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ABSTRACT. The plasma low-density lipoprotein (LDL) profile in coronary artery disease patients is
characterized by a predominance of small, dense LDL. Small, dense LDL exhibit both high susceptibility
to oxidation and low binding affinity for the LDL receptor, suggesting that these particles may be of
elevated atherogenic potential. Here we examine whether the variation in biological function is due to
differences in apo B-100 conformation that alter the interaction with the cellular LDL receptor. The
microenvironments (g, of Lys residues in apo B-100 in small, dense, intermediate, and light human
LDL subspecies have been compared¥y NMR, and the net surface charge of these particles has been
characterized. Relative to the total LDL fraction, small, dense, and light LDL subspecies have a decreased
number of K, 8.9 Lys, while intermediate density LDL has a consistently higher numbek 089 Lys.

It follows that differences in protein conformation, as reflected in the Lys microenvironments, exist in the
different LDL subspecies. Electrophoretic mobility measurements revealed that the light LDL subfractions
exhibit a surface charge at pH 8.6 that is frer6 to —34e more negative than the intermediate density
LDL subfraction. For the small, dense LDL particles the increments in negative charge range from

to —17e relative to the intermediate density LDL subfraction. These results suggest that differences in
the conformation of apo B-100 and surface charge between LDL subspecies are major determinants of
their catabolic fate. The lower number dkp8.9 Lys leads to a reduction in binding of small, dense,

and light LDL to the cellular LDL receptor and prolongs their plasma residence time, thereby elevating
the atherogenicity of these particles. These data support the proposal that the intermediate LDL subspecies
constitute the optimal ligand for the LDL receptor among human LDL particle subpopulations.

The low-density lipoprotein (LDL) particle is the principal havior (12—14). Several studies have suggested that the net
carrier of cholesterol in human plasma and delivers exog- electric surface charge of lipoproteins might play an impor-
enous cholesterol to cells by endocytosis via the LDL recep- tant role in their cellular interactiond, 16). This concept
tor (1). Elevated circulating levels of LDL have long been is supported by studies of modification of LDL by oxidation
implicated in the premature development of atherosclerosis. (17), acetylation {8), carbamylation19), and glycation20),
Several studies have demonstrated that LDL consists of aeach of which leads to an increase in the net negative charge
continuum of particles that can be classified according to of LDL particles. Highly negatively charged LDL particles
their physical and chemical properties; these include particle are atherogenic because they are internalized by macrophage
size, buoyant density, chemical composition, surface electri- scavenger receptors which leads to foam cell formation and
cal charge, and hydrodynamic behavior [for reviews, 8e ( because they are no longer recognized by the LDL receptor.
4. Suppopulaqons of LDL have be(_an |deqt|f|ed by non- The major cellular pathway for tissue catabolism of LDL
gﬁ;"at““!"? glrad|ent g;al eIe_ctrophorg&s a_?g |_solazjed b_y bOthparticles is that of the LDL receptoRl). Nigon et al. )

: ZTe”t'al u traceptn u_gatlonE() anl equiibrium b ens[ty have evaluated the binding affinities and rates of degradation
e o o e ot S o B e celler LDL receplor paihway of discrte 101
metabolic chgracteristicss(-ll) and in their oxidative be- subspecies from normolipidemic subjects; a homologous

system of human U937 monocyte-like cells, which express
large numbers of LDL receptors, was used. Both direct
" This work was supported by NIH Program Project Grant HL-22633 binding and displacement studies showed that LDL of

and by INSERM. . . . o . - .
£ MCPeHahnemann School of Medicine. intermediate density exhibited the highest binding affinity

$ National Institute for Health and Medical Research (INSERM) (Kd ~ 5 nM) and degradation rates. In comparison, light
Unit 321. and dense LDL had lower affinities and were degraded at

! Abbreviations: BSA, bovine serum albumin; CD, circular dichro- i i i
ism: o, chemical shift. LDL, low-density lipoprotein: NMR, nuciear lower rates than the intermediate subspecies. In agreement

