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Abstract Oxidative modification of LDL may be impor-
tant in the initiation and/or progression of atherosclerosis,
but the precise mechanisms through which low density lipo-
protein (LDL) is oxidized are unknown. Recently, evidence
for the existence of HOCI-oxidized LDL in human athero-
sclerotic lesions has been reported, and myeloperoxidase
(MPO), which is thought to act through production of
HOCI, has been identified in human atherosclerotic lesions.
In the present report we describe the formation of 2,4-dini-
trophenylhydrazine (DNPH)-reactive modifications in the
apolipoprotein (apo) by exposure of LDL to myeloperoxi-
dase in vitro. In contrast with the complex mixture of pep-
tides from oxidation of LDL with reagent HOCI, oxidation
with MPO in vitro produced a major tryptic peptide show-
ing absorbance at 365 nm. This peptide was isolated and
characterized as VELEVPQL(*C)SFILK . . ., corresponding
to amino acid residues 53-66 . . . on apoB-100. Mass spec-
trometric analyses of two tryptic peptides from oxidation of
LDL by HOCI indicated formation of the corresponding
methionine sulfoxide (M=0), cysteinyl azo (*C), RS—-N=
N-DNP, derivatives of EEL(*C)T(M=O0O)FIR and LNDLNS
VLV(M=0)PTFHVPFTDLQVPS(*C)K, which suggest oxida-
tion to the corresponding sulfinic acids (RSO,H) by HOCI.Ag
The present results demonstrate that DNPH-reactive modifi-
cations other than aldehydes and ketones can be formed in
the oxidation of proteins and illustrate how characterization
of specific products of protein oxidation can be useful in as-
sessing the relative contributions of different and unex-
pected mechanisms to the oxidation of LDL and other target
substrates. The data also suggest a direct interaction of the
LDL particle with the active site on myeloperoxidase and in-
dicate that effects of the protein microenvironment can
greatly influence product formation and stability.—Yang, C-y.,
Z-W. Gu, M. Yang, S-N. Lin, A. J. Garcia-Prats, L. K. Rogers,
S. E. Welty, and C. V. Smith. Selective modification of apoB-
100 in the oxidation of low density lipoproteins by myeloper-
oxidase. J. Lipid Res. 1999. 40: 686-698.
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Oxidative modification of low density lipoprotein
(LDL) may be important in the initiation and/or progres-
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sion of atherosclerosis, but the relative contributions to
initiation of atherogenesis and the precise mechanisms
through which LDL oxidation and atherosclerosis progress
in parallel remain controversial (1-4). Although many
studies of the oxidation of LDL lipids have been pub-
lished, far less is known about the oxidative modification
of the apolipoprotein (apo). In addition, oxidative modi-
fications of tissue proteins have been implicated in the
pathogeneses of a number of other diseases and degener-
ative conditions (5, 6).

Myeloperoxidase, which catalyzes the oxidation of sub-
strates by H,O, in the presence of Cl~, has been identified
in human atherosclerotic lesions (7) and presumably
arises from neutrophils and/or monocytes. Hazell et al.
(8) have presented evidence for the existence of HOCI-
oxidized LDL in human atherosclerotic lesions from stud-
ies using a monoclonal antibody specific for HOCI-treated
LDL that does not cross-react with LDL oxidized or modi-
fied by other mechanisms. These investigators also re-
ported that exposure of LDL to reagent or enzymatically
generated HOCI resulted in oxidation of amino acid resi-
dues of apoB-100 and transformation of the LDL into a
high-uptake form for macrophages (9). Modifications of
lysine residues were the principle effects characterized,
with conversion to the corresponding aldehydes, which
can result in LDL aggregation by reaction of the alde-
hydes with unaltered primary amines to form Schiff base
products (10). In other studies, Hazen and Heinecke (11)
have characterized 3-chlorotyrosine as a biomarker of oxi-
dation of LDL by MPO or HOCI in vitro, and have ob-
served elevated levels of 3-chlorotyrosine in atherosclerotic
tissues and in LDL isolated from atherosclerotic intima.

Recently, we have characterized a series of amino acid

Abbreviations: LDL, low density lipoproteins; MPO, myeloperoxi-
dase; DNPH, 24-dinitrophenylhydrazine; GSSG, glutathione disulfide;
GSOH, glutathione sulfenic acid; GSO,H, glutathione sulfinic acid; GSOzH,
glutathione sulfonic acid; FAB, fast atom bombardment; MALDI,
matrix-assisted laser desorption ionization; GSH, glutathione.
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residues on apoB-100 of LDL that are oxidized by reagent
HOCI (12). In our studies, HOCI-mediated modification
of the apoprotein in LDL was observed principally at Cys,
Trp, Met, and Lys residues on the external surface of the
LDL particle, with a preferential oxidation of the Cys resi-
dues. Nonetheless, oxidation of LDL by reagent HOCI in
vitro would not necessarily be identical to that expressed
in vivo. As a first step in testing that hypothesis, we investi-
gated whether the products of the oxidative modification
of apoB-100 of LDL by MPO are distinguishable from those
obtained from oxidation with reagent HOCI by character-
izing DNPH-reactive tryptic peptides from human LDL
treated with MPO in vitro. The results of the present stud-
ies indicate that oxidation of the apoprotein in LDL by
MPO in vitro is markedly different than that observed with
HOCI. Additional studies indicate that the DNPH-reactive
intermediates formed at cysteine residues by oxidation
with HOCI appear to include the corresponding sulfenyl
and sulfonyl chlorides and sulfinic acids.

