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Abstract Recent evidence suggests that fusion of low density
lipoprotein (LDL) particles is a key process in the initial accu-
mulation of lipid in the arterial intima. In order to gain a bet-
ter understanding of this early event in the development of
atherosclerosis, it would thus be necessary to characterize the
process of LDL fusion in detail. Such studies, however, pose
severe methodological difficulties, such as differentiation of
particle fusion from aggregation. In this paper we describe
the use of novel methodology, based on 

 

1

 

H NMR spectros-
copy, to study lipoprotein particle fusion. To test the method-
ology, we chose proteolytic fusion of LDL particles, an in
vitro model that has been well characterized in our labora-
tory. The spectroscopic data suggested that proteolysis of
LDL with 

 

a

 

-chymotrypsin induced slow initiation of fusion,
which was followed by particle fusion at an increased rate.
Moreover, 

 

1

 

H NMR spectroscopic data on different kinds
of LDL interactions, for example, when LDL formed aggre-
gates with antibodies against human apolipoprotein B-100,
were obtained and compared with the electron microscopic
characteristics of these preparations. An important finding
was that limited aggregation of LDL particles did not dis-
turb the 

 

1

 

H NMR spectroscopic parameters used for the
detection of particle fusion and preserved the physico-
chemical information on the particles.  The 

 

1

 

H NMR metho-
dology developed is sensitive to and specific for low density
lipoprotein (LDL) fusion and may also allow for studies of
the fate of LDL particles in other in vitro preparations that
mimic the arterial interactions in vivo.—
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The initial morphological characteristic of both human
(1, 2) and experimental (3) atherosclerosis is accumula-
tion of lipid droplets (

 

,

 

100–400 nm in diameter) in the
subendothelial extracellular space of the arterial intima
prior to recruitment of monocytes and formation of foam
cells. The lipid droplets are presumed to originate from
low density lipoprotein (LDL) particles (average diameter

 

,

 

22 nm) that enter the subendothelial space (3–5). To
form such lipid droplets, LDL particles have to undergo
fusion (6, 7). However, prolonged incubation, even in the
presence of arterial proteoglycans, does not lead to signif-
icant fusion of LDL particles (8). Therefore, it is evident
that, before they can undergo fusion, the LDL particles
have to be modified. The modifications causing LDL fu-
sion in vivo are not known, but several modifications are
known to trigger LDL fusion in vitro. These modifications
include proteolysis of the apolipoprotein B-100 (apoB-
100) component at the surface of the LDL particles (9–12)
and treatment of the surface phospholipids with sphin-
gomyelinase (13, 14) or phospholipase A

 

2

 

 (15). In addi-
tion, vortexing (16, 17), oxidation (18), or combined
treatment with trypsin and cholesteryl esterase (19) can
labilize LDL particles sufficiently to allow particle fusion.
In contrast, other modifications, e.g., glycosylation or treat-
ment with malondialdehyde (20), do not trigger LDL fu-
sion even though they lead to aggregation of the particles.

Studies of lipoprotein fusion have suffered from meth-
odological difficulties. The biochemical methods that are
available for particle size analysis, e.g., gel filtration chro-
matography, molecular sieving electrophoresis, and ana-
lytical ultracentrifugation, cannot differentiate fusion
from aggregation. Negative staining electron microscopy
is suitable for analyzing the size of native LDL particles,
but suffers from artificial aggregation of particles during
sample preparation and from inability to detect character-
istics of the individual particles in aggregates. On the
other hand, thin-section electron microscopy of embed-
ded LDL particles is suitable for analyzing the morphol-
ogy of the enlarged particles even in aggregates. However,
both electron microscopy methods suffer from poor guar-
antee of the representability of the samples. As part of our

 

Abbreviations: anti-apoB-100, antibody to human apolipoprotein B-
100; D

 

2

 

O, deuterium oxide; FID, free induction decay; LDL, low den-
sity lipoprotein; NMR, nuclear magnetic resonance; TCA, trichloroace-
tic acid; TSP, sodium 3-trimethylsilyl[2,2,3,3-D

 

4

 

] propionate.
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efforts to understand lipoprotein particle fusion, we have
recently developed a fusion assay that is based on fluores-
cent resonance energy transfer (8). This is able to detect
LDL fusion even in LDL aggregates, but it requires prepa-
ration of two populations of fluorescently labeled LDL
particles and can neither detect small changes in particle
size nor quantify the changes.

