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 LDL is the main transporter of the cholesterol in blood 
and its endothelial transmigration is the main factor re-
sponsible for the accumulation of plasma cholesterol in 
the sub-endothelial space ( 1 ). LDL consists of one mole-
cule of apolipoprotein B-100 (apoB-100) (550 KDa) and a 
variable number of lipids (2500–3500 molecules/particle). 
As a consequence, LDL is a heterogeneous group of par-
ticles that vary in density, size, electric charge, and compo-
sition, depending on the relative lipid content ( 2 ). Several 
minor modifi ed forms of LDL with increased atherogenic-
ity have been described in blood and include small, dense 
LDL (sdlDL) ( 3 ), oxidized LDL (oxLDL) ( 4 ), and electro-
negative LDL [LDL(–)] ( 5 , 6). 

 LDL(–) is a minor subfraction of LDL with atherogenic, 
apoptotic, and infl ammatory properties whose proportion 
in plasma is increased in patients with high cardiovascular 
risk, such as those with hyperlipemia and diabetes ( 5 ). 
LDL(–) differs from LDL(+) in its higher susceptibility to 
aggregation ( 7 ), its capability to form lipid clusters ( 8 ), its 
secondary structure content of apoB-100 ( 9 ), and in the 
propensity of apoB-100 to form amyloid-like structures 
( 10 ). Another atherogenic property of LDL(–) is its low 
affi nity for the LDL receptor (LDLr) ( 6 ). This results in 
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 Reductive methylation of Lys and isotopic labeling 
 The reductive methylation procedure described by Lund-Katz 

et al. ( 11 ) was used to introduce  13 C-methyl groups in the amino 
groups of the exposed Lys in apoB-100. Reductive methylation 
with [ 13 C]formaldehyde converted up to 225 Lys to the dimeth-
ylamino derivative, indicating that about 2/3 of the 357 total Lys 
in apoB-100 are accessible ( 11 ). These authors demonstrated 
that methylation of 11–13% of Lys residues is suitable for the 
characterization of apoB-100 without altering its conformation. 
To keep the total level of methylated lysines below 12%, the pro-
cedure was strictly standardized, as described below. LDL (fi nal 
concentration 1 g apoB-100/L) dialyzed in 0.15 M NaCl, 1 mM 
EDTA, 2  � M BHT, and 0.02% sodium azide pH 7.4, was incu-
bated with NaCNBH 3  (fi nal concentration 10 mM) and with  13 C-
formaldehyde (fi nal concentration 0.167  � M). Because 1 mg of 
apoB-100 contains 0.65 × 10  � 6  mol of Lys, the ratio formalde-
hyde/Lys was 0.25. Higher ratios modifi ed the electrophoretic 
mobility of LDL in agarose gels. The modifi cation of all Lys resi-
dues exposed (60% of all Lys) was obtained at a formaldehyde/
Lys molar ratio of 10/1, as described by Lund-Katz et al. ( 11 ). 
 13 C-formaldehyde was doped with a minor amount of  14 C-formal-
dehyde (0.5%) and  14 C counts were used to monitor formalde-
hyde incorporation into apoB-100. This mixture was incubated 
overnight in gentle agitation at 4°C. Afterwards, samples were 
extensively dialyzed in 0.15 M NaCl, 1 mM EDTA, 2  � M BHT, 
and 0.02% sodium azide, pH 7.4, and concentrated using Ami-
con Ultra-4 (10 kDa) concentrators. The fi nal concentration of 
LDL samples was 11.5 g of apoB-100/L. Agarose gel electropho-
resis and composition of labeled LDL subfractions were per-
formed to rule out the possibility of extensive modifi cation of 
lipoproteins. 