MATERIALS AND METHODS

Materials

Myeloperoxidase (MPO, human polymorphonuclear leuko-
cytes) was purchased from Calbiochem (San Diego, CA), hydro-
gen peroxide (30%) from Fisher Scientific (Pittsburgh, PA), 2,4-
dinitrophenylhydrazine (DNPH) from Serva (Germany) or from
Sigma, and N-tosyl-I-phenylalanine chloromethyl ketone (TPCK)-
treated trypsin from Worthington Biochemicals (Freehold, NJ).
All other reagents were purchased from Sigma Chemical Com-
pany (St. Louis, MO).

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 (12).
Briefly, aprotinin (0.056 unit/ml plasma), sodium azide (0.06%
w/v), and EDTA (0.06% w/Vv) were added to plasma immediately
after collection. For additional purification, LDL was recentri-
fuged in solution with density of 1.09 g/ml. Purified LDL was dia-
lyzed against 50 mm phosphate buffer containing 0.15 m NacCl,
pH 7.4 (50 mm PBS).

Oxidation of LDL by MPO

Oxidation of LDL by MPO was carried out according to the
method described by Hazell et al. (9) with some modification.
LDL in 50 mm PBS at a final concentration of 0.8 um apolipopro-
tein was preincubated at 37°C for 10 min before addition of
MPO at a final concentration of 1.2 pg/ml. Oxidation was initi-
ated by addition of H,O, at 1.5-min intervals with brief mixing
after each addition, to a final concentration of 10 um. Under these
conditions, H,O, was consumed by MPO within 1 min. Samples
were protected from light between additions of H,O,. 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 CI—, also was used in control studies of
the oxidation of LDL by MPO/H,0,.

Reaction of LDL with 2,4-dinitrophenylhydrazine

The reaction of LDL with DNPH was performed as described
(12). An equal volume of DNPH (5 mm in 2 N HCI) was added to

the LDL. After incubation for 30 min at 4°C, 1 volume of 20%
TCA was added. The precipitate was collected by centrifuga-
tion and washed with EtOH-EtOAc 1:1 (v/v) 3 times and dried
with nitrogen.

Protein primary structure analysis

Delipidation and tryptic cleavage were conducted as described
previously (12). (a) Enzymatic hydrolysis: Proteins were digested
with TPCK-treated trypsin (enzyme:substrate ratio = 1:50) in 0.1
m ammonium bicarbonate, pH 8.0, at room temperature for
up to 24 h. (b) HPLC for peptide separations and sequencing:
A Vydac Cqg column (250 X 4.6 mm) and trifluoroacetic acid
(TFA)-acetonitrile gradient elution were used for primary pep-
tide separations. The major peaks detected at 365 nm were col-
lected manually and purified by sequential chromatography with
phosphate buffer and ammonium acetate-acetonitrile gradient
mobile phases (12). The sequences of the peptides thus obtained
were determined with a gas phase automated sequencer (Ap-
plied Biosystems) with an online 120A PTH Analyzer.

The peptide EELCTMFIR was prepared with an ABI 430A Syn-
thesizer by the solid phase method as developed by Barany and
Merrifield (13). The synthetic peptide was purified using the tri-
fluoroacetic acid mobile phase and a VWdac C,g column. The puri-
fied peptide (0.33 mm in 8 ml 50 mm phosphate buffer, pH 7.4)
was reacted with NaOCI (13.2 mm in 2 ml buffer) at 0°C for 15
min. The reaction mixture either was subjected to HPLC separa-
tion directly or was treated with DNPH. For DNPH derivatiza-
tion, 10 pl of 2 mm DNPH in 2 m HCI was added to the reaction
mixture. After 30 min at room temperature, the material was ex-
tracted 3 times with diethyl ether (10 .l each), the organic phase
was discarded, and the aqueous phase was dried and subjected to
HPLC purification.