magnetic resonance; NOE, nuclear Overhauser effect; PI, phosphati-With these findings, Jaakkola et al. (1988) (eported that
dylinositol; S, surface potentialy, valence. mid-density LDL binds with high affinity to the LDL
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receptor and undergoes receptor-mediated uptake and deggradient fractionation of LDL and the characterization of the
radation at greater rates than LDL of either lower or higher derived subfractions have been outlined earlr (n brief,
densities. The differences between LDL subspecies arethe nonprotein solvent density of dialyzed LDL samples was
significant because individuals with coronary artery disease first raised to 1.040 g/mL by addition of solid KBr. Dis-
have an increased prevalence of small, dense LDL particlescontinuous density gradients were then constructed at ambi-
(22). These particles also predominate in the LDL profile ent temperature in Ultraclear tubes (Beckman no. 344059)
of subjects with non-insulin-dependent diabetes mellitus, of a Beckman SW41 swinging-bucket rotor. Salt solutions
familial dyslipidemic hypertension, and familial combined were made up from NaCl and KBr, and their densitites were
hyperlipidemia, conditions that are associated with coronary verified to the fourth decimal place with a precision
artery disease [for reviews, se® @nd @2)]. densitometer (Model DMA40; Anton Paar, Gratz, Austria)
To examine if the variations in biological function between at 15°C. The gradients were centrifuged in a Sorvall OTD-
distinct LDL subpopulations arise from differences in apo 50B or a Beckman L8-55 ultracentrifuge for 48 h at’I5
B-100 conformation, we employetC nuclear magnetic and 40 000 rpm. To establish the density profile obtained
resonance (NMR) spectroscopy to compare the microenvi-upon completion of ultracentrifugation, control gradients
ronments of |ysine residues in Surface_exposed domains ofcontaining NaCl/KBr solutions were fractionated identically,
apo B-100 in discrete LDL subspecies from normolipidemic and their densities were determined at°C5as above. A
subjects. The levels of activelB.9) and normal (i, 10.5) calibration curve of solvent density as a function of volume

lysines in apo B-100 of light (d. 1.0221.029 g/mL),
intermediate (d. 1.0291.037 g/mL), and dense (d. 1.041
1.066 g/mL) LDL particles have been compared to that in
total LDL (d. 1.024-1.050 g/mL) as a reference. The
number of active (K, 8.9) lysine residues in apo B-100 of

was used to determine the density intervals of individual
subfractions of LDL. Representative chemical compositions
of the subfractions were determined and did not differ from
those previously reported.

Circular Dichroism. The average secondary structure of

LDL particles of the intermediate subclass was found to be apo B-100 in the LDL subspecies was monitored by circular
maximal, and distinct from those of LDL subspecies of lower dichroism (CD) spectroscopy using a Jasco J-41A spectropo-
and of higher density, in which lesser numbers of active larimeter calibrated with a 0.1% (w/d}10-camphorsulfonic
lysines were detected. Since activ&{8.9) lysine residues  acid solution as described previousB6y. Briefly, the CD

are specifically implicated in the interaction of apo B-100 Spectra were measured at2in a 0.1 cm path length quartz
with the LDL receptor, our data support the conclusion that cell with a sample protein concentration of &0/mL 5 mM

apo B-100 in the intermediate LDL subspecies is in an phosphate buffer, pH 7.2. The percenbelix in apo B-100
optimal conformation for binding to this receptor. Electro- was calculated from the molar ellipticity at 222 nm using a
phoretic measurements indicate that the net negative chargénean residue weight of 1127).

on the intermediate LDL patrticles is lower than that on dense  Electrophoresis. The electrophoretic mobilities of LDL
and light LDL subspecies, respectively. Clearly then, the particles in barbital buffer (0.05 M, pH 8.6) were measured
lower net negative charge of intermediate LDL is a conse- on Corning precast 1% agarose gels (Fisher Scientific,
quence of the apo B-100 conformation on these particles Malvern, PA) as described by Sparks and Phillip8)( The
which bind with relatively high affinity to the acidic ligand-  technique was adapted for the use of 1% agarose gels. The
binding domains of the LDL receptoR®). surface potential§) was calculated from the equati@+—
(VJ/Pe)6tn/D whereV is the electrophoretic velocity [migra-
tion distance (cm)/time (30 min)Re is the electrophoretic
potential [voltage applied (100 V)/gel distance (5.5 cm)],

is the coefficient of viscosity (0.0089 P), abds the solvent
dielectric constant (78.36). A detailed justification for the
use of this equation is given by Sparks and Phillig8)(
The net number of negative charges/LDL particle (valence,
V) was also calculated as describ@a)(

The Stokes diameters of total LDL or LDL subfractions
were measured using the polyacrylamide continuous gradient
slab gel electrophoresis method. This was performed under
the conditions reported by Nichols et aR9, using a
Pharmacia electrophoresis apparatus GE-2/4 loaded with
PAA 2/16 gradient gels. Electrophoresis was carried out in
a Tris—borate-EDTA buffer, pH 8.35, for 24 h at 18C
and 125 V. Calibration was by means of a High Molecular
Weight Calibration Kit (Pharmacia), of which only thyro-
globulin and ferritin were retained, and by simultaneous use
of latex particles with 380 A diameter (Dow Chemical).