Proton nuclear magnetic resonance (

 

1

 

H NMR) spec-
troscopy has proved to be a powerful tool for plasma and
lipoprotein analysis (21–31). Because the protons detect-
able with NMR are part of the natural molecular struc-
ture of the particles, there is no need for lipid labeling or
particle modification when using 

 

1

 

H NMR spectroscopy.
It can thus be applied for noninvasive detection of lipids
in native lipoprotein particles and their mixtures (24–
31). The great abundance of protons in lipoprotein sam-
ples also makes continuous follow-up of processes possi-
ble without interference. Moreover, information can be
obtained about the physico-chemical characteristics of
the particles. Importantly, experimental findings have
shown that, with a decrease in the lipoprotein particle
size, the 

 

1

 

H NMR spectroscopy resonances from the hy-
drocarbon chains of the lipoprotein lipids shift systemati-
cally to lower frequencies (21–24, 30–32). The basis of
this particle size-dependent frequency behavior has re-
cently been explained theoretically by a simple physical
model for the lipoprotein particle structure (33). The
particle model, via magnetic field equations, leads to a
formulation that links the experimentally observed fre-
quency shifts with the size of the particles and thus pro-
vides a practical means for detailed studies of lipoprotein
particle fusion by 

 

1

 

H NMR spectroscopy.
We have previously studied the proteolytic modification of

LDL in vitro as a model of LDL fusion in the arterial intima
(8–12). We have found that degradation of apoB-100 with
loss of fragments of apoB-100 leads to fusion of the LDL par-
ticles (10). In this paper we demonstrate the strength of the

 

1

 

H NMR methodology with results for proteolytic fusion of
LDL and discuss the methodological details of how lipopro-
tein particle fusion can be studied by 

 

1

 

H NMR.

EXPERIMENTAL PROCEDURES

 

Materials

 

Dextran sulfate sodium salt (Mw 500,000) and PD-10 columns
were from Pharmacia, and 

 

a

 

-chymotrypsin (from bovine pancreas),
deuterium oxide (D

 

2

 

O), and heparin were from Sigma. Antibodies
against human apolipoprotein B-100 (anti-apoB-100), from sheep
and goat, were from Boehringer Mannheim and from Biodesign In-
ternational, respectively. Bio-Gel A-5m was from Bio-Rad, NuSieve
GTG low-melting-point agarose from FMC Corp. BioProducts, Dul-
becco’s phosphate-buffered saline from Life Technologies, Inc.,
[1,2-

 

3

 

H]cholesteryl linoleate from Amersham, Celite 545 (acid
washed) from Fluka, and [

 

3

 

H]heparin from DuPont NEN.

 

Isolation and modifications of LDL

 

Seven preparations of human LDL (d 1.019–1.050 g/ml) were
isolated from unpooled plasma of four apparently healthy labora-
tory persons by sequential ultracentrifugation (34). The isolated
LDL was dialyzed extensively against buffer A (150 m

 

m

 

 NaCl, 1 m

 

m

 

EDTA, pH 7.4), filtered through a 0.22-

 

m

 

m

 

 filter, fractionated, and
stored at 4

 

8

 

C. Each experiment was carried out using a single LDL
preparation. For some experiments, LDL was labeled with [

 

3

 

H]
cholesteryl linoleate as described previously (10). The NMR mea-
surements were carried out in buffer B (137 m

 

m

 

 NaCl, 2.7 m

 

m

 

 KCl,
10 

 

m

 

m

 

 Na

 

2

 

EDTA, 10 m

 

m

 

 phosphate, pD 7.0 in D

 

2

 

O) (29) unless
otherwise indicated. To change the buffer, LDL was gel-filtered
twice through PD-10 columns equilibrated and eluted with buffer
B. The amounts and concentrations of LDL are expressed in terms
of protein, which was determined by the procedure of Lowry et al.
(35) with bovine serum albumin as standard.