 NMR spectroscopy 
 Five hundred  � l of LDL subfractions (each 10% reductive-

methylated) at 11 mg/ml of apoB-100 in 0.15 M NaCl, 1 mM 
EDTA, 0.1% sodium azide, pH 7.4 were mixed with  2 H 2 O (5% 
v/v) and placed in 5 mm NMR tubes. External DSS (2,2-Dime-
thyl-2-silapentane-5-sulfonic acid) was used for the direct cali-
bration of  1 H chemical shifts.  13 C chemical shifts in the 2D 
heteronuclear single quantum correlation spectra (HSQC) were 
calibrated indirectly, as described ( 16 ). NMR spectra were ac-
quired at 37°C on a Bruker AVANCE III 800 MHz spectrometer 
with a xyz-gradient QXI probe. pH titration was performed by 
adding 1–5  � l of 0.5 N NaOH directly into the NMR tube, and 
the pH was measured with a thin electrode. The intensity of the 
signals was evaluated by volume integration.  1 H- 13 C HSQC spec-
tra were acquired with 40–300 scans, a repetition time of 2 s, and 
32–64 complex points in the  13 C dimension (total experiment 
time was 1.5–6 h). Spectra for quantifi cation and for the titra-
tions were acquired with a  13 C-spectral width of 12 ppm, centered 
at 41 ppm, to increase the resolution for the lysine aminomethyl 
signals. The pulse sequence used gradients for coherence selec-
tion (echo-antiecho) and adiabatic  13 C inversion pulses. Signal 
intensity was measured by cross-peak volume integration using 
the procedure implemented in Topspin (Bruker). The methyl 
 1 H chemical shifts also differed for the distinct types of Lys, allow-
ing suffi cient separation between the cross-peaks for the individ-
ual quantifi cation of their intensities without the need for 
deconvolution methods, and with less possibility of bias by un-
known overlapping signals. Of note, the  13 C-HSQC experiment 
derives its intensity from  1 H[ 13 C], rather than  13 C, polarization. 
This affords a factor  �  H / �  C  of approximately 4-fold intrinsic sen-
sitivity, and moreover, allows for shorter repetition times because 
the proton longitudinal time is smaller than the carbon one for 
slowly tumbling molecules. Therefore, relative  13 C-HSQC signal 

increased time of residence in plasma that could favor fur-
ther atherogenic modifi cations. However, the mechanism 
underlying such low affi nity is not well understood. It has 
been suggested that lysines in apoB-100 of LDL(–) in-
volved in receptor binding could be either chemically 
modifi ed in LDL(–) or not available for recognition by the 
LDL receptor due to conformation differences ( 6 ). 

 NMR has proved to be a powerful tool for studying the 
physicochemical characteristics of modifi ed LDL. Particle 
size, particle aggregation and fusion, phospholipid degra-
dation, and other structural features of apoB-100 have 
been studied by different NMR approaches. Reductive 
methylation of the amino groups of lysine residues with 
[ 13 C]formaldehyde allows selective observation of the ex-
posed lysine residues in LDL by means of  13 C-NMR spec-
troscopy ( 11 ). Using one-dimensional (1D) NMR methods, 
two classes of exposed lysines have been detected in total 
LDL and in LDL fractions of different densities ( 12, 13 ). 
We report here two-dimensional (2D) NMR measure-
ments on isolated LDL(+) and LDL(–) particles that show 
a third group of lysines in LDL(–) with a different p k  a  that 
could be involved in their different atherogenic prop-
erties. 

 MATERIALS AND METHODS 

 Materials 
 All reagents were purchased from Sigma (Madrid, Spain) un-

less otherwise stated. 

