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Abstract Oxidation of LDL by the myeloperoxidase (MPO)-
H,0y-chloride system is a key event in the development of
atherosclerosis. The present study aimed at investigating the
interaction of MPO with native and modified LDL and at
revealing posttranslational modifications on apoB-100 (the
unique apolipoprotein of LDL) in vitro and in vivo. Using
amperometry, we demonstrate that MPO activity increases up
to 90% when it is adsorbed at the surface of LDL. This phe-
nomenon is apparently reflected by local structural changes
in MPO observed by circular dichroism. Using MS, we fur-
ther analyzed in vitro modifications of apoB-100 by hypochlo-
rous acid (HOCI) generated by the MPO-H,Oychloride
system or added as a reagent. A total of 97 peptides contain-
ing modified residues could be identified. Furthermore, dif-
ferences were observed between LDL oxidized by reagent
HOCI or HOCI generated by the MPO-H,Oy-chloride sys-
tem. Finally, LDL was isolated from patients with high car-
diovascular risk to confirm that our in vitro findings are also
relevant in vivo. We show that several HOCl-mediated modi-
fications of apoB-100 identified in vitro were also present
on LDL isolated from patients who have increased levels
of plasma MPO and MPO-modified LDL.BR In conclu-
sion, these data emphasize the specificity of MPO to oxi-
dize LDL.—Delporte, C., K. Z. Boudjeltia, C. Noyon, P. G.

This study was supported by the Belgian Fund for Scientific Research (FRS-
ENRS) Grant 34553.08, a grant from the FER 2007 (Université Libre de Brux-
elles), and the Austrian Science Fund Grants FWF F3007 and W1226-B18. C.
Delporte is a postdoctoral researcher funded by the FRS-FNRS, C. Noyon is a re-
search fellow of the FRS-FNRS, and L. Vanhamme is Research Director of the
FRS-FNRS.

Manuscript received 22 January 2014.

Published, JLR Papers in Press, February 17, 2014
DOI 10.1194/jlr. M047449

Copyright © 2014 by the American Society for Biochemistry and Molecular Biology, Inc.

This article is available online at http://www.jlr.org

Furtmuller, V. Nuyens, M-C. Slomianny, P. Madhoun, J-M.
Desmet, P. Raynal, D. Dufour, C. N. Koyani, F. Reyé, A. Rousseau,
M. Vanhaeverbeek, J. Ducobu, J-C. Michalski, J. Neve,
L. Vanhamme, C. Obinger, E. Malle, and P. Van Antwerpen.
Impact of myeloperoxidase-LDL interactions on enzyme
activity and subsequent posttranslational oxidative modifi-
cations of apoB-100. J. Lipid Res. 2014. 55: 747-757.

Supplementary key words inflammation ® myeloperoxidase activity ®
hypochlorous acid ® 3-chlorotyrosine ® epitope mapping ® low density
lipoprotein ® apolipoprotein B-100

Over the past several years, considerable evidence has
been obtained in support of the hypothesis that oxidants
generated by the heme enzyme myeloperoxidase (MPO,
EC1.11.2.2) play a key role in oxidation reaction of the
artery wall. The enzyme, abundantly present in neutro-
phils and, to a lesser extent, in monocytes, is released during
inflammatory activation of immune cells. MPO produces
hypochlorous acid (HOCI) by the reaction of hydrogen

Abbreviations:  CD, circular dichroism; CI-Tyr, 3-chlorotyrosine;
di-OxTrp, dioxidized tryptophan; FA, formic acid; HOCI-LDL, HOCI-
modified LDL; HOCI, hypochlorous acid; HO-Tyr, 3-hydroxytyrosine;
MPO, myeloperoxidase; MPO-LDL, LDL modified by the MPO-HyOy-
chloride system; O-Met, methionine sulfoxide; OxTrp, oxidized trypto-
phan; PTM, posttranslational modification; QTOF, quadrupole TOF;
RRLC, rapid resolution LC; SPI, score peak intensity.
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peroxide (HyO,) and chloride ions (Cl ), and this potent
oxidant contributes to the antimicrobial activity of phago-
cytes (1, 2). However, evidence has emerged that either
chronic or prolonged production of HOCI by the MPO-
H,0,Cl system contributes to tissue damage and the
initiation and propagation of vascular diseases (3). HOCI-
modified epitopes were present in acute and chronic vas-
cular inflammatory diseases where staining was found to
be associated with monocytes/macrophages, smooth mus-
cle cells, and endothelial cells (4-6). As human atheroscle-
rotic lesions contain elevated levels of MPO, the enzyme
may act as a catalyst for LDL oxidation (7). Furthermore,
the oxidation of LDL/apoB-100, leading to species called
“oxidized LDLs (OxLDLs),” plays a crucial role in the patho-
genesis of atherosclerosis (8-10). Fingerprints for in vivo
modifications of apoB-100 by the MPO-H,Oo-Cl  system
were observed by immunohistological analyses (4, 11) and
GC-MS (12). Observations that an increasing oxidant/
LDL molar ratio of HOCl-modified apoB-100 is paralleled
by a decreased ligand interaction by the classical LDL recep-
tor (13) suggested that scavenger receptors on macrophages
mediate the uptake of HOCl-modified LDL. (HOCI-LDL)
(14, 15). In addition to its capacity to promote lipid accu-
mulation in monocytes/macrophages (16), HOCI-LDL ad-
versely affects biological properties of smooth muscle cells
and endothelial cells (13), thus favoring progression of
atherosclerosis. Furthermore, LDL oxidized by the MPO-
H,0,-Cl system (MPO-LDL) accumulates in macrophages
and exerts proinflammatory effects on monocytes and en-
dothelial cells (17, 18).

Modification by reagent HOCI alters the lipid moiety of
LDL but primarily leads to amino acid oxidation favoring
posttranslational modification (PTM) of the protein moiety.
Lysine (Lys), histidine (His), and the N-terminal a-amino
group may form reactive chloramine species, which may
lead to secondary oxidation processes (13). Methionine
(Met) can be converted into sulfoxide form while tyrosine
(Tyr) may be converted into 3-chlorotyrosine (Cl-Tyr), a
specific marker for the MPO-HyOo,-Cl  system-mediated
oxidation in vivo (12, 19, 20) and in vitro (19). Further-
more, it has been reported that MPO, probably due to its
charge, can bind LDL (21, 22). That binding, which seems
to be mediated via the protein moiety of LDL (23), may
result in localized formation of oxidants and hence side-
specific damages (22, 24). ApoB-100, the unique protein
of LDL, is a highly hydrophobic protein with 4,536 amino
acid residues (molecular mass 550 kDa). Furthermore,
apoB-100 contains a high number of amino acid residues
prone to be modified by HOCL

In the present work, we have studied the impact of
adsorption of MPO on native and HOCI-modified LDL
and on its structural and enzymatic features. Using high-
resolution MS, we then performed a comprehensive sur-
vey of PTMs on apoB-100 treated with HOCI added as
reagent or generated enzymatically. Numerous modifi-
cations were identified including methionine sulfoxide
(O-Met), (di)-oxidized tryptophan [(di-)OxTrp], and
Cl-Tyr. Finally, we compared these in vitro findings with
oxidation patterns of LDL that has been isolated from
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hemodialysis patients who have increased levels of MPO
and MPO-LDL (25).