LDL was proteolyzed by incubating LDL (1 mg/ml) with 

 

a

 

-
chymotrypsin (0.1 mg/ml) in buffer B for the indicated times at
37

 

8

 

C (10, 20). LDL–sheep anti-apoB-100 complexes were pre-
pared by incubating 1 mg of LDL with 300 

 

m

 

l of sheep anti-apoB-
100 in 1 ml of buffer A for 20 min at room temperature. The
complexes formed were sedimented by centrifugation (20,000 

 

g

 

for 5 min), washed once with 1 ml of buffer B, and dissolved in
600 

 

m

 

l of buffer B. LDL–goat anti-apoB-100 complexes were pre-
pared by incubating 250 

 

m

 

l of goat anti-apoB-100 with 500 

 

m

 

g of
LDL in 500 

 

m

 

l of Dulbecco’s phosphate-buffered saline supple-
mented with 10 

 

m

 

m

 

 Na

 

2

 

EDTA for 15 min at 37

 

8

 

C. These com-
plexes did not sediment on centrifugation at 20,000 

 

g

 

 for 10 min,
but in control experiments 54% and 53% of radiolabeled LDL
were in structures larger than native LDL in size-exclusion chro-
matography on a Bio-Gel A-5m (1 

 

3

 

 60 cm) column and in rate
zonal flotation (experiments were performed as described in ref.
20), respectively. LDL–dextran sulfate complexes were prepared
by incubating LDL (1 mg/ml) with dextran sulfate (0.1 mg/ml)
in buffer B for 20 min at room temperature. Preliminary experi-
ments showed that, under these conditions, over 90% of the LDL
can be precipitated by centrifugation at 20,000 

 

g

 

 for 10 min.
LDL–heparin complexes were prepared by incubating LDL (1
mg/ml) with heparin (0.1 mg/ml) in buffer B for 20 min at
room temperature. LDL was found to bind heparin in a gel mo-
bility shift assay (36) (with an apparent affinity constant of ap-
proximately 2 

 

m

 

m

 

2

 

1

 

 LDL) but we were unable to demonstrate
any aggregation of LDL by heparin when analyzed with gel filtra-
tion chromatography or centrifugation at 20,000 

 

g

 

.

 

Electron microscopy

 

Samples were processed for thin-section electron microscopy ex-
actly as described previously (8) and viewed in a Jeol JEM-1200EX
transmission electron microscope at the Institute of Biotechnology,
Electron Microscopy, University of Helsinki (Helsinki, Finland).

 

1

 

H NMR spectroscopy

 

The 

 

1

 

H NMR data were acquired at 37

 

8

 

C on a Bruker DRX 500
MHz spectrometer at the NMR laboratory, University of Oulu
(Oulu, Finland). A sealed coaxial insert (outer diameter 2 mm)
containing an external standard, sodium 3-trimethylsilyl[2,2,3,3-
D

 

4

 

] propionate (TSP) (8 mmol/l) and MnSO

 

4

 

 (0.6 mmol/l) in
99.8% D

 

2

 

O, was used with every sample (0.465 ml) placed in a 5-
mm NMR tube (24). In each experiment 64 FID signals of 64 k
data points were accumulated using a pulse repetition time of 6.6
s and 90

 

8

 

 pulses. The spectral widths were 6.25 kHz. In the case
of the LDL–goat anti-apoB-100 complex and the corresponding
native LDL control, the intense water peak was suppressed by the
SHAKA-180

 

8

 

 pulse sequence (37). LDL and LDL plus 

 

a

 

-chymo-
trypsin samples were incubated in the magnet for up to 48 h and
the data were recorded every 10 to 60 min. Three different ex-
periments for 

 

a

 

-chymotrypsin-induced fusion of LDL particles
were carried out leading to follow-up data sets, each consisting of
from 48 to 286 individual spectra.