Mass spectrometry

Mass spectra were obtained with a TSQ 70 (upgraded to TSQ
700) triple quadrupole mass spectrometer (Finnegan-Mat, San
Jose, CA). An electrospray source (PerSeptive Biosystems, Vestec
Products, Houston, TX) was used and modified to replace the
metal spray needle with a fused silica glass capillary tube (360
mm o.d. and 50 mm i.d.). Infusion flow rate was 0.6 to 0.8 ml/
min. Samples were introduced by a valve-loop system. Electro-
spray voltage was 3.5 kV. Lyophilized samples were dissolved in
50% methanol, 25% acetic acid, to approximately 2 pmol/pul,
and 5 ul aliquots were injected. Low energy collision-induced dis-
sociation used xenon as collision gas at 0.8 to 1 mtorr with colli-
sion energy at 6-10 eV. MALDI-TOF mass spectra were obtained
on a Voyager Elite (PerSeptive Biosystem, Vestec Products) time-
of-flight mass spectrometer equipped with a nitrogen laser (337
nm, 3 ns pulse). A positive linear mode was used, with an acceler
ating voltage of 25 kV and a pulse delay of 150 ns. Each spectrum
was produced by accumulating data from approximately 50 laser
shots. Fast Atom Bombardment (FAB) spectra were acquired on
a VG ZAB-SEQ hybrid tandem mass spectrometer equipped with
an 11-250] data system. Two- to 3-microliter aliquots of reaction
mixture were applied to the sample probe with a liquid matrix of
dithiodiethanol-thioglycerol 1:1 saturated with oxalic acid. Sam-
ples were ionized by bombardment with a primary neutral beam
of xenon at 8 eV. Argon sufficient to attenuate the main beam by
approximately 50% was admitted to the third field-free region
and the instrument was scanned to detect ions losing neutral
fragments of 129 Da, characteristic of the y-glutamyl group.

HPLC of GSH and oxidation products

Similar oxidations of GSH and GSSG were investigated as
model small molecule thiols and disulfides that are also physio-
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logically relevant. HPLC analyses of GSH and oxidation products
were achieved by a variation of the method described by Jaya-
tilleke and Shaw (14). A Zorbax SB-C;5 column was used with elu-
tion by mobile phases: A, 25 mm NaHPO,, 5 mm tetrabutylammo-
nium bisulfate, pH 4.5, and B, 80% mobile phase A with 20%
MeOH, using a solvent program of 6 min at 100% A followed by a
linear gradient to 85%A, which was held for 4 min. Detection was
by absorbance at 210 nm, and concentrations were calculated
from peak areas compared with experimentally derived standard
curves. With this method, separation of GSH, GSSG, GSO,H, and
GSO;H was sufficient for the purposes of the present studies.
GSO,H was synthesized by the method of Calam and Waley
(15). GSSG (2 mmol) was mixed with 3 mmol of AgNO; in 0.2 m
NaOAc, pH 6.1, in the dark overnight at room temperature. The
mixture was centrifuged, 6 mmol of NaCl was added to the super-
natant, mixed, and the material was centrifuged. The resulting su-
pernatant contained GSH and GSO,H, as indicated by HPLC and
mass spectrometry, and was used without further purification.

RESULTS

Oxidation of LDL by MPO and HOCI

HPLC analyses of the tryptic digests of DNPH-treated
apoB-100, with detection at 220 nm (top trace, for detec-
tion of unmodified peptides) and at 365 nm (bottom trace,
characteristic of the dinitrophenyl group) showed no dis-
tinct peaks with significant absorbance at 365 nm in freshly
isolated human LDL (Fig. 1A). Exposure of LDL to my-

eloperoxidase, Cl—, and H,O,, followed by DNPH treat-
ment and trypsin digestion, produced several peaks de-
tected at 365 nm, with a dominant single peak, designated
12 in chromatograms 1B and 1C. In chromatogram 1C, the
trace produced by detection at 220 nm is deleted, so the
peaks of absorbance at 365 nm can be seen more clearly. A
similar analysis of LDL oxidized by reagent HOCI, deriva-
tized with DNPH, and digested with trypsin, Fig. 1D, shows
a much different pattern of products detected at 365 nm,
most notably in the absence of a single major peak as ob-
served with MPO oxidation and shown in Fig. 1B and 1C.
Omission of MPO, H,0,, or even Cl~ from the reaction
mixtures yielded chromatographic product profiles that
were not markedly different from that obtained from native
LDL (data not shown). The oxidations evidenced in Fig. 1B
and 1C result from addition of 12.5 mole of H,O, per mole
of apoB-100. In contrast, the results shown in Fig. 1D arise
from 2000 mole of HOCI per mole of apoprotein. In our
previous studies, we found apoprotein modifications caused
by HOCI/apoprotein mole ratios of 250/1 to be barely de-
tectable by the methods used in these studies (12). Subse-
quent experiments using doses of HOCI identical to the
doses of H,0, used in the present studies with MPO were
conducted and the results confirmed that no unexpected
bimodal appearance and disappearance of products were
observed with HOCI (data not shown), as would be ex-
pected if HOCI and MPO oxidized LDL through common
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Fig. 1. HPLC of DNPH-treated apoB-100 tryptic peptides separated by reverse phase chromatography us-
ing the TFA-acetonitrile gradient: (A) native LDL treated with DNPH, the protein precipitated with acid, de-
lipidated, washed, and digested with trypsin, and the tryptic peptides separated by reverse phase HPLC,
showing absorbance detection at 220 (upper trace) and 365 nm (lower trace); (B) LDL exposed to MPO +
H,O, + CI~, then DNPH, and processed as in (A); (C) LDL exposed to MPO as in (B), but showing eluent
absorption only at 365 nm; (D) LDL exposed to HOCI and processed as in (A). Fractions containing pep-
tides exhibiting absorption at 365 nm were collected for further purification. Peaks in 1C marked with (a)
showed no characteristic absorbance at 365 nm after rechromatography; peaks marked (b) showed absor-
bance at 365 nm after rechromatography, but no positive N-terminal sequence was observed by N-terminal

sequence analysis.
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TABLE 1. Oxidation of GSH and GSSG

