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Abstract In contrast to the multiple low abundance 2,4-
dinitrophenylhydrazine-reactive tryptic peptides formed by
oxidation of LDL with reagent HOCI in vitro, myeloperoxi-
dase-catalyzed oxidation produces a dominant product in
considerably greater yield and selectivity. This modified
peptide had a single amino-terminal sequence correspond-
ing to amino acids 53-66 of apolipoprotein B-100 (apoB-
100), but its mass spectra indicated a significantly higher
mass than could be reconciled with simple modifications of
this peptide. Subsequent studies indicate that this product
appears to result from N-chlorination of the N-terminal
amino group of apoB-100 and dehydrohalogenation to the
corresponding imine, which may form the hydrazone deriv-
ative directly, or after hydrolysis to the ketone. The me-
thionine residue is oxidized to the corresponding sulfoxide,
and the primary sequence peptide (residues 1-14 of apoB-
100) is linked by the intramolecular disulfide bond between
C-12 and C-61 to the peptide composed of residues 53-66,
as we have observed previously (Yang, C-Y,, T. W. Kim, S. A.
Weng, B. Lee, M. Yang, and A. M. Gotto, Jr. 1990. Proc. Natl.
Acad. Sci. USA. 87: 5523-5527) in unmodified LDL.AR The
selective oxidation by myeloperoxidase of the N-terminal
amine suggests strong steric effects in the approach of sub-
strate to the enzyme catalytic site, an effect that may apply
to other macromolecules and to cell surface molecules.—
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A considerable body of evidence indicates that oxida-
tive modifications of LDL are involved in atherosclerosis
(1-4), and myeloperoxidase (MPO)-catalyzed reactions
are among the principal mechanisms considered for this
oxidation of LDL (5). Oxidation of LDL has been studied
extensively, but the great majority of these studies have fo-
cused on products resulting from oxidation of the lipid
components (6-8).

Characterization of products of oxidation of the pro-
tein component, apolipoprotein B-100 (apoB-100), has re-

ceived increasing attention. However, most of these
studies have used total hydrolysis procedures that do not
distinguish residues by position in the primary structure,
as will be required for product identification to address
important questions regarding the effects of the intact
LDL particle on its interaction with specific oxidants. We
have been working to characterize the specific products of
oxidative modification of the LDL apolipoprotein, apoB-
100, in order to distinguish among the mechanisms whereby
LDL is oxidized in vivo (9—11). In our initial studies of the
oxidation of LDL with reagent HOCI, followed by treat-
ment with 2,4-dinitrophenylhydrazine (DNPH), intending
to convert the presumed aldehydes and ketones formed
by HOCI-driven oxidation of the protein, we instead
found that most of the 14 products we characterized indi-
cated modifications of cysteine or tryptophan residues
(10). Subsequent studies indicated that the DNPH-reactive
products of oxidation of the cysteine residues were best
interpreted as the respective sulfinic acids (9). Additional
studies of Cu?*-catalyzed oxidation of LDL revealed tryp-
tic peptide products of oxidation of the apolipoprotein
that absorbed at 365 nm, but in a manner not dependent
on derivatization with DNPH (11). These products were
identified as the kynurenines corresponding to oxidation
of tryptophan residues in apoB-100.

Although the oxidation of biological molecules by MPO
is commonly attributed to generation of HOCI (5, 12-17),
we observed that MPO-catalyzed oxidation of LDL in vitro
produced a much different pattern of DNPH-reactive prod-
ucts than was observed from reaction of LDL with reagent
HOCI (9, 10). Oxidation of LDL with HOCI produced a
diverse array of DNPH-reactive peptides, with little indica-
tion of selectivity. We isolated and characterized 14 of
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these modified peptides, the majority of which were de-
rived from oxidation of cysteine residues located in pep-
tides that are released by limited tryptic digestion of intact
LDL particles, suggesting that these sequences are located
on the surface of the LDL particle (10).