 Isolation of LDL subfractions 
 Total LDL was isolated by sequential ultracentrifugation from 

pooled plasma from healthy volunteers, as described ( 14 ). The 
study was approved by the institutional Ethics Committee and 
subjects gave their written informed consent. Three independent 
pools were used to obtain the amount of LDL necessary for 
NMR analysis. To avoid the possibility of contamination with 
lipoprotein(a) the density range was 1.019–1.050 g/ml. All steps 
were performed at 4°C in the presence of 1 mM EDTA and 2  � M 
BHT. The concentration of LDL was expressed as g/L of apoB-
100 measured by immunoturbidimetry (Roche Diagnostics). To-
tal LDL was fractionated in LDL(+) and (LDL(–) fractions by 
preparative anion exchange chromatography in an AKTA-FPLC 
system (GE Healthcare) using a High Load 26/10 Q-Sepharose 
HP column, as described ( 15 ). LDL fractions were collected and 
concentrated using Amicon Ultra-4 (10 kDa) concentrators (Mil-
lipore). LDL subfractions of each pool were characterized by 
measuring composition including apoB-100, total cholesterol, 
triglycerides (Roche Diagnostics), phospholipids, and nonesteri-
fi ed fatty acids (NEFAs) (Wako Chemicals) and by agarose gel 
electrophoresis (Midigel, Biomidi), as described ( 15 ). Malondi-
aldehyde (MDA)-Lys reactivity (LDLs at 0.5 g apoB-100/L) was 
measured by a commercial ELISA (Mercodia) that uses the 
monoclonal antibody 4E6 directed against this conformational 
epitope in oxidized apoB-100. Trinitrobenzene sulphonic 
(TNBS) reactivity, which measures the number of free Lys, was 
determined as described ( 7 ), using LDL at 0.5 g apoB-100/L pre-
viously dialyzed against 4% NaHCO 3  pH 8.4. NEFA-loaded 
LDL(+) (hereafter named NEFA-LDL) was prepared by incuba-
tion of LDL(+) with a mixture of NEFA at 0.5 mmol/L for 4 h at 
37°C, as described ( 6 ). 
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of electrophoretic mobility ( Fig. 1 ) and no change in LDL 
composition (data not shown) were observed after label-
ing with a formaldehyde/Lys ratio of 0.25. 

 2D-NMR spectroscopy 
 The 2D- 1 H- 13 C HSQC spectra of the LDL particles 

showed a number of cross-peaks with different intensities. 
Most of them can be attributed to protons bound to the 
1% natural abundance  13 C carbons of the most mobile 
parts of the abundant lipid chains. The cross-peaks be-
longing to the fraction of  13 C-methylated exposed lysines 
of the apo-B100 protein were identifi ed based on the 
expected  1 H and  13 C chemical shifts (around 2.9 and 
43.0 ppm, respectively) considering its chemical structure and 
the previously reported carbon chemical shifts in  13 C-
methylated LDL particles ( 11 ). The spectrum of the 
LDL(+) subfraction (  Fig. 2  , left panel) shows a major peak 
in the amino-methyl region, with  13 C chemical shift and 
p k  a  value (  Fig. 3  ,   Table 2  ) almost identical to the signal 
previously assigned to “active” lysines in the 1D spectra of 
LDL particles ( 11 ). A pair of signals with the  13 C chemical 
shift of the “normal” lysines is clearly resolved in the  1 H 
dimension of the 2D spectrum. The p k  a  of the signal with 
the largest  1 H chemical shift is the same as reported for 
normal lysines, whereas the other signal changes frequen-
cies with pH such that it overlaps and becomes indistin-
guishable from the former one. The relative proportion of 
each group of Lys differs from those measured by Lund-Katz 

intensities should be much less biased from possible differential 
T 1  relaxation than  13 C- spectra. The uncertainty in the signal in-
tensity was evaluated by integration of three regions containing 
only noise, and was smaller than 1% of the sum of the intensities 
of all the signals observed in the corresponding amino-methyl 
regions of the spectra shown in   Fig. 1  . 