GSH GSOzH GSO,H GSSG
nmol

GSH + H,0, 368 N.D. N.D. 295
GSH + HOCI 548 45 248 174
GSH + MPO + H,0, 391 N.D. N.D. 295
GSSG + H,0, N.D. N.D. N.D. 1026
GSSG + HOCI N.D. N.D. 133 763
GSSG + MPO + H,0, N.D. 101 N.D. 908

GSH or GSSG (1.0 wmol), in phosphate buffer, pH 7.4, at room
temperature, was reacted with 2 wmol HOCI, 0.5 pwmol H,0,, or 1.2
mg MPO + 10 pmol H,0,. After 15 min, the reaction mixtures were
analyzed by HPLC. Product identities were assigned by coelution with
standards, but it should be noted that the formation of other products
cannot be precluded. Contents were calculated from peak areas using
experimentally derived standard curves (GSH peak area was used to
calculate GSO,H). Data are presented in nmol and are means of at
least three determinations. N.D., not detected (limit of detection is 5
nmol).

intermediates and mechanisms. Under otherwise identical
reaction conditions with ClI~ and H,O,, separation of LDL
from MPO by enclosure of the LDL in a dialysis bag inhib-
ited formation of the major tryptic peptide absorbing at
365 nm to levels that were below our limits of detection
(data not shown).

The peaks numbered in Fig. 1C were collected for fur-
ther purification and analyses. The peaks labeled with an
‘a’ did not show peaks with significant absorbance at 365
nm with subsequent chromatography. The peaks labeled
‘b’ in this figure showed absorbance at 365 nm, but gave

RELATIVE INTENSITY

VELEVPQL(C*)SFILK....

no amino acid content data on N-terminal sequence anal-
yses. Peak 1C-12, after additional purifications with the
phosphate buffer mobile phase and with the ammonium
acetate-based mobile phase gave 1C-12-1-1. The other
peaks isolated in these two HPLC purification steps gave
no clear peptide sequence data. We characterized the ma-
terial in 1C-12-1-1 by N-terminal sequence analysis to be
VELEVPOL (*C)SFILK, which corresponds to amino acids
53-66 in the human apoprotein (16). Note that in this
presentation the amino acid residues that have been iden-
tified by N-terminal sequence analyses are underlined,
whereas the amino acids not underlined are implied from
the published amino acid sequence data and the antici-
pated tryptic digestion sites. The N-terminal sequence of
1-C-12-1-1 is identical to that of a peptide characterized
from the oxidation of LDL with reagent HOCI, indicated
as peak 13 in Fig. 1D (12). However, this peptide was
never more than a very minor product in the oxidation of
LDL by HOCI, and modest, but characteristic differences
in HPLC retention times of the two species indicate that 1-
D-13 and 1-C-12-1-1 are different products sharing com-
mon N-terminal sequences. The N-terminal sequence
analyses of 1-C-12-1-1 show no modifications up to the first
K, with trace signals of K in cycle 14, T in cycle 15, and Q
in cycle 17. Our sequencing analyses do not distinguish a
modified C from an unmodified residue, and we have no
direct evidence that C®! is oxidized by MPO to give rise to
the DNPH-reactive site indicated by the DNPH-dependent
absorbance at 365 nm. Previous studies have indicated
that Cys®! does not exist in the thiol form, but appears to
be disulfide-linked (17, 18). The facile oxidation of GSSG

3416.9
| 3432.88

3250.38

1000

m/z

3000 4000

Fig. 2. MALDI-TOF mass spectrum of peptide 1C-12-1-1 from MPO oxidation of LDL. The peptide isolated
by sequential HPLC purification was examined by MALDI-TOF. No ions are observed in the region of the an-
ticipated molecular mass of the parent peptide, 1811.9. The identity of this modified peptide is not known at

this time.
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RELATIVE INTENSITY
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Fig. 3. ES-MS of peptide 1C-12-1-1 from MPO oxidation of LDL. The peptide isolated by sequential HPLC
purification was examined by ES-MS. The ions labeled are assigned the respective N-terminal fragments con-
sistent with the sequence obtained by gas phase sequencing. The ion at m/z 1144.57 may correspond to the
y8” ion anticipated for the cysteinyl azo DNPH derivative (calculated mass 1145.5), but other y'’ series frag-

ments are not observed.

by HOCI (Table 1) suggests that similar oxidations of dis-
ulfides in proteins are not unreasonable.