In contrast, MPO-mediated oxidation of LDL in vitro,
derivatization with DNPH, and tryptic digestion pro-
duced a dominant peptide detected by absorbance at
365 nm (9). Formation of this peptide required MPO,
H0Oy, and Cl~. Our previous efforts to characterize this
oxidized peptide were only partly successful, with gas-
phase sequencing indicating a single N-terminal se-
quence, VELEVPQL(*C)SFILK . . . , corresponding to
amino acid residues 53 through 66 in apoB-100. Mass spec-
tral studies were consistent with these studies, but did not
enable us to characterize fully the structure of the modi-
fied peptide. Although our previous studies showed clearly
that MPO-catalyzed oxidation of LDL is not attributable
simply to free solution interactions of HOCI with LDL
(10), the larger goal of our studies of the oxidation of the
apolipoprotein as a means to identify the specific mecha-
nisms responsible for oxidative modifications of LDL in
vivo requires characterization of products on equally spe-
cific bases. The studies described in the present report
have enabled us to identify the peptide that we had previ-
ously characterized only partially. The structure of the
product peptide suggests a plausible explanation for the
mechanisms of interactions of MPO with LDL. In addition
to important implications for development of specific
biomarkers of inflammatory modification of LDL in vivo,
the present data also suggest potentially important mecha-
nistic implications for the interactions of MPO with cell
surface molecules on invading pathogens and other bio-
logical substrates.

MATERIALS AND METHODS

Materials

MPO (human polymorphonuclear leukocytes) was purchased
from CalBiochem (San Diego, CA), hydrogen peroxide (30%)
was from Fisher Scientific (Pittsburgh, PA), DNPH was from
Serva (Heidelberg, Germany) or from Sigma (St. Louis, MO),
and mrtosyl-1-phenylalanine chloromethyl ketone (TPCK)-treated
trypsin was from Worthington Biochemicals (Freehold, NJ). All
other reagents were purchased from Sigma.

LDL preparation

LDL was isolated from plasma of fasting healthy donors by se-
quential ultracentrifugation in KBr solution at densities between
1.030 and 1.063 g/ml, as we have described previously (10).
Briefly, aprotinin (0.056 unit/ml plasma), sodium azide (0.06%,
w/v), and EDTA (0.06%, w/v) were added to plasma immediately
after collection. For additional purification, LDL was recentri-
fuged to d = 1.09 g/ml. Purified LDL was dialyzed against 50 mM
phosphate buffer containing 150 mM NaCl, pH 7.4 (50 mM PBS).

Oxidation of LDL by MPO

Oxidation of LDL by MPO was performed according to the
method described by Hazell and Stocker (17) with some modifi-
cation. LDL in 50 mM PBS at a final concentration of 0.8 uM
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apolipoprotein was preincubated at 37°C for 10 min before addi-
tion of MPO at a final concentration of 1.2 wg/ml. Oxidation
was initiated by addition of HyOy at 1.5-min intervals, with brief
mixing after each addition, to a final concentration of 10 pM.
Under these conditions, HoOy was consumed by MPO within
1 min. Samples were protected from light between additions of
H50O,. The total incubation time was 15 min and the sample was
placed in ice for further processing. Replacement of the 50 mM
PBS with a 50 mM phosphate buffer, without Cl~, also was used
in control studies of the oxidation of LDL by MPO-H yO,.

In additional experiments, 1.6 nmol of LDL and 0.02 nmol of
MPO in 2 ml of 50 mM PBS were incubated at 37°C for 10 min.
Oxidation of LDL was effected by addition of 10 equal aliquots,
1.5 min apart, each of 2 nmol of HyOy in 50 wl of PBS. Similar
oxidations were conducted at 37°C in the presence or absence of
MPO by addition of 16, 40, 160, 400, 1,000, or 4,000 nmol of
HOCI, either added at 1.5 min intervals in 10 separate aliquots
or as a single bolus dose, corresponding to an HOCl:apoB-100
molar ratio of 10, 25, 100, 250, 625, and 2,500, respectively. Fif-
teen minutes after initiation of the respective oxidations, the
samples were reacted with DNPH, the protein was precipitated,
delipidated, and digested with trypsin, and the tryptic peptides
were analyzed by HPLC, as we have described previously (9).