 RESULTS 

 LDL composition 
 The composition of LDL subfractions isolated from 

each pool is shown in   Table 1  . Composition results and 
TNBS reactivity agreed with previously reported data ( 7, 
14 ). LDL(–) contained more triglyceride, more NEFA, 
and less apoB-100 proportion. MDA-Lys and TNBS reactiv-
ity showed that Lys in both LDL subfractions were not dif-
ferentially modifi ed. NEFA-LDL had the same composition 
than LDL(+) (data not shown), except for the NEFA con-
tent, which was similar to that of LDL(–) (36.1 ± 6.5 mol 
NEFA/mol apoB, n = 3) 

 Isotopic labeling 
  Fig. 1  shows a representative agarose gel of LDL subfrac-

tions [upper gel, LDL(+); lower gel, LDL(–)] labeled with 
different formaldehyde/Lys ratio. The percentage of la-
beled Lys residues was quantifi ed isotopically and is indi-
cated in the fi gure. Increased formaldehyde/Lys ratio 
resulted in more extensive labeling and increased electro-
phoretic mobility, indicative of changes in the secondary 
structure of apoB ( 11 ). Samples used for 2D-NMR spec-
troscopy had less than 12% of labeled Lys, as recom-
mended by Lund-Katz et al. ( 11 ), and both fractions were 
labeled to a similar extent [LDL(+) 8.9 ± 1.9%; LDL(–) 
8.8 ± 2.2%,  14 C counts measured in triplicate]. No increase 

  Fig.   1.  Representative electrophoresis in agarose gels of LDL 
subfractions [upper gel LDL(+); lower gel LDL(–)] labeled with 
increasing formaldehyde/lysine (FA/Lys) ratio. LDLs were labeled 
as indicated in Material and Methods. Electrophoresis was per-
formed using commercial gels (Midigel, Biomidi) at 90 V for 90 
min in a cold room with 5  � l of labeled LDLs (0.5 g apoB-100/L). 
Samples were stained with Sudan Black according to the manufac-
turer’s instructions.   

 TABLE 1. LDL subfraction composition 

LDL(+) LDL(–)

Cholesterol (%) 41.3 ± 1.8 41.5 ± 2.3
Triglyceride (%) 6.9 ± 1.6 9.8 ± 1.3
Phospholipid (%) 27.8 ± 2.1 26.9 ± 2.1
NEFA (mol/mol apoB) 12.6 ± 3.0 34.1 ± 5.0
ApoB-100 (%) 24.9 ± 2.0 23.1 ± 2.6
TNBS reactivity [% vs LDL(+)] 100 98 ± 2
MDA-Lys reactivity (mU/L) 15.9 ± 2.3 17.0 ± 6.4

Data are the mean ± SD of three independent samples used for 
2D-NMR analysis.

  Fig.   2.  Contour plots of the amino-methyl regions of the  1 H- 13 C 
HSQC NMR spectra of LDL(+) and LDL(–) subfractions. Left: 
LDL(+); right: LDL(–). The assignment to the Lys types and the 
p K  a  values (in parenthesis) are indicated for each signal. The two 
spectra are plotted just above the overall noise level.   
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measurement in the HSQC spectra as compared with the 
1D- 13 C direct detection ones. 

 Interestingly, the spectrum of LDL(–) shows a third 
cross-peak corresponding to a different type of Lys ( Fig. 2 , 
right panel). This group accounts for 15% of the total ami-
no-methyl signal intensity and has a p k  a  10.7 ( Fig. 3 ,  Table 
1 ). Because its cross-peak is between those for previously 
described Lys groups ( Fig. 1 ), we call this type “intermedi-
ate” Lys. The other signals behave like the corresponding 
ones of LDL(+) subfraction but have different relative 
proportions (11% and 74% for active and normal lysines, 
respectively). The measured populations in LDL(–) cor-
respond to 4 normal Lys, 23 active Lys, and 5 intermediate 
Lys. A summary of chemical shifts, p k  a  values, populations, 
and number of Lys is shown in  Table 2 . It is worth men-
tioning that the p k  a  values obtained from both  1 H and  13 C 
chemical shifts upon pH titration are identical within the 
experimental error. A very weak signal with chemical shifts 
similar to the intermediate Lys is observed in the spectrum 
of LDL(+), which could be a small population of this kind 
of lysine (less than 1%). 