Examination of the peptide 1-C-12-1-1 by MALDI-TOF
yielded the spectrum shown in Fig. 2, which provides no
indication of ions in the region of the mass expected,
but indicates a molecule of much higher mass. Electro-

spray mass spectral characterization of the peptide 1C-
12-1-1 did not show an apparent molecular ion in the
range expected for the tryptic peptide predicted from
the N-terminal sequence analysis and tryptic hydrolysis at
K66 (m/z = 1619 for the unmodified peptide, or 1813 for
[m + H + 194], for modification of the C®! to be de-

(M+3H)3*
- 1042.8 )
LNDLNSVLV(M)PTFHVPFTDLQVPS(*C)K
> 801
}_
) EXACT MASS: 3124.487
=z
60
=
1Ll
=
< 407 (M+2H)2+
m 1563.5
- 4+
oo  (M+aH)
MJLJ Py DA | Iy POL T TP R Y .LL Py i " Ay
- T Y T T T | ¥
800 1000 1200 1400 1600

Fig. 4. Mass spectrum of LNDLNSVLV(M")PTFHVPFTTDLQVPS(C*)K. The peptide isolated by HPLC
was identified by N-terminal sequencing. The mass spectrum indicates modification of the parent sequence
to the corresponding methionine sulfoxide (M + 16), indicated as (M"), and conversion of the C to the cor-

responding cysteinyl azo DNP derivative (M + 194).
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Fig. 5. Electrospray mass spectrum of EEL(C*)T(M')FIR. The peptide isolated by HPLC and identified
initially by N-terminal sequencing was analyzed by ES mass spectrometry. The parent mass and the y'’ series
fragmentation ions indicate the formation of the methionine sulfoxide and the DNP-cysteinyl azo derivative,
and further support the location of the latter modification on the cysteinyl residue.

scribed below). A series of N-terminal a and b series frag-
ment ions were observed that are consistent with the
peptide indicated by our gas phase N-terminal sequenc-
ing analyses, but the expected lower mass y’’ ions from
the predicted C-terminal fragment ions are not observed
(Fig. 3).

Peak 1D-12 was purified by HPLC and determined by N-
terminal sequencing to be LNDLNSVLV(M=O)PTFH-
VPFTDQVPS(*C)K. Mass spectrometry indicated a mass
of 210 Da greater than that expected for the parent un-
modified tryptic peptide (Fig. 4). The oxidation of the
methionine residue to the corresponding sulfoxide
(M=0), and the absorbance at 365 nm, suggest that the
additional 194 Da are most probably attributable to at-
tachment of the DNP moiety (DNPH is 198 Da) to the
cysteinyl residue, although an additional oxidation and
loss of 2 Da are indicated. Electrospray mass spectrometry
(ES-MS) of peak 1D-10-1, which was identified by N-
terminal sequence analysis to be EEL(*C)T(M=0O)FIR,
gave a similar net increase in mass, and gave a full series of
y'’ fragment ions that demonstrated the localization of
the 194 Da increase in mass to the cysteine residue (Fig.
5). The products suggested by these data are illustrated
in Fig. 6, which also outlines possible mechanisms for
the transformations.

Oxidation of synthetic EELCTMFIR

To investigate the reaction schemes proposed in Fig. 6,
we prepared EELCTMFIR by solid phase synthesis and
purified the peptide by HPLC. Reaction of the peptide
with HOCI without exposure of the material to DNPH
gave a series of HPLC peaks detected at 220 nm, but
showed no significant absorbance at 365 nm (Fig. 7A).
Treatment of the initial reaction mixtures with DNPH
gave products with absorbances at 365 nm (Fig. 7B). ES-

MS of the material in peak 7A-2 (Fig. 8) indicated addi-
tion of 3 O atoms (at m/z 1189) and 4 O atoms (at 1205).
Peak 7A-6 appears to be a dimer of the peptide contain-
ing 2 additional O atoms (m/z 2311.6, Fig. 9). The ion at
m/z 2344 suggests a peptide dimer containing a total of 4
additional O atoms.

From the HOCI-oxidized EELCTMFIR treated subse-
quently with DNPH, we isolated a peptide whose ES-MS
(Fig. 10) indicated an increase in mass of 244 Da, which is
most readily explained as direct coupling with DNPH
(+198-2) with the addition of 3 O atoms (+48). Frag-
ment ions y;'" through y;"’ indicate the methionine sul-
foxide (not shown), sulfonhydrazide structure 3.4, pre-
sumably formed via the sulfonyl chloride (3.2) illustrated
in Fig. 11. Hydrolysis of the sulfonyl chloride (3.2) would
give the sulfonic acid (3.3), such as is observed for the ion
at m/z 1205 in Fig. 8.