Isolation of LDL and LDL Subspeciedduman LDL (d. Labeling of LDL and LDL SubfractionsThe reductive
1.024-1.050 g/mL) was isolated from fresh plasma of methylation procedure of Jentoft and Dearbo24)(was
healthy, normolipidemic donors by sequential ultracentrifu- employed to introduc&CHs groups into the amino groups
gation as described previously, 25). The plasma lipid and  of Lys residues of apo B-100 on the LDL particles.
apoprotein levels in these subjects corresponded closely toConditions described previouslg® were used to convert
those reported earlieBf. The method of isopycnic density from 10 to 30% of the Lys residues to th&]dimethyl

EXPERIMENTAL PROCEDURES

Materials

Chemical Supplies[**C]Formaldehyde (4660 Ci/mol)
in distilled water was purchased from DuPont-New England
Nuclear. Anionic contaminants were removed from thé H
CHO by passage through a small Dowex 1-chloride column
(24). [**C]Formaldehyde (99% isotope enrichment as a 20%
solution in water) was obtained from Cambridge Isotope
Laboratories (Andover, MA). NaCNB#from Aldrich (St.
Louis, MO) was recrystallized from methylene chloride prior
to use R4). Essentially fatty acid-free bovine serum albumin
(BSA), ovalbumin, and dicaproyl-a-phosphatidylcholine
were purchased from Sigma (St. Louis, MO). All other
reagents were analytical grade.

Methods
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deriv_ative' There was no_degradation of apo B':_I'OO as Taple 1: Comparison of Electrophoretic Mobilities and Particle

monitored by electrophoresis on SBS% polyacrylamide/ Diameters of Total LDL and LDL Subfractions

1% agarose gels. average density diamete? electrophoretic mobility
NMR Measurements!*C NMR spectra at 126 MHz of  fraction (g/mL) R) (umslcm Vv

the °C-labeled LDL preparations were obtained using a

G 3 1.0215+ 0.001 29142 0.55+ 0.02

Bruker AM 500 spectrometer. The conditions employedto 4 1.0234+0.001 293+ 6 0.524+0.03
determine chemical shift®) have been described previously 5 1.0260+0.001 281+ 2 0.49+0.03
(30). To obtain the intensities of th&*CHz),Lys resonances 6 1.0286+0.001 274+ 3 0.43+0.03
o h th . fracti 7 1.03144+ 0.001 268+ 2 0.31+0.07
in the spectra of human LDL and its subfractions, a gated g 10343+ 0.001 263+ 2 0.30+ 0.05
proton decoupler routine was employed to eliminate the o 1.03724+0.001 259+ 2 0.36+ 0.04
nuclear Overhauser effect (NOE). The numbers of active 12 i-gjg?i 8-881 %gig 8-2Zi 8-8‘31
and _norrrllal {31C]d|methyI—Lys were determined as described 1 10502 0.002 251t 3 0.42+ 0.03
previously @1). 13 105800004 246+ 6 0.44+ 0.03
Analysis of Phospholipid CompositionThe average 14 1.0660+ 0.004 242+ 3 0.45+ 0.04
number of acidic phospholipid molecules in the LDL _LDL  1.024-1.050 266+ 5 0.31+0.04

subspecies was determined by HPLC according to the 2Values are taken from Chapman et &).(Fractions 3-5 are
method reported by Becart et &82) after extraction of total designated large buoyant (light) LDL, fractions d are designated as

. . : . intermediate density LDL, and fractions-1@4 are designated as small,
phospholipids as described by Bligh and Dy&g)( Briefly, dense LDL.P Values are the means SD of duplicate determinations

a Beckman liquid chromatographic Gold system was used, o, 4 series of subfractions from each of three individuals. Diameters
and the detection was performed using a light-scattering were determined on polyacrylamide gradient gels as outlined under
detector Model DDL 21 (Eurosep Instruments, Cergy- Methods.* Electrophoretic mobility£SD) at pH 8.6 in 0.05 M barbital
Pontoise, France). Phospholipid subclasses were separategffer.
on a silica gel column (11% 4 mm) “Supersher” Si60, 4

um (Merck, Nogent-sur-Marne, France), using a binary
gradient elution [solvent A: chloroform/methanol/ammonium a5 - °
hydroxide at 30% (50/19.5/0.5 v/v); solvent B: chloroform/
methanol/water/ammonium hydroxide at 30% (60:34:5.5:0.5, 30 -|
viv)]. In the light-scattering detector, the nebulization was * 28
performed at 70C and a pressure of 2 bar. The different 25 e
phospholipid species were quantified by reference to a cali-
bration curve which was constructed using a chloroform/
methanol (1:1, v/v) solution containing given amounts of
each phospholipid subclass and dicaproylphosphatidylcholine
as an internal standard. 10