EXPERIMENTAL SECTION

Materials and reagents

Ammonium bicarbonate, formic acid (FA), NaCl, K,HPO,,
methanol, and acetonitrile were from Merck (Darmstadt, Germany).
Trichloroacetic acid, butylated hydroxytoluene (BHT), dithio-
threitol, iodoacetamide, i)’Cg-tyrosine, 13C15N-lysine, thioglycolic
acid, 2,2,2-trifluoroethanol, tosyl phenylalanyl chloromethyl
ketone-treated trypsin (from bovine pancreas), and peptide-N-
glycosidase (PNGase) F (from FElizabethkingia meningoseptica) were
from Sigma-Aldrich (St. Louis, MO). NaOCI solution was from
Carl Roth GmbH + Co. KG (Karlsruhe, Germany). PD-10 desalt-
ing columns were from GE Healthcare (Fairfield, CT). Agilent
Si-SCX 1 ml 100 mg solid phase extraction cartridges, HCI, phe-
nol, and benzoic acid were from VWR (Leuven, Belgium).
RapiGest SF was from Waters (Milford, MA). Water was purified
using a Milli-Q purification system (Millipore, Bedford, MA).
MPO isolated from human neutrophils was from Planta (Vienna,
Austria), and human recombinant MPO was expressed in CHO

cells (26).

Isolation and oxidation of LDL

Isolation of LDL. 1DL was isolated by ultracentrifugation
from healthy blood donors at the A. Vesale Hospital (Charleroi,
Belgium) (27). Protein content was measured using the Lowry
technique (28).

Chemical oxidation of LDL (HOCI-LDL). LDL (1 mg) was
dispersed in 1 ml PBS (150 mM Cl and 10 mM phosphate,
pH 7.4) and incubated for 2 h at 37°C with NaOCI (added as a
single addition with gentle vortexing) at oxidant/LDL molar ratios
in between 25:1 and 333:1. When needed, 1 mM Met was added
to HOCI-LDL preparations to quench the reaction at the end.

Enzymatic oxidation of LDL (MPO-LDL). 1DL (1 mg) was
dispersed in 1 ml PBS (pH 7.4) and incubated with MPO and
H,0O, for 4 h at 37°C. Two soft oxidations by MPO were per-
formed using 110 nM of MPO and 50 or 100 pM of HyO,. Assum-
ing quantitative conversion of HyOy, this results in formation of
almost 50 and 100 pM HOCI [93% of conversion of HyO, in
HOCI was measured by comparing taurine chlorination by HOCI
or the MPO system (29, 30)], equivalent to a molar ratio of oxi-
dant/lipoprotein of 25:1 and 50:1, respectively. Controls were
performed in the absence of MPO.

A more intensive enzymatic oxidation was performed as de-
scribed previously (11). Briefly, MPO-LDL was generated by mixing
8 pl of HCl 1 M (final concentration: 4 mM), 45 pl of MPO (final
concentration: 250 nM), a volume containing 1.6 mg LDL (final
concentration: 0.8 mg/ml in PBS, pH 7.4), and 40 pl of H,O,
50 mM (final concentration: 1 mM). The volume was adjusted
to 2 ml with PBS (pH 7.4) containing 1 g/1 of EDTA. In this oxi-
dation condition, the oxidant/lipoprotein molar ratio is 625:1.

Copper oxidation. Briefly, LDL (1 mg/ml) in PBS was incu-
bated with 10 pM CuSO, for 24 h at 37°C (18). The oxidation was
stopped by the addition of 25 pM BHT and incubation on ice
for 1 h.

Isolation of apoB-100 from LDL

ApoB-100 was isolated from LDL as described previously (31).
Briefly, LDL was precipitated with 500 pl trichloroacetic acid



(10%, v/v) and centrifuged for 10 min at 4,500 g. The supernatant
was discarded, and the precipitate was treated one more time with
trichloroacetic acid. Pellets were then mixed with 1.1 ml of water-
methanol-diethyl ether (1:3:7, v/v/v) to remove lipids. The mix-
ture was sonicated for 30 min and then centrifuged for 10 min at
4500 g The supernatant was discarded, and the procedure was
repeated.

Isolation of apoB-100 from patients

Alternatively, LDL was isolated from patients on chronic main-
tenance hemodialysis therapy (n = 9) or healthy volunteers (n =
9). Briefly, blood (5 ml) was drawn before dialysis in patients or
in volunteers. Four hundred microliters of LDL solution from
each patient/volunteer was treated as described previously. This
study conforms to the Declaration of Helsinki, and its protocol
was approved by the Ethics Committee of the ISPPC (“Intercom-
munale de Santé Publique du Pays de Charleroi”) Hospital. Fi-
nally, all subjects gave their written informed consent.

Amperometric measurements of MPO activity

The chlorination activity of MPO (100 nM) in the absence or
presence of indicated lipoprotein concentrations was measured
by continuously monitoring HyO, consumption by amperome-
try using a combined platinum/reference electrode, which was
covered with a hydrophilic and a dialysis membrane (cutoff
3,600 Da), fitted to the Amperometric Biosensor Detector 3001
(Universal Sensors Inc.). The applied electrode potential at pH 7.4
was 650 mV, and the electrode filling solution was freshly pre-
pared half-daily (32). The electrode was calibrated against known
H,0, concentrations. In detail, consumption of HyO, (100 pM)
in the presence of 100 mM Cl™ and 10 mM PBS (pH 7.4) was fol-
lowed for 5 min at 25°C. The presence of LDL preparations did
not affect the amperometric measurement of HyO,. In the pres-
ence of HyO,, Cl , and LDL, no HyO, consumption occurred
within the 5 min experiment as long as MPO was absent. Reac-
tions were started by addition of MPO either free or preincu-
bated for 5 min with LDL or HOCI-LDL. One unit of chlorination
activity is defined as the consumption of 1 pmol of HyO, per min-
ute at 25°C in the presence of 100 mM CI .

The peroxidase activity of MPO was measured in 10 mM PBS
(pH 7.4) using 100 pM of Tyr as the one-clectron donor. One
unit of peroxidase activity is defined as the consumption of 1 pmol
H,0, per minute at 25°C in the presence of 100 pM Tyr.

Circular dichroism spectrometry

Circular dichroism (CD) spectra were performed on a Chirascan
spectrometer equipped with a thermostatic cell holder (Applied
Photophysics, Leatherhead, UK). For recording far-UV spectra
(190260 nm), conditions were as follows: path length, 1 mm; spec-
tral bandwidth, 3 nm; step size, 1 nm; scan time by nanometer, 10 s;
protein concentrations, 0.1 mg/ml MPO and 0.1 mg/ml LDL or
HOCI-LDL (oxidant/LDL molar ratio of 50:1). In the near-UV
visible region (260-480 nm), conditions were as follows: path
length, 10 mm; spectral bandwidth, 1 nm; step size, 1 nm; scan
time by nanometer, 8 s; protein concentrations, 0.5 mg/ml MPO
and 0.5 mg/ml LDL or HOCI-LDL (oxidant/LDL ratio = 50:1).
All CD measurements were performed in 5 mM PBS (pH 7.4) at
25°C (33). Each spectrum was automatically corrected with the
baseline to remove birefringence of the cell.

ApoB-100 hydrolysis for amino acid analysis

ApoB-100 protein pellets (obtained from isolated native or
oxidized LDL samples) were hydrolyzed using a StartS microwave
oven and a protein hydrolysis reactor according to the manufac-
turer’s protocol (Milestone, Italy). Briefly, apoB-100 (1 mg) was

placed into the vial, 200 pl of acid mixture [6 M HCI supple-
mented with 10% (v/v) thioglycolic acid, 0.1% (m/v) phenol,
and 0.1% (m/v) benzoic acid] and internal standards were
added, and hydrolysis was carried out for 40 min at 160°C. 13Cg-Tyr
and 1?'CISN-Lys were used as internal standards. Samples were
thereafter purified using Si-SCX solid phase extraction cartridges.
Briefly, columns were flushed twice with 1 ml methanol and then
equilibrated with 2 ml FA (0.2 M). After hydrolysis, the samples
were loaded and washed with 2 ml FA (0.2 M). Amino acids were
eluted with 2 ml methanol containing 5% (w/v) NH,OH. Sam-
ples were evaporated to dryness using a vacuum centrifuge and
finally dissolved in 50 pl water before injection of 10 pl into the
LC-MS system.