Reaction of LDL with DNPH

The reaction of LDL with DNPH was performed as described
(9). An equal volume of DNPH (5 mM in 2 N HCI) was added to
the LDL. After incubation for 30 min at 37°C, 1 volume of 20%
TCA was added. The precipitate was collected by centrifugation
and washed with ethanol-ethyl acetate 1:1 (v/v) three times and
dried with nitrogen.

Protein primary structure analysis

Delipidation and tryptic cleavage were conducted as de-
scribed previously (9). Proteins were digested with TPCK-treated
trypsin (enzyme:substrate ratio = 1:50) in 0.1 M ammonium bi-
carbonate, pH 8.0, at room temperature for up to 24 h. Peptides
were separated by reversed-phase HPLC for sequencing. A Vydac
(Hesperia, CA) Cig column (250 X 4.6 mm) and trifluoroacetic
acid-acetonitrile gradient elution was used for primary peptide
separations. The major peaks detected by absorbance at 365 nm,
which is characteristic of the dinitrophenyl group, were col-
lected manually and purified by sequential chromatography with
phosphate buffer and ammonium acetate-acetonitrile gradient
mobile phases (9). The sequences of the peptides thus obtained
were determined with a gas-phase automated sequencer (Applied
Biosystems, Foster City, CA) with an online 120A PTH analyzer.

Mass spectrometry

New interface for the QqTOF mass spectrometer. The Sciex (Con-
cord, Canada) prototype QqTOF instrument (Centaur) was
modified by the addition of an ion source interface that enables
us to operate in either matrix-assisted laser desorption/ioniza-
tion (MALDI) or electrospray ionization (ESI) mode, with the
option of changing quickly between these two modes (18).

Electrospray mode. The core of the modification is an insert be-
tween the first quadrupole (q0) and the skimmer, where we have
added a small quadrupole (q00). This additional quadrupole
acts as the first collisional ion guide (19). When operating in the
ESI mode, the MALDI probe is removed and ions that are pro-
duced in the standard nanoelectrospray ion source (Protana,
Odense, Denmark) are introduced into the instrument through
the standard orifice plate and skimmer into q00, and then
through a small gap (0.8 cm) into the original q0 quadrupole
ion guide (20).



MALDI mode. The MALDI probe inserts into the gap in the
electrode that separates the q00 and q0 quadrupoles (20). The cy-
lindrical tip of the probe (diameter, 0.5 cm) accommodates ~40
samples on its surface. The beam of a nitrogen laser operating at
a repetition rate of 20 Hz is introduced through a quartz window
at an angle of ~30° to the surface of the sample. The laser beam
is focused by a lens (f = 25 cm) to an ~0.2- to 0.3-mm-diameter
spot. The power density of the laser radiation in the spot was varied
between 107 and 108 W/cm? through fine control of the focal di-
ameter of the laser beam. No discernible increase in the level of
metastable decay was observed under these relatively high flu-
ence laser conditions. The position of each sample was manually
adjusted at the entrance of q0 by translating and rotating the
probe. Both the sample and laser spots were monitored by a
video camera. Desorbed ions were introduced directly into q0.
No voltage changes were required when changing from ESI to
MALDI mode (20).