° - 26
®
®e - 25
Other Analytical ProceduresProtein determination was °
carried out using the SDS.owry method of Markwell et 5 24
al. (34), and phospholipid was monitored by phosphorus [] l—] ”
T T T T T T

analysis 85). e - -
y 65) 01 2 3 4 5 6 7 8 9 10111213 14 15 16

RESULTS Fraction Number
Ficure 1: Net charge or valencé/) of light and of dense LDL

Characterization of the Net Charge of LDL and LDL subspecies relative to intermediate LDL subfractiod &.0343+
Subspecies.Experiments were conducted to characterize 0.001 g/mL). The charge characteristics of LDL density subfractions

. . from fresh plasma of normolipidemic subjec® (vere obtained
total LDL (d. 1.024-1.050 g/mL) and its subfractions from by measuring the electrophoretic mobilities of LDL particles on

normolipidemic subjects to determine whether differences Corming precast 1% agarose gels at pH 8.6, as described by Sparks
in apo B-100 conformation can account for their heteroge- and Phillips £8). The least negatively charged intermediate LDL,

neous interaction with the LDL recept®)( The net surface  subfraction 8, has a net negative charge (valence)3f + 5e.
charges of the various LDL particles were determined Relative valence (open bars); LDL particle diameters in nanometers
quantitatively by electrophoresis of identical amounts of LDL

protein on agarose gels. Staining the gels with Sudan Blackelectrophoresis (Table 1), the valence, the surface potential,
B revealed the presence of a single band for each subfractiorand the charge density of an LDL particle can be calculated.
(data not shown). As shown in Table 1, the individual LDL These parameters have values-e31 + 5e, —5.8 +£ 1.0
subspecies from the center of the density gradient profile mV, and —678 4+ 92 esu/cry, respectively, for fraction 8.
(i.e., LDL fractions 7, 8, and 9) have absolute electrophoretic The electrophoretic profiles of the other subfractions relative
mobilities up to 45% lower than those of the other LDL to fraction 8, the most positively charged particle, are
fractions, indicating that the intermediate fractions have lower illustrated in Figures 1 and 2A,B. The light LDL subfrac-
net negative charge. This observation is in agreement withtions 3, 4, and 5 (density range 1.622.029 g/mL) have a
previously published electrophoretic mobilitie 86). As negative surface charge that is fron26 to —34e more
seen in Table 1, LDL subfraction 8 (d. 1.038.0368/mL) negative than fraction 8 (Figure 1). For the small, dense
in the intermediate density range has the lowest electro- LDL particles (fractions 16-14), the increment in negative
phoretic mobility,—0.30+ 0.05um s cm V-1. Knowing charge is approximately-7 to —17e relative to fraction 8
the particle diameter from polyacrylamide gradient gel (Figure 1). A similar pattern is observed for the surface

