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Lipoproteins are responsible for cholesterol traffic in humans. Low density lipoprotein (LDL) delivers cholesterol from liver to
peripheral tissues. A misleading delivery can lead to the formation of atherosclerotic plaques. LDL has a single protein,
apoB-100, that binds to a specific receptor. It is known that the failure associated with a deficient protein-receptor binding
leads to plaque formation. ApoB-100 is a large single lipid-associated polypeptide difficulting the study of its structure. IR
spectroscopy is a technique suitable to follow the different conformational changes produced in apoB-100 because it is not
affected by the size of the protein or the turbidity of the sample. We have analyzed LDL spectra of different individuals and
shown that, even if there are not big structural changes, a different pattern in the intensity of the band located around
related with strands embedded in the lipid monolayer, can be associated with a different conformational
rearrangement that could affect to a protein interacting region with the receptor.
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Introduction

Low-density lipoprotein (LDL) particles are specialized lipid
transport vehicles in the blood. They are the main cholesterol
carriers in human plasma, delivering lipids to cells via LDL
receptor mediated pathway [1]. A complete maturation of LDL
particles is achieved by the action of various lipolytic enzymes and
lipid transfer proteins that occurs as a sequential metabolic
continuum in the blood [2,3] Therefore, LDLs represent a
heterogeneous group of particles with a density between 1.019 and
1.063 g/ml and an average particle diameter of about 22 nm.
These particles are structurally organized into two major
compartments: the lipoprotein surface where proteins, phospho-
lipids and free cholesterol are localized; and the lipoprotein core
that contains triglycerides and cholesteryl esters. A single copy of
apolipoprotein B-100 (apoB-100) surrounds the LDL surface [4]
with some regions rich in B-type structures embedded in the lipid
domain of the particle [5]. ApoB-100 is a very large monomeric
protein formed by 4,536 aminoacids [6]. Lipid composition and
apoB-100 conformation determine the structure and physical
properties of the LDL particles. It is accepted that a cluster of
positively charged residues on apoB-100 (residues 3,359-3,369)
mnteracts with the LDL receptors and the negatively charged
glycosaminoglycans of the arterial wall. It has been suggested that
apoB-100 is composed of globular domains connected by flexible
chains surrounding the LDL and thus stabilizes the structure of the
protein-lipid complex [4,7]. This conformation is likely respon-
sible for the LDL particle structural integrity maintenance.
Moreover, the conformational flexibility of these chains most
probably controls the structural and compositional changes taking
place in the LDL particles[8]. To date, a successful three-
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dimensional structure analysis of apoB-100 has not been
elucidated due to the aforementioned intrinsic conformational
flexibility and variability of apoB-100. The available data support
the concept that apoB-100 is composed by five distinct alternating
a-helical and B-sheet domains: NH- Bal-fl-02-B2-03-COOH
[9-13]. The first 1000 N-terminal residues of apoB-100 and
lamprey lipovitellin (residues 1-1074) are highly similar showing
20.1% identity and 39.6% similarity. The atomic crystal structure
of this domain is known and harbors important implications for
mechanisms involved in the assembly of apoB-containing lipopro-
tein particles [14,15]. It has also been recently suggested that the
B-strand domains are the major lipid-associating motif in apoB
whereas the o-helical domains represent reversible lipid affinity
leading to lipid desorb from and reabsorb onto the particle surface
[16,17]. The conformational flexibility between the a-helical and
B-strand domains most probably allow the accommodation of
apoB-100 to lipoprotein particle changing size. The different
apolipoprotein conformations obtained by cryoelectron microsco-
py images [18] and the epitope exposition dependent on particle
size [19] supported the implication of apoB-100 conformation in
the interaction with LDL receptor [20]. Moreover, the particle size
has been established as a cardiovascular risk factor independent
from other dyslipidemias as hypercholesterolemia or hypertriglyc-
eridemia [21-23].

It is generally assumed that all the pathological situations, in
which the affinity of apoB-100 for cellular receptors is altered,
including mutations in the apoprotein and LDL receptor, increase
the incidence of atherosclerosis [24—26]. The function of apoB-100
is closely related to its structure. Therefore, the characterization of
apoB-100 conformational diversity could provide a way to
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Table 1. Characterization of LDL samples.