RESULTS

MALDI spectra of the major DNPH-reactive peptide
produced by MPO-catalyzed oxidation of LDL, derivatiza-
tion with DNPH, and digestion with trypsin [labeled 1C-
12-1-1 in ref. (9)] suggested a mass of about 3,400 Da
(data not shown). The MALDI spectra were not readily in-
terpretable in terms of a structure for an oxidative modifi-
cation of the peptide identified by N-terminal sequence
analyses. Even in light of the structure indicated by our
subsequent and more definitive ESI-tandem mass spec-
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Fig. 1. ESI mass spectra of the major modified peptide from

MPO-catalyzed oxidation of LDL in vitro. A: ESI-MS/MS of the pep-
tide gave prominent 4+ ions at m/z = 858.164 and +3 ions at
1,143.886. B: These ions indicate a monoisotopic mass of 3,428.658.

trometry (MS/MS) analyses, assignment or rationalization
of ions from the MALDI spectra has not been possible. In
contrast, ESI spectra of the peptide gave distinct ions at
m/z 1,143.886 (3+) and 858.164 (4+), which indicated a
mass for the peptide of 3,428.658 (Fig. 1).

The lower m/z region of the MS/MS fragmentation
spectra of the m/z = 1,143.886 (3+) ion revealed a se-
quence of b series ions that are consistent with residues
53-59 of apoB-100 (Fig. 2A). The higher mass region of
the MS/MS spectrum of the 1,143.886 (3+) ion showed
another peptide fragment ion sequence consistent with
doubly charged y'’ fragment ions from amino acids 5-11
(LENVSLV) of apoB-100 (Fig. 2B). In addition, the VEL
fragment sequence observed in this spectrum is consistent
with doubly charged y'’ ions from residue 55 to 57, with
the VE residues (53 and 54, respectively) implied by the
mass difference indicated by the ion at m/z = 1,601.273
(z = 2+) and the mass of 3,428.658 indicated for the par-
ent compound (Fig. 1). The calculated mass of the two
tryptic peptides indicated by these sequences, amino acids
1-14 (EEEMLENVSLVCPK) and 53-66 (VELEVPQLCS-
FILK) of apoB-100, joined by a disulfide bond between
the respective C residues, is 3,233.6, or 195 Da lower than
is observed with the modified peptide. We have described
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Fig. 2. MS/MS spectra of m/z = 1,143.886 (3+). A: Low m/z re-
gion MS/MS spectrum of the (+3) ion at m/z = 1,143.886 gave b
series fragment ions consistent with the N-terminal sequence data
observed previously (10) by gas-phase sequence analysis. B: High
m/zregion MS/MS spectrum of doubly charged fragment ions indi-
cated, in addition to the partial sequence of y fragment ions of
VELE . . ., a series of y fragment ions characteristic of the peptide
sequence found in the N-terminal tryptic peptide of apoB-100.
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previously the linkage in native LDL of these two peptide
sequences by a disulfide bond between their respective C
residues (21).

MS/MS spectra of the ion at m/z = 858.164 (4+) indi-
cated oxidation of the M4 residue in the apolipoprotein
(Fig. 3A), thus accounting for a mass increase of 16 Da.
The absence of a significant ion at m/z 1041 in this se-
quence, as would be expected from the continuation of y”
fragmentation through the E at the second residue in
apoB-100, suggests either that E2 is modified or that the
normal sequence of y” fragmentation is compromised by
chemical modification of E1 (the N-terminal E). The ion
at m/z = 1,067 Da has not been assigned at this time, but
may not be a member of this series of fragments. The low
m/z region of the MS/MS fragmentation spectrum of
858.164 (4+) shows a series of singly charged b series frag-
ments of residues 53-57 (Fig. 3B) and a second series cor-
responding to residues 3-5, but shifted by 179 Da to
masses higher than calculated for the unmodified se-
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quence. The ion at m/z = 438.097 is consistent with the net
increase in mass of the parent ion being localized to the two
N-terminal E residues and the corresponding by ion sug-
gests that E2 is intact. The ion at m/z = 309 Da that would
be expected from fragmentation of E2 from the by ion at
m/z = 438 is not observed with appreciable intensity.