40 30
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5 30 LDL particle size must be responsible for the observed
dissimilarities in charge characteristics of these particles. The
. L 29 following two observations support this idea. (1) Fourier
transform infrared spectroscopy suggests that there is slightly
F - 28 less apo B-10@-strand content in small dense LDBY).
(2) The antigenicity of apo B-100 varies across LDL
subspecies3g).
Effect of Phospholipid Composition on the Surface Charge
- 26 of LDL and LDL Subfractions.To determine if a certain
o component in the LDL phospholipid fraction is responsible
Sl - 25 for the increase in negative charge reported above, the
] contents of acidic phospholipids in the surface of the LDL
® L particles have been examined. The only acidic lipid detected
was phosphatidylinositol (PI); the presence of increasing
0 AL N 1 R amounts of acidic Pl molecules would be expected to
3456 7 8 91011121314 1516 augment the net negative charge and could therefore account
Fraction Number for the charge difference between the subfractions. However,
500 %0 Pl comprises 2.5t 0.5% of the phospholipid mass in all
= the LDL subfractions. This result shows that the fraction
. of PI is constant within experimental error for all the
— subfractions. Because the total number of phospholipid
molecules per particle decreases as the LDL particles become
smaller @), the number of Pl molecules per particle also
300 - b M M progressively decreases as the particles became smaller. It
To r follows, therefore, that the variation in number of PI
2507 m molecules per particle is not the reason for the lower valence
2 of LDL fraction 8 relative to the other LDL subfractions
®le (Figure 1).
NMR Spectroscopy of LDL Subspeci€he microenvi-
100 1 . ronments of lysine residues in surface-exposed domains of
50 -2 apo B-100 B0, 31) in discrete LDL subspecies were
i : examined to monitor the organization of the protein molecule.
0 B The3C NMR spectrum of human LDL is dominated by lipid
resonances [cf. (39), (40)]. However, conversion of about
10% of the Lys residues to th&CHz),Lys derivative gives
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Ficure 2: Surface potentials§ and surface charge densities of . Aafi
light and dense LDL subspecies relative to intermediate LDL rise to wo well-defined resonancesd#2.8 and 43.2 ppm

subfraction 8. (A) The surface potent@(open bars) of the LDL  (Figure 3). These chemical shifts are sensitive to pH, and
subfractions was calculated as described under Methods. Subfractiortitration shows that the dimethyl-Lys residues which resonate
8 has a surface potential value ©6.8 £ 1.0 mV. LDL particle atd = 42.8 ppm at pH 7.6 havekp = 10.5. The dimethyl-
d}arr:weters in tr)1fanometer.X. (BI) Tlhe ghar%e de_rt;si(tjy (o(s)en ba;]s)d Lys residues withd = 43.2 ppm at pH 7.6 havekg = 8.9
O e b5 ey %30, 31). These . values apply to the unmodifed fysine.
LDL particle diameters in nanometer®), side chain because the titration characteristics of the di-
methylated and unmethylated Lysamino group are es-
potential of the LDL subfractions where more negative values sentially identical. Integration of thé3CH;),Lys resonances
are apparent for the light and for small, dense LDL (Figure gives the number of labeled Lys contributing to the signals,
2A). Comparison of the charge densities of the LDL as previously reported3Q, 31).
subfractions shows that relative to fraction 8 both the lighter ~ Since there were insufficient amounts of subspecied 1
and the denser particles have values up to approximately 500and 11-15 for study by NMR spectroscopy, we characterized
esu/cn more negative than that of fraction 8 (Figure 2B). the Lys residues in apo B-100 of fractions-50 (corre-
The above measurements of the variation in particle surfacesponding to the density range 1.0244.0435 g/mL); frac-
charge across LDL subfractions are in general agreementtions 5-10 contain~95% of the protein mass of native LDL
with a recent report36). However, the electrophoretic of d 1.024-1.050 @, 9). Consequently, the denser LDL
mobilities of the LDL particles are higher in our study, and subspecies (fractions 11 and 12) were excluded, thereby
we attribute this to the use of a different electrophoresis eliminating LDL subspecies containing small amounts of
system. non-apo B-100 proteins (less than 5% of the protein moiety)
Circular Dichroism MeasurementsDespite considerable (3, 4, 9).
differences in the electrophoretic behavior of the subclasses, From the NMR spectrum of LDL subfraction 8 in which
the circular dichroism spectra between 184 and 260 nm of 13% of the Lys are visualized by conversion to the dimethyl
the LDL subclasses are similar, indicating that the average derivative (Figure 3B), there are about 26 dimethyl Lys with
secondary structures of the apo B-100 molecule on the pK;8.9 and 19 with i 10.5. The spectrum of the dimethyl-
subspecies are similar (405% a-helical). Therefore, subtle  Lys residues in LDL subfraction 10 is shown in Figure 3C;
differences in apo B-100 conformation due to variations in this LDL subfraction labeled to 9% contains 1B48.9 and
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FiGURE 3: Proton-decouplet®C NMR spectra (126 MHz) of human LDL fractions. (APCHsz),Lys resonances of human LDL (d. 1.024
1.050 g/mL) from a normal subject in which 11.5% of the lysine residues were labeled (20.5 mg of protein in 1.5 mL of saline solution,
22 000 acquisitions). (B}CHs),Lys resonances of intermediate density LDL subfraction 8 (d. 1.838301 g/mL) in which 13% of the
lysine residues were labeled (10.6 mg of protein in 1.5 mL of saline solution, 30 500 acquisitionsfQi@)4Lys resonances of small,

dense LDL subfraction 10 (d. 1.04@90.001 g/mL) in which 9% of the lysine residues were labeled (5.6 mg of protein in 1.5 mL of saline
solution, 43 500 acquisitions).