# Sample Lipid/Protein area % Height % at 1617 cm™' FWHH® of 1617 cm™ ' band Area % of 1617 cm ' band LDL type
1 34 733 154 16.5 A
2 34 74.2 15.2 16.9

3 37 76.8 15.3 17.8

4 37 825 15.5 19.2

5 41 86.4 155 20.3 B
6 47 90.7 15.1 215

7 43 91.0 155 21.9

8 45 91.5 15.3 215

9 46 93.3 14.8 226 C
10 43 93.3 14.8 228

11 46 934 14.8 22.8

12 41 93.7 147 23.7

Representative LDL samples are represented by increasing 1617 cm ™' absorption percentage of amide | band (considered as 1700-1600 cm ™). All the measurements
have been performed at least in triplicate with a =S.D. smaller than 5%. Statistical significance; Lipid/Protein area %: p<<0.01 B and C compared to A, not significant C
compared to B. Height % at 1617 cm™": p<<0.01 B and C compared to A, p<<0.01 C compared to B. FWHH of 1617 cm ™' band: B compared to A not significant, p<<0.01
C compared to A; p<0.01 C compared to B. Area % 1617 cm ™' band: p<<0.01 B and C compared to A, p<<0.01 C compared to B.

Equal number of each subtype is shown to avoid an incorrect interpretation of such frequencies as the ones naturally occurring in population The total number of
samples analysed in the study has been 19 and the complete data is shown in Table S1.

?Full Width at Half Height (FWHH).

doi:10.1371/journal.pone.0092426.t001

distinguish more atherogenic LDL particles, improving our Analytical methods

understanding of its physiological functions as well as the The protein content of LDL was determined according to
structure-function relationship. To this end, IR spectroscopy Lowry protein assay [28] with bovine serum albumin (1 mg/ml) as
could constitute a useful tool because it allows to quickly and easily a standard. Serum total cholesterol was measured enzymatically
estimate the secondary structure composition against high- using the reagent kit supplied by BioSystem (BioSystem S.A.,

resolution techniques as X-ray diffraction, NMR or cryoEM. Barcelona, Spain) [29].

Moreover, the infrared spectroscopy also allows determining the

lipid/protein ratio of the LDL particles, providing information Conditioning of the samples for IR spectroscopy analysis
related to the particle size.

LDL samples were concentrated to approximately 10 mg/ml
In the present work, we have analyzed different human sera

) ] ? A using Microcon centrifugal filters (Millipore) and dialyzed in a
with the aim of finding out characteristic differences among Novagen TM Dialyzer D-Mini Tubes (Merck, Darmstadt,
infrz.lred s.pec.tr.a proﬁles. th‘aF allow classifying human LDL despite Germany) to exchange the sample buffer by deuterated buffer.
the nter-individual variability. The dialyses were carried out at 4°C in a closed container in order

to prevent rehydration. The HyO-D,O exchange was followed by
Experimental Procedures the analysis of infrared spectrum of withdrawn buffer in the same
conditions as samples were measured later. The DyO buffer was
restored for several times until no change was detected as a result
of being in contact with the samples. There had been 19 analyzed
samples in the study. Each sample was measured by triplicate and
in different days to corroborate that there were no errors caused
by the methodology. From the 19 analyzed samples, 4 were
assigned to A subtype, 9 to B subtype and 6 to C subtype (see
Results section and Table S1). To avoid an incorrect interpreta-
tion of such frequencies as the ones naturally occurring in
population, seven samples were arbitrarily excluded from Table 1
(see Results section) thus showing equal number of each subtype.

Isolation of LDL

This study was approved by the Research Ethic committee from
the University of the Basque Country (Comit¢ de Etica en la
investigacién y la practica docente de la Universidad del Pais
Vasco/Euskal Herriko Unibertsitatea; CEID/IIEB). CEID/IIEB
ethics committee waived the need for written informed consent
because the samples were fully anonymized. Low-density lipopro-
teins were isolated from blood samples collected from sample
donors obtained on different days using a two-step centrifugation
according to published procedure [27]. Briefly, blood was
collected in EDTA tubes and serum was obtained by centrifuga-
tion for 30 min at 12,000 x g at 4°C. Blood serum LDL (1.019—
1.063 g/ml) was isolated using isopycnic ultracentrifugation. The
density of serum samples was adjusted to 1.21 g/ml by the
addition of potassium bromide, and then PBS buffer was added,
resulting in two phases. The sample was centrifuged at 244,500 x
g for 19 h 30 min at 4°C. The band corresponding to LDL was
recovered and stored at 4°C.