The selectivity of the oxidation of LDL with reagent HOCI
was examined in greater detail, including oxidation at 37°C
and in the presence of MPO, using a range of doses of HOCI
from 10 to 625 mol of HOCI per mol of LDL (Fig. 4). The
product profile formed with 12.5 mol of HyOy per mol of
LDL in the MPO-catalyzed reaction is included for compari-
son. The absence of any detectable (at a signal:noise ratio of
2:1) amount of the major modified peptide eluting at 35 min
with 10 equivalents of HOCI contrasts sharply with the
signal:noise ratio of approximately 50:1 shown in the MPO
plus HyOy oxidation. Additional experiments showed no dif-
ferences between the presence and absence of MPO in LDL
oxidations by HOCI (data not shown).

The data are most consistent with the interpretation
that the major DNPH-reactive peptide [1C-12-1-1 from ref.
(9)] is the DNPH-derived hydrazone formed by oxidation
of the N-terminal amino group of apoB-100. This inter-
pretation, in turn, is most straightforwardly rationalized
by initial formation of the N-terminal chloramine of apoB-
100 by MPO-catalyzed oxidation, followed by dehydroha-
logenation to the imine, which may react directly with
DNPH to form the hydrazone or may hydrolyze to the
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Fig. 3. MS/MS spectra of m/z = 858.164 (4+). A: The high m/z
region, partial series of triply charged y fragment ions from 858.164
(4+), indicated an oxidation of the methionine residue (M4) to
the corresponding sulfoxide and a divergence from the expected
increase in mass through the final two N-terminal amino acids
(EE). The absence of an ion at m/z = 1,041, as would be expected
from continuation of the y sequence fragmentation through the
unmodified peptide, is interpreted as resulting from modification
of the N-terminal residue hindering normal peptide ion fragmenta-
tion. B: Ions in the low m/z region MS/MS spectrum of singly
charged b series from 858.164 (4+) were consistent with the
VELEV . .. sequence indicated in Fig. 2 and with the modified
N-terminal peptide indicated in Fig. 5, including oxidation of the
methionine residue to the corresponding sulfoxide and the 179-Da
greater mass through the final two N-terminal amino acids (EE).
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Fig. 4. Oxidation of LDL by MPO and HOCI in vitro. To 2 ml of
50 mM PBS was added 1.6 nmol of LDL and 0.02 nmol of MPO,
and the mixture was incubated at 37°C for 10 min. For oxidation by
the MPO-catalyzed oxidation, a total of 20 nmol of HyO4 (12.5 mol
of HyOy per mol of LDL) was added in 10 equal aliquots of 50 pl
each, at 1.5-min intervals. At 37°C and in the presence of MPO, oxi-
dation by reagent HOCI was conducted similarly by addition of 10
equally divided doses at mole ratios, the sums of which (10, 25, 250,
and 625) are as indicated in the figure. Fifteen minutes after initia-
tion of the respective oxidations, the samples were reacted with
DNPH, protein was precipitated, delipidated, and digested with
trypsin, and the tryptic peptides were analyzed by HPLC, as de-
scribed in Materials and Methods. Detection at 365 nm only is
shown. Control experiments showed no effect of the presence of
MPO on product formation in oxidation with reagent HOCI, but
with oxidation by HyO,, the product profile showed by this method
was obtained only in the presence of MPO and Cl-.
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Fig. 5. MPO-catalyzed oxidation of apoB-100 in LDL. The tryptic
peptides indicated by the gas-phase sequence and mass spectral
analyses of the major product of MPO oxidation of LDL are indi-
cated, as is the disulfide bond (S-S in smaller font than used to in-
dicate serine residues in peptide sequences) linking the two pep-
tides through their respective cysteine residues. The reaction
scheme most consistent with the data available proceeds through
chlorination of the terminal amine and dehydrohalogenation to
the imine, with derivatization occurring directly or after hydrolysis
to the corresponding ketone.

corresponding ketone before derivatization with DNPH
(Fig. 5). The net addition of DNPH (198 Da) and loss of
NH; (17) and of 2H (2) account for a net gain in mass of
179 Da from the unmodified sequences. Oxidation of the
methionine residue to the corresponding sulfoxide ac-
counts for a mass increase of 16, thus accounting for the
observed 195-Da greater mass of the oxidized and deriva-
tized peptide than calculated for the parent disulfide-
bonded peptides sequences (21). Although other structures
or mechanisms might be responsible for the data observed,
none that we can envision are sufficiently reasonable to
merit discussion at this time.