Oxidation of GSH

Oxidation of GSH by H,O,, reagent HOCI, and by
MPO was studied in vitro, using a relatively simple HPLC
analysis that enabled us to avoid limitations of methods
that require derivatization. As is illustrated in Fig. 12, ex-
posure of GSH to H,O, alone gave GSSG, but with the
conditions used no glutathione sulfinic (GSO,H) or sul-
fonic acids (GSO3H) were observed. However, at compa-
rable extents of oxidation of GSH, HOCI produced
readily detectable quantities of products that co-eluted
with standards of the corresponding GSO,H and GSO;H.
In contrast, oxidation of GSH by MPO (in the presence
of CI~ and H,0,) yielded only GSSG. Exposure of GSSG
to H,O, under similar conditions neither consumed
GSSG measurably nor generated new product, as identi-
fied by HPLC (Table 1). HOCI did react with GSSG, giv-
ing GSO,H as the principle product. Oxidation of GSSG
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Fig. 6. Structure of proposed modification of peptides and potential mechanisms for product formation.
The modifications of C residues in apoB-100 indicated by mass spectra in Figs. 4 and 5 are best explained by
the corresponding DNP azo derivatives, 1.5. Possible mechanisms for these transformations include reaction
of DNPH with the corresponding sufenyl chlorides (1.2) or sulfenic acids (1.3), with oxidation of the inter-
mediate product, perhaps during workup. Alternatively, and in our view preferably, as indicated in Scheme 2,
oxidation of the C groups to the sulfinic acids (2.2), condensation, tautomerization, and dehydration can ac-

count for the observed derivatives 1.5.

by MPO gave a material that co-eluted with GSO3H, al-
though we have not precluded the formation of some
other product(s). Similar studies with GSO3;H indicated
loss of starting material with exposure to HOCI, although
new HPLC peaks were not observed, and no decreases in
GSO3H concentration were observed with the other oxi-
dation conditions (data not shown). The data in Table 1
are based only on HPLC retention times for product
identification, and coelution of other substances or fail-
ure of yet other products to elute under the conditions
employed are not precluded.

We also applied direct mass spectral examination of a
reaction mixture of GSH + HOCI. FAB MS of a crude re-
action mixture, using scanning constant neutral loss of
mass 129 to identify y-glutamyl-containing species, gave
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the spectrum shown in Fig. 13. The FAB spectrum for
the GSO,H we synthesized is shown in Fig. 14. The ion at
m/z 308 indicates GSH, as we observed also by HPLC,
but the ion at m/z 340 is characteristic of the sulfinic
acid. The spectrum of the GSO3;H purchased commer-
cially shows no ions at m/z 340, little if any content of
GSH or GSO,H, and shows strong ions from exchange
with up to three sodium ions. The ion at m/z 340 in the
FAB spectrum of the crude reaction mixture of GSH +
HOCI (Fig. 13) supports the HPLC evidence for forma-
tion of the sulfinic acid in the oxidation of GSH by
HOCI, and the ions at 377.9, 399.9, and 422.1 support
formation of the sulfonic acid, even though a parent ion
[M + H]* containing no sodium ion (at 356) was not ob-
served clearly.
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Fig. 7. HPLC of HOCI-treated peptide EELCTMFIR without (A) and with (B) treatment with DNPH after
peptide oxidation. EELCTMFIR was synthesized and purified by HPLC. The purified peptide was reacted
with HOCI in phosphate buffer at 0°C for 15 min, then subjected to HPLC analysis directly (A) or treated

with DNPH prior to HPLC (B).

DISCUSSION

The HPLC analyses of tryptic peptides absorbing at 365
nm clearly indicate a marked difference in the oxidation
of LDL by MPO and the effects of exposure to reagent
HOCI (Fig. 1). This selectivity was not simply a function of
extent of oxidation, as exposure of LDL to doses of re-
agent HOCI equal to the doses of H,O, used in the MPO-
catalyzed oxidations illustrated in Figs. 1B and 1C produced
no products detectable by the methods used in the present
studies (data not shown). The selectivity of the MPO-
catalyzed oxidation of LDL is most readily attributed to
the intermediacy of an enzyme-substrate complex. Mar-
quez and Dunford (19) have reported kinetic evidence
for an enzyme-bound intermediate in the MPO-catalyzed
chlorination of taurine, and Libby et al. (20, 21) have ob-
served similar effects in their studies of substrate oxida-
tion by chloroperoxidase. However, large proteins, espe-
cially those ensconced in even more bulky lipoprotein
particles, should have more difficulty in accessing the re-
strictive active site of MPO (22) than would the much
smaller molecules studied by the other investigators. Nev-
ertheless, the present HPLC data (Fig. 1) indicate that
freely diffusible HOCI is not likely to be the oxidizing spe-
cies responsible for the product pattern observed MPO-
catalyzed oxidation of LDL.

The mass spectral analyses of the principle peptide iso-
lated from MPO-oxidized LDL were not entirely consis-
tent with the structure of the tryptic peptide predicted
from the primary sequence of apoB-100 (16). However,
the mass spectra are not indicative of an impure or unsta-
ble mixture. Although the MALDI spectrum of this pep-

tide (Fig. 2) gives what appears to be a possible molecular
ion (at m/z = 3432.88) that suggests a product other than
the expected tryptic fragment (m/z = 1619 for the un-
modified peptide), the spectrum also is consistent with a
single, relatively pure compound, albeit of significantly
greater molecular weight than was expected (Fig. 2). The
HPLC analyses also indicate that the substance isolated is
highly unlikely to be a heterogeneous mixture. The gas
phase N-terminal sequence data and the N-terminal a and
b fragment ions observed by ES-MS (Fig. 3) further sup-
port the purity of the peptide, and that VELEVPQ(*C)
SFIL is a part of the structure.