The LC system was a rapid resolution LC (RRLC) 1200 series us-
ing a Zorbax Eclipse XDB Phenyl RR column [4.6 x 150 mm inner
diameter (ID), 3.5 pM particle size] and coupled to an electrospray
ion source (ESI) in positive mode quadrupole TOF (QTOF) 6520
series mass spectrometer from Agilent Technologies. Amino acid
residues were separated by an acetonitrile gradient, and amino acids
of interest were analyzed by MS/MS using Mass Hunter Acquisition®
and Qualitative Analysis® (Agilent Technologies).

Identification of PTMs of ApoB-100

Digestion. Protein pellets from native or oxidized LDL prep-
arations were treated using an optimized method that ensures an
optimal protein recovery (31). Briefly, apoB-100 was unfolded
using 250 pl of RapiGest SF (Waters) 0.2% (w/w) in 50 mM am-
monium bicarbonate buffer (pH 7.8), reduced using dithiothre-
itol (20 mM) at 37°C during 30 min, and finally, alkylated with
iodoacetamide (60 mM) for 30 min in the dark. The solution was
heated at 100°C (5 min), and apoB-100 was then digested by
trypsin (enzyme-protein = 1:10, w/w) at 37°C for 24 h. The reac-
tion was then stopped by heating the sample at 100°C for 30 min.
Deglycosylation of tryptic peptides was performed with PNGase F
(10 U/mg of protein) during 24 h at 37°C. The sample was then
adjusted to 0.5% FA, incubated (30 min, 37°C), and centrifuged
(10 min, 13,000 g). The supernatant was evaporated to dryness in
a centrifugal vacuum evaporator. Finally, peptides were dissolved
in 50 pl FA [0.1% (v/v) in water] before analysis.

Additionally, unfolding of protein was performed by 2,2,2-trif-
luoroethanol. Briefly, to 1 mg protein, 50 pl of 2,2,2-trifluoroeth-
anol, 50 pl of ammonium bicarbonate buffer (100 mM, pH 7.8),
and 2 pl of 200 mM dithiothreitol were added. The sample was
heated at 60°C (1 h) and then cooled to 20°C. Eight microliters
of 200 mM iodoacetamide was added, and the sample was kept in
the dark at 20°C (1 h). Finally, 2 pl of 200 mM dithiothreitol was
added, and the sample was kept at 20°C (1 h) in the dark before
dilution with 600 pl of water and 200 pl of bicarbonate buffer
(100 mM). ApoB-100 was then digested at 37°C (24 h) by adding
50 pl of trypsin (enzyme-protein = 1:10, w/w). Trypsin was then
inactivated by heating the sample (100°C, 30 min). After cooling
to 20°C, deglycosylation was performed at 37°C (24 h) by adding
10 units of PNGase F. Finally, the sample was acidified by addi-
tion of 2 pl of FA (100%) and evaporated to dryness in a centrifu-
gal vacuum evaporator. Peptides were dissolved in 50 pl of FA
[0.1% (v/v) in water] before analysis.

LC-MS/MS process, data acquisition, and analysis. Ten mi-
croliters of the resulting samples was injected into the LC system
and analyzed as described previously (31). Briefly, analyses were
performed with the same RRLC 1200 series mentioned previ-
ously. Peptides were separated on a Fused Core Ascentis” Express
C18 column (100 x 2.1 mm ID, 2.7 pm particle size) from Supelco
(Bellefonte, PA) using a 105 min gradient of FA and acetonitrile.
The ESI-QTOF mass spectrometer mentioned previously was
used for the MS/MS analyses. Auto-MS/MS spectra were
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acquired in positive and high-resolution acquisition mode (4 GHz)
(31). Data were acquired by the Mass Hunter Acquisiti0n® soft-
ware and analyzed by the Mass Hunter Qualitative Analysis with
Bioconfirm® and by Spectrum Mill® software (Agilent Technolo-
gies). Peptide identification and validation were based on mass
error (ppm), peptide scores, and % score peak intensity (SPI),
which are essential to validate peptide mapping as previously de-
scribed (31).

To improve the sensitivity for the analysis of the samples from
patients, a nanoL.C system coupled to the QTOF-MS was used.
Tryptic peptides were separated on an Agilent Technologies
nanoL.C Chip Cube II system using a Polaris HR nanochip col-
umn. This consists of a 360 nl enrichment column and a 75 pm x
150 mm separation column, both packed with Polaris C18 phasis
3 pim particle size, 180 A pore size. Mobile phases and gradient were
identical to those used for the RRLC separation mentioned previ-
ously. Samples were loaded on the enrichment column of the chip
using the capillary pump in 97% of the aqueous mobile phase at a
flow rate of 1.5 pl/min. The nanoflow pump was used to generate
the analytical gradient with a flow of 0.40 pl/min. MS/MS param-
eters were identical to those used for RRLC analyses.

Statistical analysis

Data were analyzed using the SigmaPlott® 12.0 software (Sys-
tat®, San Jose, CA). Differences were considered statistically sig-
nificant with a two-tailed P < 0.05. Comparisons were made using
one-way ANOVA and a Dunnett’s post hoc test.

A MPO

MPO+Met

MPO+LDL 0.1mg/mL
MPO+LDL 0.2mg/mL *

MPO+LDL 0.5mg/mL %

0 50 100 150
Chlorinating Activity (%)

200

C

MPO+HOCI-LDL 0.1 mg/mL

MPO+HOCI-LDL 0.2 mg/mL

MPO+HOCI-LDL 0.3 mg/mL *

RESULTS

Activity and structure of MPO at the surface of LDL

Measurement of MPO activity. MPO interacts preferen-
tially with the protein moiety of native LDL (23, 34). It is
likely that the enzyme may interact in a similar manner
with modified LDL; we therefore studied whether this in-
teraction is paralleled by changes in the activity of MPO.
Figure 1A shows that the chlorinating activity of MPO in-
creases as a function of increasing LDL concentration; at
the highest LDL concentration, the chlorinating activity of
MPO increased by 90%. In order to investigate whether an
increased consumption of HyOy could result from scav-
enging of HOCI by LDL (which would protect MPO from
inhibition by its own product), Met was added. However,
the presence of this HOCI scavenger had no impact on the
observed kinetics when compared with samples contain-
ing MPO only.

Second, the effect of HOCI-LDL on HyOy consumption
by MPO was investigated. Compared with native LDL (0.3
mg/ml), the chlorinating activity of MPO incubated with
HOCI-LDL at identical concentrations was lower (Fig. 1B).
Although at low oxidant/lipoprotein molar ratios (83:1
and 166:1) the chlorinating activity of MPO was signifi-
cantly higher (~20%) compared with MPO alone, a high

MPO

MPO+LDL *

50 100

= 4

MPO+HOCI-LDL 83:1

MPO+HOCI-LDL 166:1

MPO-+HOCI-LDL 333:1

D MPO
MPO+LDL 0.1 mg/mL
MPO+LDL 0.2 mg/mL
MPO+LDL 0.3 mg/mL

MPO+HOCI-LDL 0.3 mg/mL

Chlorinating Activity (%)

Fig. 1.