The measured FIDs were Fourier transformed without
apodization to the frequency domain spectra, in which the cho-
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lesterol backbone –C(18)H

 

3

 

 (at around 

 

,

 

0.6 ppm), the terminal
methyl –CH

 

3

 

 (

 

,

 

0.8 ppm) and the methylene 

 

5

 

CH–CH

 

2

 

–CH

 

5

 

(

 

,

 

2.7 ppm) resonances were subjected to lineshape fitting analy-
sis to accurately resolve the frequencies of the resonances. The
–C(18)H

 

3

 

 and –CH

 

3

 

 resonances were fitted with one and the

 

5

 

CH–CH

 

2

 

–CH

 

5

 

 resonance with three Lorentzians. A linear
baseline and a phase parameter were also estimated for each res-
onance region analyzed. Program FITPLA

 

C

 

 was applied (23, 24,
30–32). At the concentrations and under the experimental con-
ditions used, 

 

a

 

-chymotrypsin gave a hardly detectable broad sig-
nal over the frequency range studied and thus did not disturb
the lineshape fitting analysis in the narrow resonance regions
(data not shown).

 

THEORETICAL BASIS

 

A physical model has recently been developed for lipoprotein
particle structure to explain why the 

 

1

 

H NMR resonances from
the lipoprotein lipids shift systematically to lower frequencies
with a decrease in particle size (33). The explanation of this phe-
nomenon turned out to be the anisotropy of the magnetic sus-
ceptibility due to orientation of the surface monolayer of the lip-
oprotein particles. When the magnetic field equations for a
spherical particle with an isotropic core and a radially oriented
surface were solved, a simple equation linking the frequency of
the 

 

i

 

th

 

 NMR line, 

 

v

 

i

 

, and the lipoprotein particle radius, 

 

R,

 

 was
obtained (in SI units):

 

Eq. 1

 

)

Here  is the asymptotic value of 

 

v

 

i

 

 at limit 

 

R

 

 

 

➝

 

 

 

∞

 

, 

 

v

 

o

 

 is the
operating frequency of the spectrometer, 

 

Dx

 

 is the anisotropy of
the magnetic volume susceptibility of the particle surface, and 

 

D

 

is the thickness of the surface. As the frequency 

 

v

 

i

 

 is now an ex-
plicit function of the radius 

 

R,

 

 this model leads in a natural way
to systematic dependence of the frequency observable with NMR
on the size of the lipoprotein particles.

The above theoretical formulation provides a means for dy-
namic follow-up of lipoprotein particle fusion and also for dis-
tinguishing fusion from aggregation of the particles. According
to Eq. 1, an increase in particle size causes a shift toward higher
resonance frequencies and a decrease in size toward lower fre-
quencies, provided that 

 

Dx

 

 is negative (as it is in simple mi-
celles making up lyotropic crystals (33)). Particle aggregation,
which brings the surface monolayers of different lipoprotein
particles into contact but does not unite them and thus does
not change the size of the individual particles, should not cause
any change in the frequency of the lipid resonances. In con-
trast, molecular mobility and overall tumbling of the resonating
molecules affect the visibility and shape of the individual reso-
nances. Thus, interactions that restrict mobility within the sam-
ple can lead to characteristic changes not only at specific reso-
nance frequencies but also in the whole spectral appearance.
Global broadening (or disappearance) of resonances will thus
be a sign of aggregation or complex formation in the sample
but will contrast with the frequency changes of all the lipopro-
tein lipid fatty acid resonances predicted by Eq. 1 in the case of
particle fusion.