40- Total LDL subspecies of lower and of higher density, in which lower

l numbers of active lysines are detected. Independent of the
v degree of°C labeling, there are approximately 10 few&,p
v’ 8.9 Lys in the apo B-100 molecule present on the light and
% v A on the dense LDL particles relative to those of intermediate
E LDL (Figure 4). In summary, it is apparent that while the
average secondary structure of apo B-100 (as reflected by
104 N the CD spectrum) is indistinguishable in the various LDL
subspecies, differences in protein conformation, as reflected
0 ' l ] } in the Lys microenvironments, exist in the various LDL
0 10 20 30 40 subfractions.

% Lys reductively methylated

_ _ _ DISCUSSION
Ficure 4: Numbers of K, 8.9 lysine residues in apo B-100 of
human LDL fractions. The number of Lys was derived by LDL Particle Charge. The present investigation estab-
integration of the {fCHz);Lys resonance at 43.2 ppm of NMR jishes, by quantitative measurements, the net negative charge

spectra of the type shown in Figure 3 and rounding to the nearest :
whole number. The nuclear Overhauser effect was suppressed s on total LDL (d. 1.024-1.050 g/mL) and LDL subfractions.

that the integrals reflect the number € nuclei contributing to For total LDL, the value is-32e+ 3e at pH 8.6. This value
each resonance; the integrals for each type of Lys are accurate t&shows a good correlation to the net charge-&8e @1),
+10%. The sizes of thelfa 8.9 pools of dimethylated Lys of total ~ which is estimated from a tabulation of all charged groups

LDL at different degrees of methylation are shown by the per mole of LDL at its isoelectric point. Based on the
continuous line [data taken from ref (30)]. The symbols represent

the numbers of K, 8.9 Lys in intermediate LDL subfraction &}, chemical compo_sition of LDL, an estimate of 1215 positively
small, dense LDL &), and light LDL (). and 1273 negatively charged groups was proposed, leading
to the net negative value 6f58e. The present analysis of

21 pK, 10.5 dimethyl-Lys. Comparison of Figure 3B and the net negative charge difference across the LDL subclass
Figure 3C indicates that small, dense LDL (subfraction 10) profile shows that the maximal charge difference across the
has a decreased ratio o0Kp8.9 to K, 10.5 Lys residues  subfractions is approximately 34e (Figure 1), a charge
relative to intermediate subfraction 8. The numberskf p  variation of about 53%. The observed heterogeneity in the
8.9 dimethyl-Lys in various preparations of LDL subfractions charge characteristics of the LDL particles may arise from
are compared in Figure 4; the size of thi€,8.9 pool of several distinct effects: (1) a direct effect due to dissimilari-
dimethyl-Lys of total LDL (d. 1.0241.050 g/mL) at ties in the relative proportions of various charged phospho-
different degrees of methylation is shown by the continuous lipids between subspecies; (2) differences in the degrees of
line. It is apparent that, relative to total LDL, the number glycosylation or sialylation of the apo B-100; (3) a change
of active (K, 8.9) lysine residues in apo B of intermediate in ionization of apo B-100 between subclasses, or from a
density LDL is maximal, and distinct from those of LDL combination of these effects.
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Table 2: Contributions to the Net Surface Charge of LDL Particles

apo B-100 conformation effects

difference in net Pl charge charge difference net charge contribution
LDL particle valence from contribution relative relative to fraction 8 from other apo
fraction valence (6} fraction 8 (e) to fraction & from Lys pK, shifts B-100 group$
5 —57 —26 -3 3 —26
6 —48 -17 -2 3 —18
7 —34 -3 -1 0 -2
8 =31 0 0 0 0
9 —36 -5 2 3 —-10
10 —38 -7 2 3 —12

a Calculated from electrophoretic mobilities (cf. Figure 1Derived from measured fraction of PL that is Pl and assuming each Pl molecule
contributes 1 net charge to LDL particleThe distribution of K, 8.9 and X, 10.5 Lys residues is taken from Figure 4 (see tek@alculated for
each LDL subfraction by subtracting the sum of the PI and Lys charge contribution from the difference in valence from fraction 8.