50 100

150
Chlorinating Activity (%)
*
*
*
%
0 50 100 150

Peroxidase Activity (%)

Measurement of MPO activity by amperometric monitoring of HyO, consumption. Chlorinating

activity of MPO (100 nM) was measured in the presence of 100 mM CI and (A) Met as HOCI scavenger or
indicated native-LDL concentrations, (B) 0.3 mg/ml native LDL or HOCI-LDL (at indicated oxidant/lipo-
protein molar ratio), or (C) indicated concentrations of HOCI-LDL (oxidant/lipoprotein molar ratio =
333:1). (D) Peroxidase activity of MPO (100 nM) was measured in the presence of 100 pM Tyr and indicated
concentrations of native LDL or 0.3 mg/ml HOCI-LDL (oxidant/lipoprotein molar ratio = 333:1). MPO and
lipoproteins were incubated 5 min at 25°C before measurement. MPO or MPO-lipoprotein solutions were
added to start the reaction. Values are given as percentages of activity of free MPO (100% activity). One unit
of activity is defined as the consumption of 1 pmol HyO, per minute at 25°C in the presence of 100 pM elec-
tron donor (Cl or Tyr). Results represent mean = SD of at least three experiments. * P < 0.05 (significant

difference versus MPO).
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oxidant/lipoprotein molar ratio (333:1) significantly de-
creased MPO activity by ~20%.

Third, we tested whether the chlorinating activity of
MPO is dependent on the concentration of HOCI-LDL at
a given oxidant/lipoprotein molar ratio (333:1). Preincu-
bation of MPO with HOCI-LDL did not affect the chlori-
nating activity at low concentrations of HOCI-LDL, whereas
consumption of HyO, by MPO was decreased by ~35% at
the highest lipoprotein concentration (Fig. 1C).

Next, we investigated whether the observed behavior was
independent of an electron donor and thus independent of
the nature of the oxidation product released by MPO. Per-
oxidase activity in the presence of Tyr showed similar effects
on HyO, consumption by MPO, namely increased activity in
the presence of native LDL but decreased peroxidase activ-
ity in the presence of highly modified LDL (Fig. 1D).

These data illustrate that native LDL enhances its ability
to be oxidized by MPO apparently due to a specific interac-
tion between MPO and nonmodified apoB-100. In contrast,
HOCI-LDL may decrease the activity of MPO, suggesting
that oxidation of apoB-100 by HOCI may modulate the
MPO-apoB-100 interaction.

Structural features of MPO adsorbed on LDL. Next, we in-
vestigated whether altered activity of MPO after preincuba-
tion with native LDL or HOCI-LDL (Fig. 1) could also be
reflected by changes on a spectroscopic basis. Electronic
CD spectroscopy was chosen because it allows analysis of
both the overall secondary structure and the (asymmetric)
environment of the prosthetic heme group. In the far-UV
region, the spectra of MPO in the presence of LDL or
HOCI-LDL exactly matched the sum of spectra of individual
lipoproteins at the same protein concentrations (data not
shown). This suggests that the structural changes must be
local and that the overall content of the secondary structure
of MPO (which is mainly a-helical) is not affected.

However, this observation seems to be in contrast to the
Soret region. Native MPO has a Soret minimum at 410 nm,
whereas the ellipticity of native LDL and HOCI-LDL is negli-
gible at this wavelength region (Fig. 2). Upon incubation of
MPO with native LDL, ellipticity is lost in the Soret region,
whereas in the near-UV range (260-350 nm) the difference
was very small. This observation is indicative for structural
changes in the immediate surroundings of the prosthetic
group. The effect on the CD of the heme group was smaller
when MPO was incubated with HOCI-LDL. The Soret min-
imum shifted to 411 nm with native MPO-like ellipticity,
whereas between 300 and 350 nm ellipticity was lost. This in-
dicates that HOCI-LDL has some local impact on the tertiary
structure of MPO but not on the architecture of the active
site. In any case, the observed changes in the enzymatic activ-
ity in the presence of native- or HOCI-LDL are reflected by
structural changes at the active site of the peroxidase with
native LDL having a stronger impact than HOCI-LDL.

MS analysis of apoB-100 modified chemically
or enzymatically

Total hydrolysis of apoB-100. In order to investigate
whether modifications of apoB-100 differed when LDL
was oxidized under several conditions, we investigated the

0
-1
(7]
=
E-2
>
:'5 3 —MPO
=3 ——MPO+HOCI-LDL
w -4
——MPO+LDL
-5 —LDL
5 ——HOCI-LDL

260 290 320 350 380 410 440 470
Wavelength (nm)

Fig. 2. Structural investigation of MPO by CD. CD near-UV visi-
ble spectra of 0.5 mg/ml free MPO (red), 0.5 mg/ml LDL (mauve),
HOCI-LDL (oxidant/lipoprotein molar ratio = 50:1, orange), or
0.5 mg/ml MPO incubated with 0.5 mg/ml LDL (light green) or
with 0.5 mg/ml HOCI-LDL (oxidant/lipoprotein molar ratio =
50:1, dark green) in 5 mM PBS (pH 7.4) at 25°C. For details, see
the Experimental Section. mdeg, millidegree.

formation of Cl-Tyr, O-Met, (di-) OxTrp, and aminoadipic
acid, a degradation product of N-chloramine Lys (35, 36).
Figure 3 shows that the ratios of aminoadipic acid/Lys and
Cl-Tyr/Tyr (Fig. 3A, B, respectively) increased as a function
of increasing concentrations of HOCI (added as a reac-
tant), although oxidation of apoB-100 by HOCI (gener-
ated by the MPO-H,O,-Cl  system) resulted in formation
of Cl-Tyr only. No increase in the aminoadipic acid/Lys
ratio was found when apoB-100 was oxidized enzymatically
or when Hy,O, and Cl were added in the absence of MPO
(Fig. 3).

Next, we focused on oxidation of Met and tryptophan
(Trp). Independent of whether apoB-100 was native or
modified (either chemically or enzymatically), Met was
widely oxidized. Formation of OxTrp and di-OxTrp was
found in all LDL/apoB-100 samples with no statistical dif-
ference even if there was a tendency to increased levels of
di-OxTrp under both oxidative conditions (twice the level
observed in native LDL).

To confirm that chlorination is specific for HOCI treat-
ment, apoB-100 was oxidized by copper (18) and then sub-
jected to hydrolysis. No CI-Tyr formation was observed,
while low levels of (di-)OxTrp may also occur, data that
parallel previous findings (37).

Mapping of in vitro modifications on apoB-100. Next, we
analyzed the location of PTMs on apoB-100. Instead of
RapiGest SF (31), 2,2,2-trifluoroethanol was also used as
the unfolding agent to recover apoB-100 with the same re-
sults on protein sequence recovery (79%) or even higher.

Analyses revealed that few residues (Met4, Met785, Metlmg,
Met2015, Tr‘p2468, Trps%g, and Met4192) were already oxidized
in native LDL. The latter residues seem thus to be highly
sensitive to oxidation.