Here, it should be pointed out that, in the current application
of the physical lipoprotein particle model, the thickness, 

 

D

 

, and
the anisotropy of the magnetic susceptibility, 

 

Dx

 

, of the surface
monolayer are assumed to be constant for particles of different
sizes. Even though this approximation, with values of 2.0 nm for

 

D

 

 and 

 

2

 

0.223 ppm for 

 

Dx

 

 (in SI units), has been applied suc-
cessfully to modeling the size-dependent frequency behavior

vi R( ) vi
0 2

3
---- v0∆χ  ln 

R
R ∆–
------------------ .+=

vi
0

 

throughout the different lipoprotein categories, i.e., very low, in-
termediate, low, and high density lipoprotein particles (33), this
approximation may not strictly hold during the process of particle
fusion which can lead to remarkable changes in surface composi-
tion and structure. The extent to which these structural changes
may affect the values of 

 

D

 

 and 

 

Dx

 

 is not currently known, and
thus these seemingly unavoidable approximations and their pos-
sible effects have to be borne in mind when making quantitative
comparisons with other methods. Comparison with electron mi-
croscopy, however, suggests that the effects are minor (see Results
and Discussion section below). Thus, in addition to clear phenom-
enological information on lipoprotein particle interactions,
including specific detection of fusion, this methodology will also
allow quantitative assessment of the changes in lipoprotein parti-
cle size.

 

RESULTS AND DISCUSSION

In this work, LDL was proteolyzed with 

 

a

 

-chymotrypsin
under conditions similar to those used previously (8, 10,
20). Under these conditions, intact apoB-100 disappears
within 6 h and 60% of the radiolabeled apoB-100 is found
as TCA-soluble fragments (

 

,

 

5,000 kDa) at 24 h. 

 

Figure 1

 

shows the frequency behavior of the cholesterol backbone
–C(18)H

 

3

 

, the terminal methyl –CH

 

3

 

 and the methylene
5CH–CH2–CH5 1H NMR resonances in an a-chymo-
trypsin-treated LDL sample followed within the NMR
spectrometer. It can be clearly seen that all these lipid res-
onances, which provide a representative sample of the
lipid environments in the particle, shifted toward higher
frequencies as a function of time. When LDL was incu-
bated in the absence of a-chymotrypsin, no such changes
were observed. According to the theoretical formulation
(Eq. 1), the shift toward higher frequencies is an indication
of increases in the size of individual particles in the sample.
This finding is in good accord with the known effects of a-
chymotrypsin on LDL, i.e., particle fusion (20). It is notable
that when LDL was incubated with a-chymotrypsin, all the
lipid resonances, though originating from different chemi-
cal environments, underwent very similar changes in fre-
quency. This kind of homogeneous response of protons in
different chemical environments is due to a general physi-
cal phenomenon, the anisotropy of the magnetic suscepti-
bility (Dx in Eq. 1) of the oriented surface monolayer of
the LDL particles (33). Thus, the lipoprotein particle
structure itself gives rise to an overall magnetic distur-
bance, which is independent of the local chemical envi-
ronment of the individual classes of resonating nuclei.

As the proteolytic degradation of LDL apoB-100 was ac-
complished within the spectrometer, it was convenient to
follow the kinetics of the a-chymotrypsin-induced changes
on the LDL particles. Three different experiments were
performed in which LDL was incubated for up to 48 h in
the presence of a-chymotrypsin, the time resolution of the
1H NMR measurements varying from 10 to 60 min. All
measurements gave consistent frequency changes for the
various lipid resonances of the LDL particles, a result
which, according to the physical model and Eq. 1, sug-
gests similar and reproducible kinetics of LDL particle fu-
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sion resulting from the proteolytic modification induced
by a-chymotrypsin. Figure 2 (panels A–C) illustrates the
changes in the size of the LDL particles, as calculated
from the frequency shifts of the three distinct lipid reso-
nances analyzed using Eq. 1, in one typical set of measure-
ments for LDL incubated in the presence or absence of a-
chymotrypsin. Very similar LDL particle size behavior was
observed in all these lipid resonances, which accords with
theoretical expectations (33). As the methylene 5CH–
CH2–CH5 and the cholesterol backbone –C(18)H3 reso-
nances have a lower signal-to-noise ratio than the terminal
methyl –CH3 resonance, the LDL diameters derived from
their frequency shifts are slightly more scattered than
those from the –CH3 resonance. When native LDL was in-
cubated alone (in the absence of a-chymotrypsin), all the
resonance frequencies were constant over the 48-h period
(standard deviation less than 1% of the mean when calcu-
lated from the –CH3 resonance). This indicates that native
LDL particles, at the relatively high concentration used (1
mg/ml apoB-100), showed no tendency to fuse at body
temperature.

