remains possible, however, that differ- 
ences in content of individual phospholipid species 
might contribute to charge differences among the s u b  
fractions. 

Both more buoyant and dense LDL subfractions are 
apoE-enriched ( 1  1), and the distribution of the apoC 
lipoproteins among LDL density subfractions also varies 
( 1 ) .  Thus, it is also possible that LDL subfractions with 
increased valence or charge density might be enriched 
in apoE and/or apoC. 

The differences in valence and charge density that 
we have found among LDL particles in different density 
subfractions may affect the metabolic fate of these parti- 
cles. Production of LDL with an increased net negative 
charge by modification of lysine residues by acetylation, 
carbamylation, glycation, or oxidation all lead to in- 
creased uptake by macrophages through the scavenger 
receptor system (39, 40). Increasing the net negative 
charge of LDL by acetylation or addition of various free 
fatty acids was also found to increase the rate of choles- 
terol transfer into LDL by cholesterol ester transfer pro- 
tein (41, 42). Reducing the increased negative charge 
of acetylated LDL by addition of phospholipid signifi- 
cantly reduced its ligand activity for the macrophage 
scavenger receptor (43), suggesting that LDL surface 
charge density is a significant factor in interaction with 
the receptor. Additionally, LDL from subjects with hy- 
percholesterolemia have been reported to show altered 
mobility on agarose gel electrophoresis suggesting an 
altered net particle charge which could result in (or 
perhaps be a consequence of) abnormal metabolism of 
these LDL particles (9, 10). 

In conclusion, these results indicate that electrical 
charge differences across the LDL particle spectrum 
and between pattern A and pattern B LDL phenotypes 

are due to complex interactions among LDL particle 
diameter, valence, and chemical composition. The 
physical and chemical properties underlying these 
charge differences may have significant metabolic con- 
sequences.l 
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