Oxidation of apoB-100 was first performed by reagent
HOCI under soft conditions (oxidant/lipoprotein molar
ratio = 25:1 or 50:1). Table 1 summarizes all PTMs identified
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Fig. 3. Aminoadipic acid and CI-Tyr quantification after in vitro
oxidation. Amino acid residues of apoB-100 from native LDL
(natLDL), HOCI-LDL (50 or 100 pM of HOCI), and LDL oxidized
by HyOy (50 or 100 pM) or by the MPO-H,O4-Cl system (0, 50, or
100 pM H,O, considering almost equimolar formation of HOCI
from HyO,) were analyzed after total acid hydrolysis. Ratios of (A)
aminoadipic acid/Lys and (B) Cl-Tyr/Tyr were calculated for each
oxidation condition. Results represent mean + SEM of three ex-
periments. * P<0.001, ** P<0.005, and *** P<0.05 versus natLDL;
# P < 0.001 and ## P < 0.05 versus HOCI-LDL 50 pM; and B P <
0.001 versus HOCI-LDL 100 pM.

in the corresponding tryptic peptides. A total of 43 modi-
fied peptides have been identified, and modifications
(n = 46) include formation of O-Met (n = 33), OxTrp
(n =8), di-OxTrp (n = 3), and CI-Tyr (n = 2). In most pep-
tides, a single amino acid modification (primarily O-Met but
also OxTrp, di-OxTrp, or Cl-Tyr) was found, while in three
peptides two modifications were observed (either two O-Met
residues or the combination of O-Met and OxTrp).

Next, PTMs generated via the MPO-Hy;O4-Cl  system also
under soft conditions (oxidant/lipoprotein molar ratio =
25:1 and 50:1 assuming almost equimolar conversion of HyOy
to HOCI) were identified. Under these conditions, several
modifications already observed with reagent HOCI were
found. However, 13 additional peptides specific for MPO-
mediated modification (Table 2) were found. Again, O-Met is
the most abundant PTM, while only a single Cl-Tyr-containing
peptide was found to be specific for MPO treatment.

Furthermore, oxidation of LDL was performed by the
MPO-H,0,-Cl  system under more drastic conditions
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(oxidant/lipoprotein molar ratio = 625:1) previously used to
raise monoclonal antibodies to detect MPO-LDL in vivo
and in vitro (11). In addition to oxidative modifications
listed in Table 1, 41 tryptic peptides carrying PTMs (n =
46) were identified (Table 3). These peptides further in-
clude 3 residues of 3-hydroxytyrosine (HO-Tyr), 5 O-Met
residues, 10 OxTrp residues, 18 di-OxTrp residues, and
10 CI-Tyr residues, respectively. Again, in most peptides a
single amino acid modification (primarily di-OxTrp in this
case) was found, while few peptides included either two
(O-Met and HO-Tyr or O-Met and ClI-Tyr) or three modi-
fications (two O-Met and HO-Tyr). These findings indicate
that a more pronounced enzymatic oxidation of apoB-100
further targets Trp and Tyr residues.

Mapping of MPO-mediated PTMs of apoB-100 isolated from
patients undergoing hemodialysis or healthy volunteers. To
confirm whether our in vitro findings may occur also
in vivo, LDL was isolated from patients (n =9) who have high
levels of MPO (38, 39) and circulating MPO-LDL (25) and
compared with healthy volunteers (n = 9). As levels of oxi-
dized LDL in patients with hemodialysis are still low when
compared with levels of native LDL, apoB-100 was ana-
lyzed using a nano-LC-MS/MS with high-resolution ana-
Iytical column (Polaris CHIP), which is more sensitive than
an LC system.

In sum, 90 PTMs were identified over patients and volun-
teers. Again, O-Met (n = 31) is a prominent modification
compared with HO-Tyr (n = 30), OxTrp (n = 16), and di-
OxTrp (n =12), while only one Cl-Tyr was observed. Most of
the modifications match those found when apoB-100 was

treated in vitro, whereas several were newly detected, such
as HO-Typ"® 249, 425,693, 713, 1579, 1753, 1747, 1965, 1972, 2189, 2362, 2405, 2752,

3206, 8268, 3533, 3653, 8744, 4055, 4057, 4184, 4205, 4242, 4424, 4464 125
, Cl-Tyr ™,

O-Me?7 1022.1162,1259, 1560,2481 OxTrpggG’ 4063 41nd di—OxTrp%G.
Among PTMs already detected in vitro, O-Met* was de-
scribed as MPO specific (22). In our experiments, O-Met"
was observed in apoB-100 of all patients but also all volun-
teers, showing that this site is highly sensitive and is not rel-
evant as a biomarker. The same results were observed for
(di)-OxTrp'**%% \which were previously described (37).

In contrast, several less prominent PTMs seemed inter-
esting, such as O—Met%’g, which was observed only in pa-
tients (n =2); OxTrp2894, observed in five patients and only
one volunteer; OXTrp%OG, observed in four patients and only
one volunteer; and finally, Cl-TJ/rl%, observed in only one
patient. Furthermore, O-Met*" s OxTrp2894, and OXTrp‘%Ob
are identical to those observed when LDL/apoB-100 was
treated with the MPO-H,O,-Cl  system under conditions
using the molar ratio 625:1 (Table 3). Cl-Tyr125 might also
be interesting as it is specific to the MPO-H,O,-Cl  system
and was never detected before.

DISCUSSION

Methodologies for detecting and identifying protein
modifications have become increasingly important as the
roles of modified (lipo)proteins in disease etiology and



TABLE 1.

List of apoB-100-derived tryptic peptides carrying modifications generated by reagent HOCI