Infrared Measurements

Infrared spectra of samples were recorded at 37°C in a Nicolet
Nexus 5700 spectrometer equipped with a MCT detector using a
Peltier cell (TempCon, Bio Tools) with 25 um carved calcium
fluoride windows. Typically, 370 interferograms were collected per
spectrum and then referred to a background, the spectra being
obtained with a nominal resolution of 2 cm ™!,
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Figure 1. Spectra of lipid esters and amide | band of several LDL samples analyzed. Infrared spectra from 1780 to 1600 cm ™' of different
LDL samples recorded in D,0 buffer at 37°C. The spectra are sorted by increasing intensity around 1617 cm™ ' position, from bottom to top. Two

spectra are represented for each class.
doi:10.1371/journal.pone.0092426.g001

Spectral analysis

Quantitative information on the amide I was obtained as
previously described [30,31]. The spectra were digitally subtracted
using a spectrum of the last dialysis buffer as a reference for each
sample. With the aim of minimize the differences in protein
concentration among recorded samples, all spectra were normal-
ized to amide I band area. We have used a narrowing process that
preserves the assignment of components [31]. These difference
spectra were analyzed by Fourier deconvolution (bandwidth =18
and k = 2) and Fourier derivation (power = 3 and breakpoint = 0.3)
in order to define the number and position of constituent bands of
the amide I band. The baselines of normalized spectra were
removed before starting the fitting procedure. A two steps fitting
method was used as previously described [32]. This procedure
consisted in a first iterative stage in which the positions of the
component bands obtained by band narrowing techniques were
fixed, allowing the estimation of their final widths and heights, and
a second stage where band positions were left to change. Gaussian
band shape was considered for all component bands [33]. To

Table 2. Secondary Structure contents of LDL types.

enhance the accuracy of the comparison of amide I band
decompositions, the fittings were performed using, as initial
positions, the average wavenumber of each component band
obtained from all LDL samples.

LDL density determination by electric conductivity

After the ultracentrifugation used to isolate LDL from sera, the
density gradients were fractionated with a peristaltic pump and
mtroduced in a flow cell equipped with electric conductivity,
temperature and ultraviolet (UV) absorbance detectors (AKTA,
GE Healthcare). Fraction analyses were performed with the
Unicorn 4.11 program (Amersham Biosciences). The electric
conductivity was used to calculate the density the fractions as
previously described [34].

Statistical analysis
All measurements were performed at least 3 times and levels of
significance were determined by a two-tailed Student’s t-test.

Structure A-LDL B-LDL C-LDL
B -Turn 10.8+0.6 8.9+0.5 8.7+0.5
o - helix 21.3*+0.6 19.4x0.4 19.7x0.4
Random 22.7+0.7 21.8+0.6 21.7+0.3
B Sheet 27.0*+0.6 28.0*+0.7 25.7*03
B Strand 183%1.2 21.8+0.7 24.3+0.8

doi:10.1371/journal.pone.0092426.t002
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Values shown represent the mean * standard deviation, with a sample size of 4 (A-LDL), 9 (B-LDL) and 6 (C-LDL), respectively. The data from all the samples analyzed in
this study shown in Table S2 were considered to calculate both the mean and standar deviation.
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Figure 2. Amide | band representative decomposition of LDL-types. The spectra were obtained in D,0 buffer at 37°C. A) LDL A-type
(corresponding to sample 3 shown in Table 1); B) LDL B-type (corresponding to sample 8 shown in Table 1); C) LDL C-type (corresponding to sample
12 shown in Table 1) and D) deconvolved spectra of samples 3, 8 and 12 (spectra are offset from top to the bottom). The parameters corresponding
to the component bands are reflected in Table S2. The spectra shown in the figure were chosen because they are the closest ones to the mean values
shown in Table 2 for the 4 samples of LDL-A subtype, 9 samples of LDL-B subtype and 6 samples of LDL-C subtype and therefore can be considered

as representative of each subtype.
doi:10.1371/journal.pone.0092426.g002

Results

IR spectrum of human LDL as an indicator of

interindividual varibility

LDL infrared spectrum 1is characterized by two strong
absorption bands due to carbonyl group stretching representing
the particle components: lipid esters and the amide group of apoB-
100 arising mainly of the peptide carbonyl group vibration. The
apoprotein amide I band is located from 1700 to 1600 cm™ ',
while the lipid ester absorption appears between 1780 and
1700 cm ™" with a maximum around 1736 cm™' that principally
corresponds to cholesteryl esters [35]. The amount of esterified
lipids contained in VLDL, LDL and HDL particles determine
their different densities, which are represented by different
contribution of lipid esters and apoproteins in their infrared
spectra [36]. Thereby, the ratio between lipid and protein band
areas can be used as an indicative of the LDL lipid content, which
can distinguish even different density subfractions obtained from
the same serum [34]. The LDLs analyzed in this study showed
different L/P ratios that seemed to correlate with changes in the
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amide I band contour (Table 1 and Figure 1). Particularly, the
absorption intensity around 1617 cm™ ' is the more striking
variation in the spectra, being clearly lower for denser LDLs. The
absorbance at this characteristic position of apoB-100 amide I
band is unusual in non aggregated proteins and has been
associated with B-strands embedded in the lipid monolayer [33].
These structures have been proposed to vary depending on LDL
diameter [37], probably because of the adaptation of the
apoprotein to the particle curvature. As previously described
[37], we found that LDL with a lower lipid ratio had a reduced B-
strands content (Table 1). However, several LDLs with clearly
different absorbance at 1617 cm™ ' had similar L/P rato,
indicating the existence of an apoB-100 structural diversity, not
exclusively related to particle density (Table 1). Therefore,
interindividual variability in LDL structure and density could be
analyzed by IR spectroscopy since each sample presented a
characteristic infrared spectrum.
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Spectroscopical classification of human LDLs