Figure 2 shows a progressive increase in LDL particle
size when LDL was incubated in the presence of a-chymo-
trypsin. The average size of the LDL particles as a function
of time follows an exponential behavior quite closely, indi-
cating continuous enhancement in the rate of increase in
particle size; the average percentage increase in the LDL
particle diameter is also illustrated in Fig. 2 (panel D) in
another experiment (with 10 min time resolution). Behav-
ior of this kind suggests that a certain degree of pro-
teolytic modification is required before the events leading

to fusion between the LDL particles start to take place.
This is consistent with recent results showing that release
of apoB-100 peptides from the LDL surface is, in fact, a
prerequisite for fusion; proteolytic treatment of LDL,
which only cleaved apoB-100 into specific fragments that
remained bound to the particle, did not trigger particle
fusion (10). This result is not unexpected, as continuous
particle fusion leads to an increased number of larger parti-
cles and thus also to an increased probability that fusion will
occur between the larger particles. As fusion progresses, the
increase in particle size tends to be much more pronounced
than in the beginning of proteolytic fusion, when the fu-
sion events are between native or almost native-sized parti-
cles, and therefore lead only to a minor increase in the
size of the fusion product. The continuous release of
apoB-100 peptides from the particle surfaces, and the con-
comitant loosening of the surface integrity, may also in
part tend to enhance the rate of particle fusion. In conclu-
sion, the current results suggest that proteolytic modifica-
tion of LDL particles, as induced by a-chymotrypsin, leads
to progressive particle fusion which generates LDL-
derived particles of increased size at an increasing rate.

Previous analysis of proteolyzed LDL particles from our
laboratory allows for some comparison to be made be-
tween the current 1H NMR results and results obtained
with several other methods (8, 10, 20). Size-exclusion
chromatography has clearly shown that proteolysis of LDL
with a-chymotrypsin produces LDL derived structures
with increased size, but this method does not allow deter-
mination of the particle size beyond the exclusion limit of
the column and cannot differentiate fusion from aggrega-

Fig. 1. Resonances of the cholesterol backbone –C(18)H 3, the terminal methyl –CH3, and the methylene 5CH–CH2–CH5 in the 1H
NMR spectra of an a-chymotrypsin-treated LDL sample at some indicated time points. The dotted lines at the resonance positions are drawn
to illustrate the systematic shift of each resonance position toward a higher frequency as a function of time. The spectra are referenced to
the TSP resonance at 0.0 Hz.
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tion. Another method, negative staining transmission
electron microscopy, has shown that a-chymotrypsin treat-
ment of LDL produces fused particles. A method based
on fluorescence resonance energy transfer has specifically
allowed us to follow LDL fusion even in LDL aggregates,
but does not allow for detection of small changes or quan-
tification of the changes in particle size (8).

In contrast, based on the modeling of the lipoprotein
particle structure that has led to Eq. 1, 1H NMR spectros-
copy provides a direct method for the detection of fusion
together with the possibility of quantifying the temporal
changes in particle size. The current analysis, however, is
not able to estimate the size distribution of the LDL parti-
cles in the sample containing a heterogeneous mixture of
particles. Therefore, a full comparison with electron mi-
croscopic data on LDL particle size distributions is not
possible. However, the diameter of 26.5 6 0.6 nm (mean 6
SD) obtained as an average value from the three analyzed