Peptide Error (ppm) Peptide Score % SP1 Z Sequence with Fragmentation Modified Amino Acid
1-14 1.9 17.8 91 2  ()EE/Em/L/E/N/V|S/L/V|C/P K(D) O-Met'
91-101 0.5 12.9 71 2 (K)N S|E|E[F/A/A/A/m/S/R(Y) O-Met™”
203-220 3.3 17.8 92 2 (K)Gm/TRP IS T LJI[S|S|S Q|S|C|Q\Y(T) O-Met™
249-260 2.1 18.0 85 2 (K)YG/m|V|A|QIV|T/Q/T L/K(L) O-Met™
279-287 2.0 13.6 93 2 (Kym/G|L|A/F/E/S T/K(S) O-Met™”
401-407 3.0 10.2 79 2 (R)EIF/N/m/A/R(D) O-Met'”
464-480 3.0 15.2 76 2  (R)V/I/G/Nm|GQ/TmE Q/L/T|P E/L/K(S) O-Met*®*7
486-498 3.5 11.6 74 3 (K)C/V|Q/STK/PSLmIQ/K(A) O-Met*”®
532-540 1.3 15.5 85 2 (R)L/AJA]Y|L/m L/m/R(S) O-Met”?7 %
550-563 1.9 17.5 82 3 (K)IV|IQIL/Pw/E/Q/NE Q V/K(N) OxTrp™*
550-563 1.2 14.0 84 2 (KIV|QLIPwEQNEQV/K(N) di-OxTrp™
594-604 2.3 15.7 92 2 (K)ES/Q|L|P/T V/m/D/F R(K) O-Met™
691-705 0.5 14.9 80 2 (KA L/Y|w|[VIn/G Q/V[P D G V|SK(V) OxTrp™*
691-705 1.1 16.3 92 2 (KA LYwVIn G Q/VIPD G V/SK(V) di-OxTrp™!
706-715 1.9 8.3 71 3 (K)V/L|V/DHF Gy T/K(D) CLTyr""?
771-777 3.0 11.5 86 2 (K)L/L|L/m/G A/R(T) O-Met™
778-791 2.7 13.1 86 2 (R)TL|QG|IP QmIGE VI/R(K) O-Met™
837-846 1.4 10.1 89 2 (K)L EVA N m\QW|E|L(V) O-Met*
870-891 3.9 19.0 83 3 (R)SG/V|Qm/N/T/N/FF/HESGLEAHV/A/L/K(A)  O-Met™*
1,029-1,051 3.4 17.9 97 2 (R)qSm T\S\S EWV|Q/I[PD F/DV/D L/G T I/L/R(V) O-Met'™!
1,119-1,132 0.6 20.4 70 2  (K)LL[L|Q/m/DS/S/ATA/Y/GS/TV/S/K(R) O-Met''®
1,162-1,175 2.9 15.7 93 2 (K)ym T|S/N/F|P V/D/L/S D/Y/P K(S) O-Met"'*
1,176-1,183 1.2 11.3 62 2 (K)S/L/H|m/Y/A N/R(L) O-Met''”
1,203-1,213 1.1 18.2 87 2 (K)LIVIA|m/S/S/W/L/Q/K(A) O-Met'”
1,203-1,213 2.3 12.0 81 2 (K)L/IVJA/m S Sw/L Q/K(A) O-Met"™ OxTrp'*"*
1,676-1,697 0.4 93.7 94 2 (K)AALT/EL[S|L/G|S/A/Y/Q/Am/1/L/G/V/D/SK(N)  O-Met'"*"
1,871-1,876 1.1 8.2 91 1 (R)SV[m|A|P\F(T) O-Met'*”?
1,890-1,901 3.8 14.1 91 2 (KLAJLIW/GEHTG Q|L\y(S) CLTyr' ™"
1,986-2,016 3.2 18.0 82 3 (RTLAD/LTLINDSPIKV|PINNLS/E[PI/NI|I/D O-Met™"”
AL/E/m R(D)
2,214-2,228 0.3 11.7 63 2 (K)SGSST/A|S/w/I|Q/N V/D|T K(Y) OxTrp™*!
2,321-2,333 0.8 19.4 81 2 (R)YEV|ID Q/Q/1|Q/V|L/m/D K(L) O-Met™!
2,462-2,470 0.8 10.2 74 2 (KI/T|L/TIINwLQ(E) OxTrp™*®
2,565-2,582 2.2 29.7 93 2 (K)TIL/GT/m|PA/F/E/V/SL/Q/A/L/QK(A) O-Met®"
2,979-2,993 4.6 12.9 73 3 (K)G/m|A|LJF GE/GK/AE/FT G R(H) O-Met™™
3,122-3,128 1.5 6.6 64 2 (K)D F|S/L w/E K(T) OxTrp”™*°
3,237-3,249 2.2 21.6 90 2 (F)T/I[Elm/S/A/F/GY/V[F/PK(A) O-Met**"
3,250-3,264 2.7 21.1 93 2 (K)AV|S|m[P/S/F/S1/L|G/SD/V R(V) O-Met*™
3,423-3,434 2.6 121 80 3 (K)SKPTWV|S[S/SmEF/K(Y) O-Met™!
3,926-3,946 1.6 15.1 75 3  (R)DFIS|A/E|Y/EE/D GKYE/GL/QEwE GK(A) OxTrp™*
4,080—4,094 0.0 16.0 72 2 (RINL/QINNIA/E/w/V/Y/Q/G A/1/R(Q) OxTrp"™
4,080—4,094 2.1 19.4 88 2 (RIN/L|QIN NW|Ew/V]Y/Q/G A/1/R(Q) di-OXTrp**’
4,187-4,195 2.9 14.9 89 2 (R)EE|L/C/T/m/F/1/R(E) O-Me(*'”?
4,235-4,243 —-0.1 11.2 80 2 (K)LID|V|L/S/m/Y R(E) O-Met™"

LDL was modified by HOCI added as a reactant (50 or 100 pM) (oxidant/LDL molar ratio = 25:1 and 50:1). ApoB-100 mapping was carried
out by RRLC-MS/MS. Each modified peptide is characterized by its peptide score, % SPI, mass error, fragmentation, and position(s) of modified

residue(s).

biomarkers are becoming more apparent (40). Because
OxLDL impairs the physiological functioning of various
cells (13, 17) and plays a causal role in atheroma plaque
formation, both the nature of oxidants as well as the modi-
fied entity of the lipoprotein particle are of importance.
Oxidation of LDL can be carried out by, among others,
transition metals, hemoglobin, lipoxygenases, and reactive
oxygen species generated by vascular endothelium or
phagocytes, and HOCI can modify LDL at the lipid and
the protein moieties in vitro and/or in vivo (13). Modified
lirpids were preferentially identified by MALDI-TOF-MS and
*'P NMR spectroscopy (40-42), while MALDI-TOF-MS,
MS/MS, and LC-MS/MS are suitable techniques to iden-
tify the respective protein modifications basically after
tryptic digestion (31, 40). Here, we have used an LC-MS/
MS method with a high-resolution MS (a QTOF) to iden-
tify PTMs on tryptic peptides from delipidated apoB-100
samples (31) treated with HOCI added as reagent or

generated enzymatically. Furthermore, oxidative PTMs
occurring in vitro were compared with those occurring
under in vivo conditions. Finally, we were interested in
whether the extent of HOCI modification of apoB-100 can
in turn modulate the activity of MPO to generate oxidants.

ApoB-100 is probably the most difficult protein for
structural analysis because of its huge size and its insolubil-
ity in aqueous buffer after delipidation (43). However,
studying modifications of apoB-100 in relation to cardio-
vascular diseases is of major importance (40). Yang and
colleagues (44) were the first to identify 88% of the se-
quence of native apoB-100 by HPLC analysis of tryptic
peptides coupled to an automatic sequencer (different
than the MS technique). Oxidation of LDL with HOCI
produced a diverse array of 2,4-dinitrophenylhydrazine-
reactive peptides, with little indication of selectivity (24).
HOCI treatment of apoB-100 resulted in modification at
cysteine (Cys), Trp, Met, and Lys. Thirteen out of 14 modified
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TABLE 2.

List of apoB-100-derived tryptic peptides carrying modifications generated only by the MPO-HyO,-

Cl system under soft conditions (molar ratios = 25:1 and 50:1)

Peptide Error (ppm) Peptide Score % SPI  Z Sequence with Fragmentation Modified Residue
74-83 2.7 15.0 75 2 (K)EV]y/G/F/N/PE/GK(A) CHTyr™
716-733 3.3 10.9 83 3 (K)DD/KHEQD\mV|N|GI/m O-Met"™ ™
LSV/E/K(L)
1,074-1,088 4.1 15.8 75 2 (K)I/T/E|V|A/L/m G H/L|S C D|T\K(E) ~ O-Met'®
1,189-1,197 2.8 14.5 79 2 (R)V/P|Q/T/D m T F/R(H) O-Met'*
1,282-1,290 5.0 7.9 64 2 (R)D/L/K/m/INE/T V/R(T) O-Met™
1,711-1,728 1.6 14.9 80 2 (K)L/S|ND|mm/GS/Y/A/E/m/K(F) O-Met' 71> 17101722
2,392-2,396 0.8 6.8 75 3 (K)F/L/Dm LI/K/K(L) O-Met™”
2,810-2,826 1.2 11.6 81 3 (RTEHGSEmL|FIF/GNAIE/GK(S) O-Met™°
3,393-3,403 2.5 10.4 89 2 (K)N/m|E|[VISVA/TTTK(A) O-Met™!
3,411-3,422 2.4 11.3 78 3 (R)m/N/F/KQEL/N/GN T K(S) O-Met™!"
3,435-3,447 3.3 15.0 78 2 (K)YDI|F[n|S/Sm LY/S/T/A/K(G) O-Met™"!
4,151-4,158  —0.5 17.3 85 2 (R)V/T|Q/E/F H|m/K(V) O-Met""’
4,515-4,526  —0.8 9.5 83 2 (KL/QIST/T/VmN/PYm/K(L) O-Met™?H 9%

LDL was modified by HOCI generated by the MPO-HyOo-Cl  system using 50 or 100 pM of HyO, (oxidant/
LDL molar ratio = 25:1 and 50:1, considering almost equimolar formation of HOCI). ApoB-100 mapping was
carried out by RRLC-MS/MS. Peptides carrying a modification observed in Table 1 were omitted, indicating PTMs
to be MPO specific. Each modified peptide is characterized by its peptide score, % SPI, mass error, fragmentation,

and position(s) of modified residue(s).