As mentioned above, comparison of LDL spectra from different
individuals showed a significant diversity concerning the L/P ratio
and amide I band shape. Samples with L/P ratio lower than 0.4
presented a low absorbance around 1617 em ™', characteristic of
LDLs with small B-strand content. However, the area of
1617 em ™" band was not fully related with the lipid content for
lipoproteins with L/P ratio higher than 0.4 (Table 1), suggesting
that LDLs with similar density could present different composition
in secondary structures. With the aim of classify amide I profiles,
the spectra were ordered depending on the absorption at
1617 cm ™" expressed as height percentage of the amide I band
(Table 1). As was expected the samples with elevated absorbance
at this position showed higher contribution of 1617 cm ! band,
indicating that these parameters are directly related. The amide 1
maximum position also depended on the 1617 cm” ! band area,
between 1645 and 1630 cm™' or around 1620 cm™! for LDL
with B-strands content below or above the 22%, respectively.
Additionally, the LDLs with higher B-strands content showed a
smaller FWHH (Full Width at Half Height) of 1617 cm™ '
component band, suggesting a different structural environment
(Table 1). Based in the parameters described above, three different
spectroscopic profiles of LDL can be defined: A-type, character-
ized by a lipid-protein area ratio below 0.4 and B-strand content
lower than 20%; B-type, with L/P ratio above 0.4 and higher -
strand content; and C-type, which can be distinguished from the
previous one because of position of the amide I maximum,
approximately at 1620 cm ™.

Secondary structure composition of the defined LDLs
Considering the component band positions obtained from
Fourier derivation and deconvolution, all LDL spectra were
individually band-fitted. The fitting parameters, such as band
position and percentage area of each spectral component are
shown in Table S2. The assignment of the decomposed bands to
specific secondary structure has been carried out as previously
described [33]. Briefly, in deuterated media, the o-helix typically

0.50 -

0.45 -

0.40

Lipid / Protein

0.35 -

0.30 -

1.030 1.035 1.040 1.045 1.050 1.055 1.060
Density (g/ml)

Figure 3. Correlation between density and lipid/protein area
ratio of different LDL samples. LDL density determination by
electric conductivity was measured as described in Methods. The lipid/
protein area ratios were calculated from the normalized spectra after
baseline subtraction, integrating the area from 1770 to 1700 cm ™' for
the lipid ester band and between 1700 and 1600 cm ™" for protein. Each
sample was measured at least in triplicate. The correlation coefficient
obtained was r*=0.7678.

doi:10.1371/journal.pone.0092426.9g003
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absorbs around 1656 cm™ !, while B-sheets appear close to
1630 cm ™~ '. The bands positioned around 1670 and 1680 cm ™
are assigned to B-turns. Random or unordered structures appear
around 1643 cm™ ', Finally, the apoB-100 characteristic band at
1617 cm™ ' is associated to P-strands embedded into LDL
monolayer [5], being the 1694 cm™' band its high frequency
component [33].

For all analyzed LDL, and similarly to the previously described
[33,36,37], B-structures are the principal conformation present in
the apolipoprotein, divided in B-sheets (25-28%), B-strands (18—
24%) and B-turns (8-11%). The random structures are around
22%, and finally, the contribution of a-helix ranges from 19 to
21%. The average composition in secondary structures of each
type of LDL is shown in Table 2. The main structural change of
apoB-100 among the defined LDL types is the contribution of B-
strands, with a difference between A and C types of approximately
a 6%. In fact, B-LDL and C-LDL only differ in B sheet and
strands contribution, suggesting an exchange between both types
of structures. In the case of A-type, the percentage of B-sheets was
similar to that of B-type and, the reduction of p-strand
contribution could be related with the small increase of other
structures (1% of random structures and 2% of a-helix and B-
turns; Table 2).