The additional mass could arise from intermolecular
crosslinking of apoproteins, but the remarkable selectivity
with which the final product seems to be formed would
make such a process quite surprising. An intermolecular
bond formed between the apoB-100 peptide and a se-
lected site on the MPO molecule is a possibility, but we
have no indication that the MPO enzyme activity is dimin-
ished during incubation, and the amounts of MPO used
in these studies would severely limit formation of stoichio-
metric products. Another explanation consistent with the
data available at the present time is that the apoprotein is
induced to form one or more intramolecular covalent
crosslinks.

However, the transformations responsible for generation
of peptide 1-C-12-1-1 do not generate a second N-terminal
sequence. The greater mass of the peptide is most readily
explained by alterations of one or more normally recog-
nized sites for hydrolysis by trypsin. The DNPH-dependent
absorbance at 365 nm indicates that MPO oxidation also
must generate and retain a site reactive with DNPH. Al-
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Fig. 8. Electrospray-MS of peptide 7A-2. The mass spectrum of
HPLC peak 7A-2 indicates incorporation of 3 O atoms at m/z
1189.7, and 4 at 1205.5. The latter ion is probably the cysteic acid,
methionine sulfoxide, but the former could be either the cysteic acid
with intact methionine, or methionine sulfoxide cysteine sulfinic
acid. The ion at 683.22 shown in panel B suggests the latter because
this is the mass calculated for the ys'’ fragment ion containing the
methionine sulfoxide, as opposed to the m/z 667 calculated for the
unoxidized methionine.

though no logical combination of modifications have
been identified using the published primary structure of
human apoB-100 (16), the loss of enzyme recognition of se-
lected tryptic digestion sites remains the leading hypothe-
sis for explaining the results presently available.

Another key finding from the present studies is that not
all DNPH-derived increases in absorbance arising from
oxidation of proteins are due to hydrazones of aldehydes
or ketones. We initially rationalized the HOCI-mediated
alterations of the cysteine residues of apoB-100 as pro-
ceeding through thioaldehydes or aldehydes, with subse-
quent formation of the corresponding DNPH-derived
hydrazones. The mass spectral data are not consistent
with these hypotheses, but suggest the reactions illustrated
in Fig. 6. In addition to the increase of 16 Da by oxidation
of the methionine to the sulfoxide (not shown in Fig. 6),
the additional increase of 194 Da is best explained by prod-
uct 1.5. Other studies have demonstrated that products
other than aldehydes and ketones are formed by oxida-
tion of proteins (5, 6, 23-26), but the present data are best
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Fig. 9. Electrospray mass spectrum of peptide 7A-6. The ion at
m/z 2311.6 indicates a dimer formed by oxidation of EELCTMFIR
by HOCI, including the incorporation of 2 O atoms, such as through
oxidation of both M to the corresponding methionine sulfoxides
(M=0). The multiply charged ions (M + 4H)** and (M + 3H)3*
are indicated. The ion at m/z 1157 matches the parent monomeric
peptide modified only by a single oxidation, presumably of M to
(M=0). In the parent spectrum, the ions at m/z 2344 and 2377
suggest incorporation of 2 and 4 additional O atoms, respectively,
possibly indicating oxidation of the cysteine S atoms to the corre-
sponding sulfonyl derivatives. The nature of the bond(s) linking
the dimer is(are) not known at the present time.

explained by the formation of DNPH-reactive sites on cys-
teine moieties suggestive of sulfenyl chlorides or the sulf-
enic or sulfinic acids, or even the sulfonyl chlorides (Figs. 6
and 11).

The modification of biological macromolecules by
chemically reactive metabolites and the contributions of
these alterations to drug toxicities and disease processes
have been recognized for many years and have been stud-
ied extensively (27-29). The present observations suggest
that biological macromolecules may themselves be con-
verted to chemically reactive intermediates capable of al-
tering other macromolecules or other sites on the same
molecule. Unraveling the products and thereby the mech-
anisms of such processes will be difficult, but the evidence
associating protein oligomerization with hyperoxic lung
injury (30, 31) and possibly with other diseases, such as
Alzheimer’s (32), indicates that these questions are likely
to be important and merit careful investigation.