The electrophoretic and chemical characterization of the tions are more negatively charged than fraction 8. Clearly,
isolated LDL subspecies indicates that, although the acidic there are contributions from other charged groups on the LDL
Pl molecules contribute significantly to particle charge, particle that explain the differences in subfraction net particle
charge variations across the subpopulation profile cannot becharge. As summarized in Table 2, variations in PI content
primarily accounted for by these lipids. Furthermore, do notexplain the minimum in net negative charge occurring
although apo B-100 in LDL is sialylated, differences in sialic with fraction 8 because the number of Pl molecules per
acid content are not responsible for the variations in charge particle progressively decreases as the patrticle size decreases.
properties across the spectrum of LDL subspe@és (Ve The changes in apo B-100 conformation alter the microen-
have therefore focused on the variation in Lys ionization vironments of ionizable groups other than Lys with resultant
across the LDL subclass profile because this is a reflection changes in the net charge of the protein molecule. The
of subtle changes in protein conformation. calculations summarized in Table 2 show that this effect

To evaluate the contribution to the net negative surface contributes—26e and—12e, respectively, to the charges of
charge from a change in the number of Lys witk,palues subfractions 5 and 10 compared to the contribution to the
of 10.5 and 8.9, we have used the Hendetsdasselbalch charge of fraction 8. While such changes in ionization have
equation 42) to define the effect of Lys ionization upon net  a significant effect on the net particle charge, these confor-
negative particle surface charge. Using the Henderson mational effects are subtle given that there is a total of about
Hasselbalch equation, the ratio of ionized to un-ionized Lys 2500 charged groups on an LDL partickdl].
can be calculated forly 10.5 Lys at pH 8.6 to be N/ Interaction of Apo B-100 with the LDL Receptom.he
NH, = 79:1. From this, it is apparent that 1.25% dfp concept that the creation of increasing numbers of active Lys
Lys 10.5 are un-ionized at pH 8.6. A similar calculation (pK,8.9) leads to enhanced LDL receptor interaction is not
for pK, 8.9 Lys at pH 8.6 shows that in this case, NH consistent with a simple electrostatic interaction between the
NH, = 2:1 (i.e., one-third of the—amino groups are un-  basic receptor binding domain of apo B-10€8) and the
ionized). These calculations reveal that for every 100 Lys acidic ligand-binding domain of the LDL receptat4). As
residues shifted from a normal microenvironmen{{f0.5) presented in this study, an increase in the number of active
to an active microenvironmentip 8.9), approximately one-  Lys (pK, 8.9) reduces the number of positive charges on
third of the residues become deprotonated at pH 8.6. Thus,Lys at a physiological pH. The involvement of Lys in the
per 100 Lys shifted from a normal to an active microenvi- binding of apo B-100 to the LDL receptor is apparent from
ronment, there is a loss of 32 positive charges. Thesethe inhibition of binding of apo B-100 to the LDL receptor
considerations can be applied to the individual LDL subspe- that is induced by chemical modification of this residli6)(
cies to estimate the contribution of changes in Lig yalues The electrostatic interaction of domains containing basic Lys
to net negative LDL surface charge. and Arg residues with acidic domains on the LDL receptor

Relative to the intermediate LDL subfractions 7 and 8, is thought to be critical to the binding proces43)
the light and dense subfractions are more negatively chargedHowever, the interaction is probably not simply electrostatic
(Table 1, Figure 1). However, the light and the dense LDL because reductive methylation of Lys does not remove the
fractions display a decreased number of active Lys (Figure positive charge but does inhibit binding% 30). Hydrogen
4) which, as outlined above, leads to a gain in positively bonding between the Lys-amino groups and sites on the
charged Lys residues at pH 8.6. Therefore, this shift of Lys receptor is likely to be important, and methylation reduces
residues from K, 8.9 to K, 10.5 microenvironments tends  this possibility. The high-resolution structure of the ligand-
to make the overall LDL particle more positively charged. binding repeat 5 of the LDL receptor also suggests that the
The data in Figure 4 show that the ionization of about 10 interaction with ligand does not simply involve electrostatic
Lys is modified by the differences in apo B-100 conformation interaction with acidic residues in the receptdb) these
arising from the increased or decreased particle sizes of theacidic residues are buried to participate in calcium ion
other LDL subfractions relative to fraction 8. It follows that coordination. However, there is an exposed hydrophobic
the charge difference relative to fraction 8 arising from Lys face that could participate in lipoprotein binding.
pKa shifts is +3e (Table 2). This charge difference is Nigon et al. @) have clearly demonstrated that discrete
opposite in sign to the valences obtained from the electro- LDL particle subspecies of defined physiochemical properties
phoretic mobilities which show that the other LDL subfrac- from normolipidemic subjects are heterogeneous in their
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Table 3: Parameters Characterizing the Binding of LDL
Subfractions to the LDL Receptor