Even with the clear differences between the profiles of the amide
I band of the LDL types (Figures 1 and 2), the quantitative
estimation of their secondary structure composition did not show
big percentage differences. The changes in the area of a band are
related not only with the amount of structure present but also with
variations in height and width, arising the latter from the
librational vibration associated with the freedom of the molecules,
implying changes in the environment of the protein. Because of
the huge size of apoB-100 protein (4,536 aminoacids, 512 kD),
small area changes in a band component may also involve a
significant number of aminoacids that are being rearranged in a
different tridimensional environment. In fact, a 3% difference
would imply more than 100 aminoacids. Therefore, a small
variation in average secondary structure composition of apoB-100
may suppose a considerable structural rearrangement of the
protein in the particle.

Discussion

It is clearly established the relationship between the high LDL
level in blood and coronary heart disease (CHD). Total cholesterol
determination is a usual way to evaluate the risk of having
cardiovascular accident because LDL is the main cholesterol
carrier[38]. However, this is not an accurate diagnosis due to the
presence in plasma of other non atherogenic particles, such as very
low density lipoprotein (VLDL) and high density lipoprotein
(HDL). The diagnosis of CHD in patients without increased LDL
pointed out the question if other factors such as LDL profile could
lead to disease [39-41]. Size and density of LDL vary among
individuals, constituting a considerable heterogeneous group of
particles [42]. Particularly, a lipoprotein profile characterized by
large proportion of small and dense LDL (sdLDL) is related to
elevated incidence of atherosclerosis [22,23,43,44] probably
because of its higher susceptibility against oxidation [45,46] and
higher affinity for proteoglycans [47], that facilitates its accumu-
lation into vascular wall. Moreover, these sdLDL seem to have less
affinity for its receptor implying a fall in hepatic absorption and an
increased time of residence in plasma [48,49]. It has been
demonstrated a significant association between sdLDL with a
threefold increased risk of myocardial infarction. This could be
related to the fact that in patients presenting a sdLDL phenotype,
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plasma levels of HDL are decreased whereas VLDL and
triglyceride levels are increased [50]. These harmful characteristics
of smaller and denser particles, that modify its functional activity,
can be related to apoB-100 conformation as changes in the
exposition of several epitopes due to size reduction and the
modification of the lipid content and proteins occurring during the
intravascular transformation from VLDL to LDL which have been
detected using monoclonal antibodies [19].

The most widely used methods for determining LDL subfrac-
tion phenotype provide information about LDL size or density
distribution but they are not suitable to obtain information related
to apoB-100 structure. Among them are gradient gel electropho-
resis (GGE) [51], proton NMR spectroscopy [52,53], analytical
ultracentrifugation [54] and ion mobility [55]. Although it has
been reported that they are not completely accurate [56], very
recently it has been described an analytical agreement among
results obtained by these methods by different laboratories [57].
According to that study, phenotype of the LDL subfractions can
be classified as pattern A (larger, less dense particles), pattern B
(smaller, more dense particles), and an intermediate pattern (A/B).

Our IR spectroscopic study demonstrates a clear structural
diversity among individuals analyzed, either in lipid content as well
as in the secondary structure of apoB-100. Moreover, the lipid
relative content of each LDL measured by the area ratio between
lipid esters band and the amide I band gives a comparative idea of
the size and density of the particle as previously reported for LDL
subfractions [37]. In the present work, we have also confirmed the
correlation between density and lipid/protein area ratio of
different LDL samples (Figure 3). Thus, three types of LDL have
been proposed using four different spectroscopic parameters: L/P
ratio, intensity at 1617 cm™ ', band area at 1617 cm™' and
FWHH. The different LDL spectra profiles could be related to
LDL phenotypes recently described since pattern B, which is
characterized by smaller and more denser particles, could be
ascribed to A-type, whereas larger LDLs of pattern A and pattern
(A/B) could be associated with B- and C-type here proposed [57].
The results obtained by IR spectroscopy not only provide
information related to size and density of LDL, but also
information about the secondary structure composition of the
analyzed LDL particles. Therefore IR spectroscopy is an adequate
methodology to characterize LDL phenotype because the
obtained additional information regarding apoB-100 structure
complements the results obtained by other methodologies. In
addition, the conformational information of apoB-100 provided by
IR spectroscopy could be associated to different atherogenicity of
LDLs. Accordingly to a previous work, denser LDLs present a
minor content of B-strands [37], but other particles with similar L/
P ratio show a different amide I band profile, indicating differences
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in the secondary structure composition. Noteworthy is that a
correct apoB-100 structure is needed to maintain the integrity of
LDL and LDL-cholesterol levels in plasma. It has been well
documented that the apoB-100 highly conserved receptor-binding
site is stabilized by the interaction of Arg3500 with Trp4369, since
a single point amino acid mutation (Arg3500 to Glu3500), which is
outside this region, completely abolishes receptor recognition. This
effect shows that a single aminoacid alteration could destabilize
important clusters for the apoB-100 conformation thus altering the
three-dimensional protein structure. Therefore, both the diameter
of the LDL particle and apoB-100 conformation have important
consequences for a correct binding of apoB-100 to the LDL
receptors [58]. So, the structural characterization of apoB-100
would be a useful tool for determining the potential atherogenicity
of LDLs.