DISCUSSION

The clearly different product profiles evidenced by
HPLC analyses of tryptic peptides from the MPO-catalyzed
oxidation of intact LDL and by addition with reagent
HOC(I (9) indicate that HOCI is not a free intermediate in
the MPO-catalyzed oxidation. Although other factors may
contribute, steric restriction on access of substrate to the
MPO catalytic site offers the most straightforward inter-
pretation of the observed selectivity in product formation,
without the need for more complex allosteric interac-
tions. Studies of the structure of MPO indicate that a rela-
tively narrow channel restricts access to the enzyme active
site (22). Preferential access to the enzyme active site by
the amino terminus of the apolipoprotein would contrast
with the much more limited reactions observed with the C
residues that were more readily oxidized by HOCI. Fur-
ther, even the pendant amine and guanidino functional
groups on K and R residues, respectively, appear to be less

effective in accessing the enzyme active site than is the
N-terminal amine of the apolipoprotein.

Monomeric substrates, including amino acids and other
low molecular weight compounds, would be expected to
compete successfully for MPO oxidation in free solution,
and Tien (23) has observed more rapid oxidation by MPO
of tyrosine as the free amino acid than in small polypep-
tides. The N-chloroamines or similar products formed by
oxidation of the small molecule substrates could form sec-
ondary products by chlorine atom transfer (24) or
through reactions involving imines or aldehydes formed
from the chloroamines (25). However, selective oxidation
by MPO of critical molecules on cell surfaces of bacteria or
other target particles would provide a much greater effi-
ciency of modification of invading pathogens than could
be attained by simple production of bulk solution HOCI
or other diffusible oxidants. Such a mechanism also could
serve to minimize self-inactivation of MPO that would be
expected from production and release of free HOCI. Pre-
vious studies have provided strong evidence that MPO can
produce diffusible and volatile products of chloride oxida-
tion, presumably HOCI and/or Cly (26), but determina-
tion of the relative fluxes through these two pathways and
the factors that determine the efficacies of these pathways
remain to be determined, and the relative flux rates are
likely to vary with types and concentrations of substrates
present.

The selective oxidation of the apolipoprotein indicated
by our data suggests chlorine atom transfer to the sub-
strate amine from a bound species, in agreement with the
interpretation offered by Marquez and Dunford (27) of
their data on kinetics of MPO oxidation of taurine. In ad-
dition to the product selectivity directed by restricted ac-
cess of substrates to the enzyme active site, such a mecha-
nism could provide an efficient pathway for oxidation of
Cl~ and a good leaving group for substrate N-chlorination.
A halide-binding site that might function in such a mecha-
nism has been described from X-ray crystal structure
studies of human MPO (22), but additional studies are
needed.

The mechanism proposed to explain the formation of
the product observed, if valid and if applicable to the
oxidation of other substances by MPO, suggests that the
selective oxidation of N-terminal amino groups on cell
surfaces could provide much greater efficiency in utiliza-
tion of oxidants in affecting function of target patho-
gens, if the limited oxidative modifications are sufficient
for alterations of cell functions. Previous reports that
bacterial killing by MPO is enhanced by prior adherence
of the enzyme to the surface of the bacteria (28) suggest
mechanisms similar to those implied by our present
data, but experimental tests of this working hypothesis
will be needed. In addition, more specific molecular
biomarkers of MPO-catalyzed oxidation of LDL and
other substrates will greatly facilitate delineating the
contributions of the postulated mechanisms of oxida-
tion. More specific biomarkers are also essential for opti-
mal evaluation and monitoring of the efficacies of thera-
peutic interventions. B
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