Clearly a product of GSH oxidation, GSSG frequently is
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Fig. 10. Electrospray-MS of peptide 7B-6. Spectra indicate oxidation of M to methionine sulfoxide (M")
and conversion of the C to the corresponding DNPH-derived sulfonamide (C*), presumably through the sul-
fonyl chloride (RSO,CI). The y'’ series ions from y;'’ through y;'" were observed (not shown), further sup-

porting the assigned structure.

called ‘oxidized glutathione’; however, products other
than GSSG can be produced by oxidation of GSH, and
products other than disulfides can be formed through the

Rl
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Fig. 11. Proposed structures and mechanisms of formation of cys-
teic acid (3.3) and DNP-sulfonhydrazide (3.4) in the reaction of
EELCTMFIR with HOCI. The oxidation of the methionine group is
not addressed in this scheme, nor are the potential mechanisms
through which peptide dimerization might be effected.

oxidation of cysteine sulfhydryls in proteins. The ability of
GSSG to be reduced by the NADPH-dependent glu-
tathione reductase system to sustain supplies of GSH dis-
tinguishes GSSG from many of the other products of oxi-
dation of GSH. For this reason, the reactions of HOCI
with GSH may have markedly different effects on biologi-
cal defense functions and cell viability than would equivalent
quantities of hydrogen peroxide or lipid hydroperoxides. Al-
though one molecule of GSH is capable of reducing four
molecules of HOCI, the formation of products that are
not reduced by the glutathione reductase-NADPH system
and the potential formation of protein modifications that
are not similarly repairable by reduction of disulfide
bonds in proteins, through thiol-disulfide exchange reac-
tions, are likely to exert physiological effects that are
equally irreversible (33-35).

The results of the present studies indicate that mecha-
nisms other than S-thiolations need to be considered in
the covalent aggregation of proteins. Protein aggregates
should affect biological systems adversely, both through
loss of normal functions of the constituent proteins and
through the physical properties of the aggregates. These
covalent clumps, if formed largely through the forma-
tion of disulfide bonds and denaturation of tertiary
structure, might be resolved through reduction of the
disulfide bonds through glutaredoxin, thioredoxin, or
related systems, or at least through lysosomal hydrolysis
and re-synthesis of the altered proteins from the amino
acids thus recovered. However, more complex covalent
modifications, such as the ones implicated in the HOCI-
mediated and/or the MPO-catalyzed oxidation of apoB-
100, might compromise even the process of lysosomal
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Fig. 12. HPLC separation of GSH and products of its oxidation in vitro. GSH (1.0 wmol), in phosphate
buffer, pH 7.4, at room temperature, was reacted with 0.5 pwmol H,0,, 2 pmol HOCI, or 1.2 ng MPO + 10
pmol H,O,. After 15 min, the reaction mixtures were analyzed by HPLC. Product identities were assigned by
coelution with standards, purchased or in the case of GSO,H synthesized as described in Methods. The iden-
tities of the other peaks are unknown at this time.

digestion and re-synthesis of proteins (36, 37). We have and N-terminal sequence analyses of the proteins showed

observed by western analyses two DNPH-reactive pro- both to be 100% identical over 16 amino acids to rat B-

teins of about 40 and 120 kDa in the BAL fluids of rats  casein, although rat p-casein is about 25 kDa. The chem-
exposed to hyperoxia (30). Isolation of the reactive bands ical structures of the DNPH-reactive products and the
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Fig. 13. FAB mass spectrum of GSH oxidation by HOCI in vitro. GSH and HOCI (1:2) were reacted at
room temperature for 15 min, and the reaction mixture was analyzed directly by fast atom bombardment.
Spectra were acquired with constant neutral loss of m/z of 129, for loss of the glutamyl moiety. Structural as-
signment of ions are indicated. The production of GSO,H, GSO3;H, and GSSG are indicated by the respec-
tive ions, but no indications of halogenated derivatives are observed.
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Fig. 14. FAB mass spectrometry of glutathione sulfinic (GSO,H) and sulfonic (GSO3H) acids. GSH pro-

duced in the synthesis of GSO,H from GSSG was not removed prior to analysis. The ion at m/z 340 is as-
signed to the protonated molecular ion of GSO,H, and is not observed in GSH, GSSG (not shown) or in

GSO;H (B).

mechanisms responsible for the oxidative alterations are
not known at this time, but the implications of oxidative
protein oligomerization appear to be not unlike those
indicated by the present studies. In other investigations,
we noted intraalveolar accumulation of proteinaceous
material in rats exposed to hyperoxia, and a modest but
statistically significant attenuation of parameters of lung
injury that correlated with attenuation of the extent of
accumulation of these proteinaceous exudates in rats
treated with the 21-aminosteroid U74389 (31).

In conclusion, our data indicate that freely diffusible
HOCI does not contribute significantly to MPO-catalyzed
oxidation of LDL in vitro. The generation of DNPH-reactive
sites in apoB-100 by oxidation of HOCI appears to involve
generation of sulfinic acids from cyst(e)ine residues in the
apoprotein. The metabolic activation of biological mole-
cules, including macromolecules, to form chemically reac-
tive intermediates capable of contributing to initiation
and/or progression of atherosclerosis, hyperoxic lung in-
jury, or related toxicities and diseases is likely to be a for-
midable challenge for research, but recent studies suggest
that these processes may be of sufficient importance to
justify the effort. gl
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