 Because LDL(–) has a higher content of NEFA than 
LDL(+), the appearance of intermediate Lys in LDL(–) 
could be due to the presence of the carboxyl groups of 
NEFA in the vicinity of some of the exposed amino groups, 
changing their chemical environment and basicity. This 
possibility was evaluated by NMR analysis of NEFA-loaded 
LDL(+) with a content of NEFA similar to that of LDL(–). 
The spectrum of NEFA-LDL is, within error, the same as 
the spectrum of LDL(+) (supplementary Fig. I), with 87% 
active Lys, 12% normal Lys, and 1% intermediate Lys. 

 DISCUSSION 

 Lys residues in apoB-100 are involved in LDL recogni-
tion by its receptor ( 17 ) and their chemical modifi cation 
by different mechanisms abolishes their binding. Acetyla-
tion, oxidation, or nonenzymatic glycosylation promote 
derivatization of Lys by acetate, MDA, or glucose, inducing 
a progressive loss of affi nity between LDL and its receptor 
( 18–20 ). Based on 1D- 13 C-NMR measurements of meth-
ylated LDL particles, Lund-Katz et al. ( 11 ) described two 
types of exposed Lys in apoB-100. These two types differed 
in their  13 C-methyl resonance frequencies (42.8 ppm and 
43.2 ppm), relative populations (70 and 30%) and basicity 
(with p k  a  values of 10.5 and 8.9, respectively). The lower 
p k  a  indicated a more basic microenvironment within the 
apoB-100 molecule. This group was termed active Lys, the 
other being normal Lys, and was suggested to be involved 
in LDLr recognition ( 11, 12 ). These authors demonstrated 
that plasma LDL subspecies with low affi nity toward the 
LDL receptor, such as small, dense, or large, buoyant LDL 
subfractions ( 21 ), have altered ionization of basic amino 
acids with a reduced proportion of active Lys ( 13 ). Hence, 
a decrease in the number of active Lys in LDL would imply 
a loss of binding affi nity toward LDLr. LDL(–) is a hetero-
geneous population of LDL particles that distributes 
mainly in the most dense and most buoyant fractions of 

et al. ( 11 ) on 1D spectra of total LDL. In the 2D spectra of 
LDL(+) subfraction we measured 11 and 89% of normal 
and active Lys, respectively. Assuming that only 9% of the 
exposed Lys were labeled (32 Lys, see  Fig. 1 ), this corre-
sponds to 4 normal Lys and 28 active Lys ( Table 1 ). This 
is different from the published data where, at a similar 
labeling level, 14 normal and 10 active Lys were observed 
( 11 ). This difference is not due to the LDL fractionation, 
as total LDL contains around 95% of LDL(+) component. 
Rather, these differences are probably due to the higher 
sensitivity, resolution, and reliability of the signal intensity 

 TABLE 2. Summary of chemical shifts (ppm), p K  a  values and 
number of labeled Lys of the three types identifi ed in the 

 1 H- 13 C-HSQC spectra of LDL subfractions after 
reductive methylation 

ppm  a  

“Active” Lys “Normal” Lys “Intermediate” Lys

 13 C  1 H  13 C  1 H  13 C  1 H

LDL(+) 43.09 2.90 42.73 2.83, 2.80 — —
LDL(–) 43.05 2.91 42.74 2.83 42.90 2.87
p K  a   

b   13 C  1 H  13 C  1 H  13 C  1 H
LDL(+) 8.8 8.8 10.4 10.3 — —
LDL(–) 9.1 9.1 10.2 10.2 10.7 10.7
# Lys (%)  c  
LDL(+) 28 (89%) 4 (11%) 0 (0%)
LDL(–) 23 (75%) 4 (10%) 5 (15%)

  a   The estimated error in the chemical shifts is smaller than 0.006 
ppm for protons and 0.009 ppm for carbons.

  b   The errors in the pH measurements, and in the fi tting of the 
curves are both smaller than 0.1 unit.

  c   The uncertainty in signal intensity is estimated to be smaller than 
1%.