It would be interesting to analyze lipoproteins from physiolog-
ically tested samples in order to find out a relationship between the
atherogenicity and IR spectrum of the lipoprotein. Therefore, it is
important to analyse the IR spectrum of LDL particles with
different mutations in apoB-100 in order to identify any spectrum
pattern in the mutant LDLs that could be useful for an accurate
prediction of CHD risk.

Conclusion

LDL IR spectroscopic analysis constitutes a tool for consistent
LDL phenotype classification, which could help in the diagnosis of
CHD. Changes in the organization of the apoB-100 protein,
possibly related to possible atherogenic properties, can be
monitored by changes in the B-strands band intensity and width,
offering a simple way of classifying LDL particles. IR also offers
the possibility to evaluate the effect of apoB-100 mutations in the
protein structure that could lead to a loss of receptor binding
causing hypercholesterolemia.

Supporting Information

Table S1 Characterization of LDL samples.

DOC)

Table 82 Amide I band decomposition of analyzed LDL
samples.

DOC)

Author Contributions

Conceived and designed the experiments: JAFH JLRA. Performed the
experiments: JAFH AMS. Analyzed the data: JAFH CM JCGM JLRA.
Wrote the paper: JAFH CM.

7. Laggner P, Kostner GM, Rakusch U, Worcester D (1981) Neutron small angle
scattering on selectively deuterated human plasma low density lipoproteins. The
location of polar phospholipid headgroups. J Biol Chem 256: 11832-11839.

8. McNamara JR, Small DM, Li Z, Schaefer EJ (1996) Differences in LDL
subspecies involve alterations in lipid composition and conformational changes
in apolipoprotein B. J Lipid Res 37: 1924-1935.

9. Hevonoja T, Pentikainen MO, Hyvonen MT, Kovanen PT, Ala-Korpela M
(2000) Structure of low density lipoprotein (LDL) particles: basis for
understanding molecular changes in modified LDL. Biochim Biophys Acta
1488: 189-210.

10. Lunin VY, Lunina NL, Ritter S, Frey I, Berg A, et al. (2001) Low-resolution data
analysis for low-density lipoprotein particle. Acta Crystallogr D Biol Crystallogr
57: 108-121.

11. Segrest JP, Jones MK, De Loof H, Dashti N (2001) Structure of apolipoprotein
B-100 in low density lipoproteins. J Lipid Res 42: 1346-1367.

12. Prassl R, Laggner P (2009) Molecular structure of low density lipoprotein:
current status and future challenges. Eur Biophys J 38: 145-158.

March 2014 | Volume 9 | Issue 3 | €92426



20.

21.

22.

26.

27.

28.

29.

30.

31.

32.

. Kumar V, Butcher SJ, Oorni K, Engelhardt P, Heikkonen J, et al. (2011) Three-

dimensional cryoEM reconstruction of native LDL particles to 16A resolution at
physiological body temperature. PLoS One 6: ¢18841.

Segrest JP, Jones MK, Dashti N (1999) N-terminal domain of apolipoprotein B
has structural homology to lipovitellin and microsomal triglyceride transfer
protein: a "lipid pocket" model for self-assembly of apob-containing lipoprotein

particles. J Lipid Res 40: 1401-1416.

. Richardson PE, Manchekar M, Dashti N, Jones MK, Beigneux A, et al. (2005)

Assembly of lipoprotein particles containing apolipoprotein-B: structural model
for the nascent lipoprotein particle. Biophys J 88: 2789-2800.

. Wang L, Walsh M'T, Small DM (2006) Apolipoprotein B is conformationally

flexible but anchored at a triolein/water interface: a possible model for
lipoprotein surfaces. Proc Natl Acad Sci U S A 103: 6871-6876.

. Koivuniemi A, Kovanen PT, Hyvonen MT (2008) Molecular dynamics

simulations of a lipovitellin-derived amphiphilic beta-sheet homologous to
apoB-100 beta-sheets at a hydrophobic decane-water interface. Biochim Biophys
Acta 1784: 1668-1675.

Spin JM, Atkinson D (1995) Cryoelectron microscopy of low density lipoprotein
in vitreous ice. Biophys J 68: 2115-2123.