1H NMR lipid resonances of LDL (Fig. 2, panels A–C),
treated with a-chymotrypsin for 24 h, is in excellent agree-
ment with the average particle diameter of 28.0 6 7.8 nm
from a negative staining electron microscopy analysis of
LDL at the same time point of a-chymotrypsin-induced
proteolysis (10). The other set of 1H NMR data, for which
the percentage change in LDL particle size (derived from
the frequency shift behavior of the –CH3 resonance) as a
function of time in the presence of a-chymotrypsin is
shown in Fig. 2 (panel D), gave a value of 26.4 6 1.2 nm at
24 h. Thus, the present results are in good general agree-
ment with previous data on the effects of a-chymotrypsin
treatment on LDL and show that the presented 1H NMR
methodology provides a unique and independent ap-
proach to study lipoprotein particle fusion. This quantita-
tive comparison also suggests, perhaps slightly unexpect-
edly, that the structural changes taking place during the
proteolytic process and LDL particle fusion seem to have

Fig. 2. Average particle size as a function of time in LDL incubated (at 378C within the NMR spectrometer) in the presence ((+) a-CT) or
absence ((-) a-CT) of a-chymotrypsin. The size changes have been calculated separately from the terminal methyl –CH3 (panel A), the cho-
lesterol backbone –C(18)H3 (panel B), and the methylene 5CH–CH2–CH5 (panel C) 1 H NMR resonances by applying Eq. 1. The curves
indicate fits of an exponential function to the data points. Panel D illustrates the percentage change in the average LDL particle diameter as
a function of time, as calculated from the terminal methyl –CH3 resonance in another experiment, in which LDL was incubated in the pres-
ence of a-chymotrypsin and spectra were run every 10 min. Note that the signal-to-noise ratio was lower for the cholesterol backbone
–C(18)H3 and the methylene 5CH–CH2–CH5 resonances than for the methyl –CH3 resonance (see Fig. 1), and thus the LDL diameters
derived via their frequency shifts are slightly more scattered than those based on the –CH3 resonance.
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only minor effects on the quantitative applicability of the
presented 1H NMR methodology. 

According to Eq. 1, only changes in the size of the indi-
vidual lipoprotein particles, i.e., fusion, should change the
frequencies of the 1H NMR resonances of LDL lipids. In
order to confirm this theoretical prediction and to further
define the 1H NMR spectroscopy characteristics of differ-
ent kinds of LDL interactions, we also studied the interac-
tion of LDL with anti-apoB-100 from sheep and from goat,
dextran sulfate, and heparin, and compared the 1H NMR
spectroscopic information obtained with the electron mi-
croscopic characterization of the morphological details of
these preparations.

Figure 3 shows the lipid fatty acid resonances in the ali-
phatic region of the 1H NMR spectra from the LDL–sheep
anti-apoB-100 complex (a), from fused LDL (treated with a-
chymotrypsin for 48 h) (b), from the LDL–goat anti-apoB-
100 complex (c), and from native LDL (d). Importantly, the
frequency and shape of the resonances in the spectrum of
the LDL–goat anti-apoB-100 complex and in the spectrum
of native LDL are identical. In contrast, the spectrum of the
LDL–sheep anti-apoB-100 complex shows drastic broaden-
ing of all the lipid resonances, resulting also in the disap-
pearance of the cholesterol backbone –C(18)H3 peak at
around 0.6 ppm. This is most likely an indication that the
size of the LDL–goat anti-apoB-100 aggregates remained
small enough to maintain rapid overall tumbling of the LDL
particles but the LDL–sheep anti-apoB-100 aggregates grew
large enough to significantly restrict the overall tumbling.

Figure 4 shows the electron microscopic characteriza-
tion of the morphological details of the different LDL
preparations, and provides an explanation for the 1H
NMR spectroscopic findings. In the LDL–goat anti-apoB-
100 preparations (Fig. 4, panel C), distinct LDL particle
aggregates with diameters of the order of a micrometer,
and consisting of hundreds of individual particles, were
generated. This is in contrast to the overall complexing
and formation of huge LDL aggregates in the sheep anti-
apoB-100-treated sample (Fig. 4, panel D). The electron
microscopy also revealed that, despite the aggregation,
the LDL particles retained their original size in the anti-
apoB-100 preparations. Both the 1H NMR spectroscopic
and the electron microscopic characteristics of the LDL-
dextran sulfate complexes closely resembled those of the
LDL–sheep anti-apoB-100 aggregates, and the electro-
static interactions between LDL apoB-100 and the heparin
molecules caused no 1H NMR-detectable disturbances in
the LDL lipid pool (data not shown).