  Fig.   3.  pH titrations of the different Lys types measured by the 
change in their corresponding  13 C (left) and  1 H (right) chemical 
shifts. pH titration was performed by adding 1–5  � l of 0.5 N NaOH 
directly into the NMR tube, and the pH was measured with a thin 
electrode. Data were fi tted to a four-parameter sigmoid equation 
using SigmaPlot 8.0.   
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total LDL ( 22, 23 ); thus, current results suggest that a simi-
lar mechanism underlies the poor binding affi nity of 
LDL(–) to the LDLr. 

 Because the abundance of normal Lys is similar in LDL(+) 
and LDL(–), we hypothesize that the intermediate Lys in 
the apoB-100 molecule of LDL(–) come from a group of 
active Lys in LDL(+) particles that has a different microen-
vironment in the LDL(–) particle as a result of conforma-
tional differences. The higher p k  a  value of this population 
of Lys indicates a stabilization of the -N + H 3  group, refl ecting 
a less basic microenvironment ( 11 ). It has been reported 
that active Lys are clustered in basic microenvironments, 
some of them being involved in LDLr recognition ( 11–13 ). 
These conformational differences between LDL(+) and 
LDL(–) agree with the observation of misfolded apoB-100 
in LDL(–) ( 9 ), a property that increases its overall amy-
loidogenic propensity ( 10 ) and could also be involved in its 
higher susceptibility to particle aggregation ( 7, 8 ). 

 The fact that the new intermediate Lys type observed in 
this work has not been previously reported in small, dense 
LDL or large, buoyant LDL ( 12, 13 ) is probably due to the 
lower sensitivity and resolution of the 1D- 13 C-NMR method 
compared with our 2D- 1 H- 13 C HSQC method. 

 Another possible mechanism responsible for the partial 
loss of LDLr affi nity is the chemical modifi cation of Lys in 
apoB-100 of LDL(–). There is some controversy regarding 
the presence of mild oxidative modifi cation in LDL(–) ( 5 ); 
however, the degree of oxidation reported by most authors 
is lower ( 23–25 ) than that necessary for extensive modifi ca-
tion of Lys by MDA ( 17, 19 ). In agreement with these ob-
servations, current data of MDA-Lys reactivity showed that 
Lys in LDL(–) were not differentially modifi ed by oxida-
tion-related mechanisms compared with LDL(+). Indeed, 
the lack of differences in TNBS reactivity in the current 
and previous studies indicates that the proportion of free 
Lys is similar in both LDL subfractions ( 6, 26 ). 

 Because the content of NEFA is almost three times in-
creased in LDL(–) compared with LDL(+) and the NEFA 
carboxyl groups are likely to be on the surface of the par-
ticle, NEFA content could be a major contributor to the 
increased heterogeneity of amino groups in LDL(–). This 
possibility is ruled out by the measurement of indistin-
guishable HSQC spectra of LDL(+) and NEFA-loaded 
LDL(+). 

 In summary, our results indicate that there are confor-
mational differences between the apoB-100 protein in 
LDL(+) and LDL(–) particles that affect the basicity of its 
solvent-exposed Lys. These differences could be responsi-
ble for the partial loss of affi nity of LDL(–) to the LDLr. 
Our results also show that 2D  1 H- 13 C-HSQC spectra of la-
beled apoB-100 reliably identify different Lys types with 
high sensitivity and resolution, and could be used to un-
cover other hidden molecular signatures of LDL particles 
that might be relevant for their atherogenic properties.  
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