. Wang X, Pease R, Bertinato J, Milne RW (2000) Well-defined regions of

apolipoprotein B-100 undergo conformational change during its intravascular
metabolism. Arterioscler Thromb Vasc Biol 20: 1301-1308.

Lund-Katz S, Laplaud PM, Phillips MC, Chapman M]J (1998) Apolipoprotein
B-100 conformation and particle surface charge in human LDL subspecies:
implication for LDL receptor interaction. Biochemistry 37: 12867-12874.
Griffin BA, Freeman DJ, Tait GW, Thomson J, Caslake MJ, et al. (1994) Role of
plasma triglyceride in the regulation of plasma low density lipoprotein (LDL)
subfractions: relative contribution of small, dense LDL to coronary heart disease
risk. Atherosclerosis 106: 241-253.

Rajman I, Kendall MJ, Cramb R, Holder RL, Salih M, et al. (1996)
Investigation of low density lipoprotein subfractions as a coronary risk factor
in normotriglyceridaemic men. Atherosclerosis 125: 231-242.

. Lamarche B, Tchernof A, Moorjani S, Cantin B, Dagenais GR, et al. (1997)

Small, dense low-density lipoprotein particles as a predictor of the risk of
ischemic heart disease in men. Prospective results from the Quebec
Cardiovascular Study. Circulation 95: 69-75.

. Tybjaerg-Hansen A (1995) Rare and common mutations in hyperlipidemia and

atherosclerosis. With special reference to familial defective apolipoprotein B-100.
Scand J Clin Lab Invest Suppl 220: 57-76.

. Boren]J, Lee I, Zhu W, Arnold K, Taylor S, et al. (1998) Identification of the low

density lipoprotein receptor-binding site in apolipoprotein B100 and the
modulation of its binding activity by the carboxyl terminus in familial defective
apo-B100. J Clin Invest 101: 1084-1093.

Carmena R, Duriez P, Fruchart JC (2004) Atherogenic lipoprotein particles in
atherosclerosis. Circulation 109: IT112-7.

Vieira OV, Laranjinha JA, Madeira VM, Almeida LM (1996) Rapid isolation of
low density lipoproteins in a concentrated fraction free from water-soluble
plasma antioxidants. J Lipid Res 37: 2715-2721.

Lowry OH, Rosebrough NJ, Farr AL, Randall RJ (1951) Protein measurement
with the Folin phenol reagent. J Biol Chem 193: 265-275.

Allain CC, Poon LS, Chan CS, Richmond W, Fu PC (1974) Enzymatic
determination of total serum cholesterol. Clin Chem 20: 470-475.

Arrondo JL, Muga A, Castresana J, Goni FM (1993) Quantitative studies of the
structure of proteins in solution by Fourier-transform infrared spectroscopy.
Prog Biophys Mol Biol 59: 23-56.

Arrondo JL, Goni FM (1999) Structure and dynamics of membrane proteins as
studied by infrared spectroscopy. Prog Biophys Mol Biol 72: 367-405.

Vecino AJ, Segura Rde L, de la Arada I, de la Cruz F, Goni FM, et al. (2012)
Deletion of a single helix from the transmembrane domain causes large changes
in membrane insertion properties and secondary structure of the bacterial
conjugation protein TrwB. Biochim Biophys Acta 1818: 3158-3166.

. Banuelos S, Arrondo JL, Goni FM, Pifat G (1995) Surface-core relationships in

human low density lipoprotein as studied by infrared spectroscopy. J Biol Chem

270: 9192-9196.

. Fernandez-Higuero JA, Salvador AM, Arrondo JL, Milicua JC (2011) Low-

density lipoprotein density determination by electric conductivity. Anal Biochem
417: 283-285.

. Nara M, Okazaki M, Kagi H (2002) Infrared study of human serum very-low-

density and low-density lipoproteins. Implication of esterified lipid C =0
stretching bands for characterizing lipoproteins. Chem Phys Lipids 117: 1-6.

PLOS ONE | www.plosone.org

36.

37.

38.

39.

40.

41.

42,

43.

44.

46.

47.

48.

49.

50.

51.

52.

53.

54.

56.

57.

58.

LDL IR Spectroscopic Analysis

Krilov D, Balarin M, Kosovic M, Gamulin O, Brnjas-Kraljevic J (2009) FT-IR
spectroscopy of lipoproteins—a comparative study. Spectrochim Acta A Mol
Biomol Spectrosc 73: 701-706.

Tanfani F, Galeazzi T, Curatola G, Bertoli E, Ferretti G (1997) Reduced beta-
strand content in apoprotein B-100 in smaller and denser low-density lipoprotein
subclasses as probed by Fourier-transform infrared spectroscopy. Biochem J 322
(Pt 3): 765-769.