The 1H NMR experiments and the electron micro-
scopic characterization together showed that limited ag-
gregation of native-sized LDL particles in the LDL–goat
anti-apoB-100 sample, without remarkable effects on their
surface structures, i.e., on D or Dx of the particles, did not
lead to changes in the frequency of the lipid fatty acid res-
onances of LDL particles. This finding, and the experi-
ments on the a-chymotrypsin-induced proteolytic fusion
of LDL, confirmed the theoretical prediction that fusion
has distinct characteristics in 1H NMR spectrum. The ex-
periments also clearly supported the usefulness of the

physical lipoprotein particle model and the approxima-
tions necessary for the application of Eq. 1. The particle
model should, in fact, be generally applicable for all lipo-
protein particles (33). Therefore, the 1H NMR methodol-

Fig. 3. The lipid fatty acid resonances in the aliphatic region of the
1H NMR spectra from various LDL preparations are illustrated and
assigned in panel A: an LDL–sheep anti-apoB-100 complex (a), fused
LDL (treated with a-chymotrypsin for 48 h) (b), an LDL–goat anti-
apoB complex (c), and native LDL (d). Underlining denotes the res-
onating proton for each peak; –C(18)H3 arises from the cholesterol
backbones and the other resonances from the lipid fatty acid chains
(24, 26). Panel B shows the methylene (–CH2–)n and methyl –CH3
resonances of the fused LDL (b), the LDL-goat anti-apoB complex
(c), and native LDL (d). The dotted line at the terminal methyl
–CH3 resonance position is to indicate the same resonance frequency
in the spectrum of the LDL–goat anti-apoB complex (c) and of na-
tive LDL (d) and the difference between the frequency in the spec-
trum of the fused LDL (b). Panel C further emphasizes the close cor-
respondence in the frequency position and also in the shape of the
–CH3 resonance for the LDL–goat anti-apoB (c) and for native LDL
(d) samples. All spectra shown are referenced to the external TSP
reference at 0.0 ppm (for details, see Experimental Procedures).
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ogy presented here need not be limited to studies of LDL
particle fusion but should also be applicable to the study
of lipoprotein particle interactions in general.

This study was focused on the phenomenological as-
pects of proteolytic LDL fusion and presents a method-
ological basis for kinetic in vitro studies of lipoprotein par-
ticle modifications, making it possible to distinguish,
follow up, and quantify subsequent particle fusion. It
should also be remembered that, in addition to supplying
direct data on particle fusion, 1H NMR spectroscopy can
provide a wealth of physico–chemical information on lipo-
protein lipids (24–31). Comprehensive analysis of these
complex overlapping data is tedious, requiring sophisti-

cated mathematical methods and software. This is cur-
rently not fully established, but it is likely that recent ad-
vances in spectral analysis (24, 38) will enable such an
analysis to be performed. Steps aimed toward full utiliza-
tion of the physico–chemical lipoprotein lipid informa-
tion provided by 1H NMR spectroscopy are currently un-
derway in our laboratory. Moreover, the good resolution
in the 1H NMR spectra of the LDL–goat anti-apoB-100 ag-
gregates and in the case of the LDL–heparin interactions
suggest that the 1H NMR methodology introduced here
may also allow studies of the fate of LDL particles in other
in vitro models that mimic the extracellular LDL interac-
tions in vivo.

Fig. 4. Electron micrographs of native LDL (panel A), a-chymotrypsin-treated LDL (at 48 h) (panel B), LDL–goat anti-apoB-100 complex
(panel C), and LDL–sheep anti-apoB-100 complex (panel D). Note the different sizes of the LDL aggregates in panels C and D and that, de-
spite the aggregation, each LDL particle has retained its original size. Bar 5 100 nm.
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