tryptic peE)tides identified (corresponding to position
53-66[Cys '1; 113-129[Lys'*"]; 181-187[Cys'”]; 228-
235[Cys™*]; 428-463[Cys™'1; 1,108-1,118[Trp''*]; 1,203
1,213[Trp'""]; 1,890-1,903[Trp"™"1; 3,560-3,600[ Trp™™" *°%1;
3,710-3,735[Cys’"**]; 3,877-3,908[Cys***’]; 3,879-3,
908[Cy53890]; and 4,187—4,195[Cys4190] of apoB-100) were
found to reside at the external surface (the so-called
trypsin-releasable fraction) of LDL (10). However, MPO-
catalyzed oxidation of LDL produced a much different
pattern of 2,4-dinitrophenylhydrazine-reactive products.
Two pe?tides (corresponding to position 3,710-3,
735[Met”"""] and 4,187-4,195[Met*'*] of apoB-100) were
detected at low abundance, while the most prominent
peptide (position 53-66) was modified at Cys61 (22).

To analyze PTMs on apoB-100, we used an RRLC system
coupled to high-resolution MS/MS detection. This meth-
odology is extremely efficient because LC enables high
resolution of tryptic peptides by C18 column, while high-
resolution MS/MS provides high accuracy of m/z values
and a fragmentation pattern of the compounds (i.e., pep-
tides). The latter technique enables both mapping of pep-
tides and detection of untargeted PTMs. Here, we are the
first to present the most comprehensive pattern of tryptic
peptides of apoB-100 treated by reagent HOCI. In sum, 97
tryptic peptides carrying at least one PTM could be identi-
fied. Although others (10) have tried to differentiate be-
tween trypsin-releasable, nontrypsin-releasable, and mixed
fractions of apoB-100, we directly performed delipidation
of total LDL prior to trypsin digestion. Using two different
concentrations of reagent HOCI (50 or 100 pM), 46 modi-
fied tryptic peptides were found.

Although some modifications (n = 15) were also present
when LDL was modified by the MPO-H,;O,-Cl™ system
(Table 2), the pattern of enzymatic modification differs from
that using reagent HOCIL. Among the residues found ex-
clusively in enzymatically mediated oxidation are peptides
74-83[CI-Tyr°]; 716-733[O-Met”™ ], 1,074-1,088[O-
Met'"™]; 1,189-1,197[O-Met'**]; 1,282-1,290[O-Met **];
1,711-1,723[O-Met' "> 7191722). 9 399_9 396[ O-Met™];
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2,810-2,826[O-Met™'°]; 3,393-3,403[O-Met™"']; 3,411-3,
422[0-Met™'"]; 3,435-3,447[O-Met’™"']; 4,151-4,158[O-
Met"""]; and 4,515-4,526[O-Met"*"/**]. Tyr"®, which was
chlorinated by the MPO-H,O,-Cl system, was also re-
ported to act as a specific target for LDL nitration (45).
Met, apparently the first target for oxidation, is highly re-
active toward HOCl-mediated attack (13), and Met residues
may protect proteins from critical oxidative damage (46).
In addition to Met®™" and Met4192, Met* and Cys61’ 3734, 4190
were reported to be specific MPO-mediated modifica-
tions of apoB-100 (22, 24). Our results suggest that O-
Met" and O-Met"'"* are already present on non-in vitro
oxidized LDL isolated from healthy volunteers. These data
also reflect the high sensitivity of those residues to oxi-
dative damages. Modifications of residues Met”" and
Cysm/ VAN were not found under our experimental con-
ditions. Cys residues have been reported to rapidly react
with HOCI (47, 48). Despite careful analysis of possibly
oxidized Cys residues, none were detected under our ex-
perimental conditions.

We further show that oxidation of apoB-100 by HOCI
(added as a reagent) leads to a higher content of aminoa-
dipic acid compared with MPO-mediated oxidation. On
the other hand, no statistical difference in chemical and
enzymatic oxidation was seen for Trp and Met residues, a
fact underlining their high sensitivity toward oxidation. So
again, oxidation patterns are dependent on the oxidant,
suggesting that reagent HOCI does not exactly mimic the
respective MPO enzymatic oxidation.

Both the extent of modification as well as the difference
in the charge of amino acid side chains may alter the binding
properties of MPO to the respective LDL particle in vivo or
in vitro. Adsorption of MPO on native LDL increased both
chlorinating and peroxidase activities (Fig. 1), and this was
reflected by structural changes in the heme cavity using CD
spectroscopy (Fig. 2). These findings are in accordance
with Sokolov et al. (49) who demonstrated that the addi-
tion of LDL (but not HDL) protects MPO from inhibi-
tion by ceruloplasmin. This observation favors a specific



TABLE 3. List of apoB-100-derived tryptic peptides carrying modifications generated by the MPO-H;Oy-Cl  system under drastic conditions
(molar ratio = 625:1)