Werner RM, Pearson TA (1998) LDL-cholesterol: a risk factor for coronary
artery disease—from epidemiology to clinical trials. Can J Cardiol 14 Suppl B:
3B-10B.

Musliner TA, Krauss RM (1988) Lipoprotein subspecies and risk of coronary
disease. Clin Chem 34: B78-83.

Fruchart JC, Packard CJ (1997) Is cholesterol the major lipoprotein risk factor in
coronary heart disease?—a Franco-Scottish overview. Curr Med Res Opin 13:
603-616.

Griffin BA (1999) Lipoprotein atherogenicity: an overview of current
mechanisms. Proc Nutr Soc 58: 163-169.

Henriksen T, Mahoney EM, Steinberg D (1981) Enhanced macrophage
degradation of low density lipoprotein previously incubated with cultured
endothelial cells: recognition by receptors for acetylated low density lipoproteins.
Proc Natl Acad Sci U S A 78: 6499-6503.

Lamarche B, Lemieux I, Despres JP (1999) The small, dense LDL phenotype
and the risk of coronary heart disease: epidemiology, patho-physiology and
therapeutic aspects. Diabetes Metab 25: 199-211.

Vakkilainen J, Steiner G, Ansquer JC, Aubin F, Rattier S, et al. (2003)
Relationships between low-density lipoprotein particle size, plasma lipoproteins,
and progression of coronary artery disease: the Diabetes Atherosclerosis
Intervention Study (DAIS). Circulation 107: 1733-1737.

. de Graaf J, Hak-Lemmers HL, Hectors MP, Demacker PN, Hendriks JC, et al.

(1991) Enhanced susceptibility to in vitro oxidation of the dense low density
lipoprotein subfraction in healthy subjects. Arterioscler Thromb 11: 298-306.
Chait A, Brazg RL, Tribble DL, Krauss RM (1993) Susceptibility of small,
dense, low-density lipoproteins to oxidative modification in subjects with the
atherogenic lipoprotein phenotype, pattern B. Am J Med 94: 350-356.
Camecjo G, Hurt-Camejo E, Wiklund O, Bondjers G (1998) Association of apo B
lipoproteins with arterial proteoglycans: pathological significance and molecular
basis. Atherosclerosis 139: 205-222.

Nigon F, Lesnik P, Rouis M, Chapman MJ (1991) Discrete subspecies of human
low density lipoproteins are heterogeneous in their interaction with the cellular
LDL receptor. J Lipid Res 32: 1741-1753.

Chapman M]J, Guerin M, Bruckert E (1998) Atherogenic, dense low-density
lipoproteins. Pathophysiology and new therapeutic approaches. Eur Heart J 19
Suppl A: A24-30.

Austin MA, Breslow JL, Hennekens CH, Buring JE, Willett WC, et al. (1988)
Low-density lipoprotein subclass patterns and risk of myocardial infarction.

JAMA 260: 1917-1921.

Nichols AV, Krauss RM, Musliner TA (1986) Nondenaturing polyacrylamide
gradient gel electrophoresis. Methods Enzymol 128: 417-431.

Otvos JD, Jeyarajah EJ, Bennett DW, Krauss RM (1992) Development of a
proton nuclear magnetic resonance spectroscopic method for determining
plasma lipoprotein concentrations and subspecies distributions from a single,
rapid measurement. Clin Chem 38: 1632-1638.

Otvos JD, Jeyarajah EJ, Bennett DW (1991) Quantification of plasma
lipoproteins by proton nuclear magnetic resonance spectroscopy. Clin Chem
37: 377-386.

Krauss RM, Burke DJ (1982) Identification of multiple subclasses of plasma low
density lipoproteins in normal humans. J Lipid Res 23: 97-104.

. Caulfield MP, Li S, Lee G, Blanche PJ, Salameh WA, et al. (2008) Direct

determination of lipoprotein particle sizes and concentrations by ion mobility
analysis. Clin Chem 54: 1307-1316.

Ensign W, Hill N, Heward CB (2006) Disparate LDL phenotypic classification
among 4 different methods assessing LDL particle characteristics. Clin Chem 52:
1722-1727.

Sninsky JJ, Rowland CM, Baca AM, Caulfield MP, Superko HR (2013)
Classification of LDL Phenotypes by 4 Methods of Determining Lipoprotein
Particle Size. J Investig Med.

Miserez AR, Keller U (1995) Differences in the phenotypic characteristics of
subjects with familial defective apolipoprotein B-100 and familial hypercholes-
terolemia. Arterioscler Thromb Vasc Biol 15: 1719-1729.

March 2014 | Volume 9 | Issue 3 | 92426