fraction Kg (nM)? AG binding (—)(kcal/moly
5 8.35+ 0.40 10.20+ 0.03
6 5.714+0.20 10.41£ 0.06
7 5.24+ 0.60 10.46+ 0.06
8 457+ 0.50 10.52£ 0.06
9 7.20+0.70 10.29+ 0.05
10 6.87+ 0.03 10.31£0.01

a Equilibrium dissociation constant&() for each subspecies were
determined from the slopes of the Scatchard plots derived from
measurements of the binding of LDL to the LDL receptor on U-937-
monocyte-like cells [Nigon et al9j]. ® The free energies of binding
were calculated from thiy values.

interaction with the LDL receptor on human U-937 cells,
and that such heterogeneity involves not only receptor
binding affinity at 4 °C but also the levels of cellular
internalization and degradation at 3€. Analysis of the
equilibrium dissociation constanky, across the subpopu-
lation profile (fractions 510) shows that the maximal
difference inKy is 3.8 nM, roughly a 50% difference (Table
3). The calculation of the free energies of bindil§Qq
binding) for the various subclasses of LDL (Table 3) shows
that fractions 5 and 8 differ in theixG binding by 0.3 kcal/
mol. Such aAG value implies a subtle change in the nature
of the binding. If altered polar interactions are involved,
the 0.3 kcal/mol greater interaction energy of fraction 8
compared to fraction 5 is consistent with the presence of an
additional salt-bridge or weak hydrogen bond between the
apo B-100 molecule in fraction 8 and the LDL receptor
molecule. On the other hand, if a nonpolar interaction is
involved, a partial reduction in the exposure of a single
methylene group to water would account for the 0.3 kcal/
mol. Whatever its precise nature, the additional interaction
must be a consequence of the difference in apo B-100
conformation induced by the-20 A difference in particle
diameter between LDL fractions 5 and 8.

Physiological SignificanceThe present data suggest that
the variations in LDL particle diameters induce changes in
the local conformation of the apo B-100 protein, resulting
in altered ionization of basic and acidic amino acids. The
least negatively charged LDL subspecies, 7 and 8, have
conformations of the apo B-100 molecules which make them
optimal ligands for binding to the LDL receptor. The lower
receptor binding affinities of large, buoyant and of small,
dense LDL subspecieS)(seem to be due at least in part to

their increased net negative surface charge and reduced

proportion of K, 8.9 Lys residues. Similarly, local con-
formational changes induced by the single amino acid
substitution of GIn for Arg at position 3500 of apo B-100 in
familial defective apo B-100 reduce the number & 8.9
Lys and disrupt the receptor-binding domain of apo B-100
(31). A change in the microenvironment of at least seven
Lys residues from the basic microenvironment where they
titrate with K, 8.9 to a microenvironment where they titrate
normally with (K, 10.5 is sufficient to reduce the binding
of familial defective apo B-100 to the LDL receptor te-2%

of the normal level 46). The variations in apo B-100
conformation across the LDL subfractions have relatively
small effect on the LDL receptor affinity compared to that
observed for the familial defective apo B-100 LDL particles.
However, the reduction in the number d8.9 residues
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in shifting from fraction 8 [which has the highest binding
affinity (Table 3)] to either larger or smaller LDL particles

is estimated to be only 3 (Table 2). The efficient removal
of intermediate LDL from the circulation by the LDL
receptor suggests that these particles are of lower atherogenic
potential than either small, dense LD47)j or large buoyant
LDL (48). Both small, dense LDL and large, buoyant LDL
have reduced clearance rates from the circulation because
of their lower affinities for the LDL receptor. In addition,
small, dense LDL exhibit efficient penetration of the arterial
intima, high-affinity binding to arterial matrix components,
and, finally, low resistance to oxidative stress which, in part,
results from a deficient particle content of vitamin E4(

49).

In conclusion, structural and metabolic studies of physi-
cochemically defined LDL subclasses clearly distinguish
light, intermediate, and dense subpopulations on the basis
of their biological functions and potential atherogenicity. The
present results indicate that variations in the conformation
of apo B-100 across the LDL subfraction profile give rise
to metabolic differences, including the variations in binding
affinity for the cellular LDL receptor.
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