Peptide Error (ppm) Peptide Score % SP1 Z Sequence with Fragmentation Modified Amino Acid
102-105 1.9 3.1 80 2 (R)y/E/LK(L) CLTyr!?
748-751 3.7 3.0 84 2 (R)A/y/LR(I) ClTyr ™
1,108-1,118 -0.5 15.0 76 2 (R)S/E[ILJA[H|w/S|P A K(L) OxTrp""!
1,108-1,118 —0.6 12.0 81 2 (R)SE[LIA/H w|S/P AK(L) di-OxTrp'"
1,176-1,183 3.2 12.6 87 3 (K)S/L/H/my|A/N/R(L) O-Met""? HO-Tyr"'™
1,573-1,583 1.0 14.1 71 2 (R)SE[y|QIAD/Y/E/S L/R(F) CITyr”
1,682-1,694 0.1 10.8 63 2 (LSLIGSAly QA mI/L/G/V/D/SK(N) O-Met" CI1-Tyr'®’
1,743-1,750 2.3 6.3 82 2 (KL D/N\/y/SSD KFY/K(Q) CL-Tyr' ™7
1,890-1,901 0.4 10.2 71 2 (KLAJL/w|[GEHT G QL\Y(S) OxTrp"™”
1,890-1,901 0.9 135 79 2 (KLA|LIW|/GEHT G QL|Y(S) di-OxTrp'®”
1,941-1,955 -0.5 10.4 70 3 (KNVSALL[TIPAEQT/GTwK(L) OxTrp'™!
1,941-1,955 1.8 13.4 80 2 (K)VSAJLLTPAE/QT G Tw/K(L) di-OxTrp'***
2,086-2,106 1.7 18.2 94 3 (RIAA|L|GKL[P Q QAN DV|L|IN/S/F/Nw/ER(Q)  di-OxTrp**
2,214-2,298 -2.9 15.8 74 2 (K)SGSST/A/S/wI|Q/N/V|D/T/K(Y) di-OxTrp**!
2,334-2,341 1.8 11.9 73 2 (KL/V[E/L/A/H Qy(K) Ty
2,402-2,415 —-0.7 5.1 64 3 (K)SFID/yHQFV/DETNDK() CITyr*®
2,462-2,478 0.3 8.5 74 2 (KITININ WL QEALISS A/S L(A) OoxTrp™*®
2,462-2,478 -1.6 10.8 83 2 (K)ITLNN NwWLQ BALIS|S A/S L(A) di-OxTrp>*®®
2,496-2,507 0.7 12.0 80 2 (R)ymy/Q/m D I|Q/Q/E L/Q/R(Y) O-Met™* HO Ty’
2,5492-2,548 2.0 12.5 77 2 (V)S/I|Q/D/w/A/K(R) OxTrp™"®
2,533-2,548 -0.1 15.0 70 2 (KNINT D|F/A/E|Q/Y/S1/Q/D w/A/K(R) di-OxTrp™*°
2,731-2,736 2.0 6.2 73 2 (K)L/y/ST/L/K(I) CFTyr™™
2,889-2,899 3.6 11.0 73 3 (K)A G HI AW|T S/S/G/K(G) di-OxTrp***
3,051-3,065 0.1 17.9 80 2 (F)L/S/PSA/Q/QIA|Sw/Q/V/S A/R(F) OxTip™™
3,051-3,065 1.3 18.9 73 2 (FL/S/PSA/QIQ/A/S/w/QV/SAR(F) di-OxTrp™™
3,122-3,128 2.0 10.7 73 2 (K)DF|SL/w/E K(T) di-OxTrp™'**
3,511-3,520 0.9 16.2 85 2 (K)I/D|D[Ijw/N L/E/V/K(E) OxTip™"”
3,511-3,520 1.5 16.2 84 2 (K)I/D|D|I|w|N L/E/V/K(E) di-OxTrp™"
3,632-3,541 0.3 16.9 77 2 (R)I/Y|S|L/w/E/HI|S T/K(N) OxTrp™®
3,532-3,541 1.7 13.6 83 3 (R)I/Y/SL/wEH/STK(N) di-OxTrp™*°
3,604-3,611 1.7 4.5 68 3 (KIRwK/NE/VR(I) di-OxTrp”™"
3,647-3,655 —4.4 5.0 78 2 (KNIJI/L/PVyDK(S) CHTyr™
3,656-3,662 1.3 6.8 78 2 (K)SLjw/DFLEK(L) OxTrp™™*
3,656-3,662 7.5 10.3 72 2 (K)S/Llw/D/F L/K(L) di-OxTrp™™®
3,860-3,876 0.1 18.3 85 3 (R)FEW D S\P\V|Y/n/A/T/w/S A/S LK(N) OxTrp™"
3,860-3,876 0.7 17.2 80 2 (R)FE|V[D/S|PV/Y/n/ATw/SA/SLK(N) di-OxTrp™"!
3,926-3,946 0.4 14.2 70 3 (R)DF|SA/E[YJEED GKYE/GL/QEwE GK(A) di-OxTrp™*
4,106-4,120 1.4 10.6 69 3 (K)A/A|S/G/T/T/G Ty QEWKD K(A) HO-Tyr'™*
4,106-4,120 -0.1 11.2 64 3 (K)A/A|S/G/T/T/GTYQE w/KD K(A) di-OxTrp*""”
4,935-4,243 0.2 10.5 87 2 (K)LID|V[I|S/my R(E) O-Met™"" CLTyr***
4,359-4,372 1.2 15.3 74 2 (REEY|F/DIPSI|V/Gw/T V/K(Y) di-OxTrp*™”

LDL was modified by HOCI generated by the MPO-H;O,-Cl  system using drastic conditions (oxidant/LDL molar ratio = 625:1 considering
equimolar formation of HOCI). ApoB-100 mapping was carried out by RRLC-MS/MS, and listed modifications are the ones not recovered with the
softest conditions described in Table 1 and Table 2. Each modified peptide is characterized by its peptide score, % SPI, mass error, fragmentation,
and position(s) of modified residue(s).

interaction between LDL and MPO that differs from MPO
interaction with high-density lipoprotein (34). An increase
in the activity of MPO at the surface of LDL might indicate
that native LDL enhances its own oxidation by MPO and
that MPO activity could be underestimated in vitro and/or
in vivo. On the other hand, MPO activity decreased with
increasing HOCI/LDL molar ratios and HOCI-LDL con-
centration. The more wild-type-like Soret CD spectrum of
MPO in the presence of HOCI-LDL is further support. Ap-
parently, oxidative LDL modifications (e.g., O-Met, Cl-Tyr,
OxTrp, or N-chloramine Lys) alter the interaction be-
tween apoB-100 and MPO and, at least at higher concen-
trations, diminish MPO activity to some extent.

Recently, monoclonal antibodies were raised against
LDL that had been modified by MPO under conditions
using the drastic molar ratio 625:1 (11) as performed in
the present study. The respective epitope identified by
one of the antibodies corresponded to a 66 kDa fragment
of apoB-100 starting with Gly1612 (11). Using this oxidation

protocol, a total of 41 peptides carrying at least one PTM
(e.g., primarily modified Trp and Tyr residues but also
O-Met residues) were detected (Table 3). In that particular
66 kDa fragment, six modifications (Metlb%, TyrlbW/ 1747,
and Trplsg:/ 1PV are probably the likely recognition
sites for the antibody.

Cl-Tyr, a protein modification specific for MPO-catalyzed
oxidation, has previously been identified on LDL iso-
lated from human plaque material or LDL plasma samples
from patients with cardiovascular disease (12). Although sev-
eral Tyr residues are prone to be modified either enzymati-
cally or nonenzymatically by HOCI, we are the first to
identify CI-Tyr residues on apoB-100 at 2positions Tyr76’ 102,749,
1575, 1687, 1747, 1901, 2341, 2405, 2732, 3653, and 4242 p o 0 g
of Cl-Tyr, apparently a consequence of high plasma MPO
levels (50, 51), was also reported in plasma samples from
dialysis patients (38, 39). This observation prompted us to
follow PTMs on apoB-100 isolated from plasma of hemodi-
alysis patients who have high plasma MPO-LDL levels (25)
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and compared with apoB-100 of healthy volunteers.
Among the observed PTMs, O-Met and OxTrp residues
were detected, as well as only one CI-Tyr. This suggests that
Cl-Tyr formation on apoB-100 is rare, but Tyr125 is an inter-
esting PTM for future studies in MPO. However, only one
patient among nine carried this MPO-specific modifica-
tion. Furthermore, O-Met™"" was only observed in patients
and so is an interesting PTM that should be investigated in
future studies.

Although we could not find PTM in the close vicinity
of the LDL receptor binding domain [between residues
3,346 and 3,369 of apoB-100 (52, 53)], the remaining PTMs,
markers of oxidative stress and/or lipoprotein abnor-
malities (54), could still contribute to impaired binding of
MPO-LDL to the LDL receptor favoring scavenger recep-
tor-mediated uptake as reported for nitrated LDL (45).
Furthermore, Trp™™” is close to the binding domain and
might interact with the latter when oxidized, and OxTrpg606
was observed in more patients (n = 4) than volunteers
(n=1).

Summarizing, using LC-MS/MS we further identified
in vitro a series of modified tryptic peptides (n =97) thatare
indicative of modification by HOCI, added as reagent or
generated enzymatically. Among these modifications, sev-
eral have been identified in vivo from patients suffering
from kidney failure and undergoing hemodialysis therapy
where high MPO levels are causally linked with LDL modi-
fications and abnormalities in clearance of the modified
LDL particles. Our data also highlight that, when studying
LDL oxidation, HOCI added as a reagent does not com-
pletely mimic enzymatic modification via the MPO-H,Oo,-Cl™
system and that MPO activity could be misestimated
under in vitro or in vivo experiments due to the fact that
MPO/apoB-100 interaction is specific and changes the en-
zymatic activity. Future experiments mapping PTMs of
LDL in different cardiovascular diseases are also of impor-
tance to link individual oxidative modifications with dis-
ease severity. i

The authors thank the members of the Laboratory of Pharma-
ceutics and Biopharmaceutics and the Laboratory of Pharmacol-
ogy (Université Libre de Bruxelles) for their scientific support.
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