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Detection of HOCI-mediated protein oxidation products in the extracellular
matrix of human atherosclerotic plaques
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Oxidation is believed to play a role in atherosclerosis. Oxidized
lipids, sterols and proteins have been detected in early, inter-
mediate and advanced human lesions at elevated levels. The
spectrum of oxidized side-chain products detected on proteins
from homogenates of advanced human lesions has been inter-
preted in terms of the occurrence of two oxidative mechanisms,
one involving oxygen-derived radicals catalysed by trace tran-
sition metal ions, and a second involving chlorinating species
(HOCI or Cl,), generated by the haem enzyme myeloperoxidase
(MPO). As MPO is released extracellularly by activated mono-
cytes (and possibly macrophages) and is a highly basic protein,
it would be expected to associate with polyanions such as the
glycosaminoglycans of the extracellular matrix, and might result
in damage being localized at such sites. In this study proteins
extracted from extracellular matrix material obtained from
advanced human atherosclerotic lesions are shown to contain
elevated levels of oxidized amino acids [3,4-dihydroxyphenyl-

alanine (DOPA), di-tyrosine, 2-hydroxyphenylalanine (o-Tyr)]
when compared with healthy (human and pig) arterial tissue.
These matrix-derived materials account for 83-96 9, of the total
oxidized protein side-chain products detected in these plaques.
Oxidation of matrix components extracted from healthy artery
tissue, and model proteins, with reagent HOCI is shown to give
rise to a similar pattern of products to those detected in advanced
human lesions. The detection of elevated levels of DOPA and o-
Tyr, which have been previously attributed to the occurrence of
oxygen-radical-mediated reactions, by HOCI treatment, suggests
an alternative route to the formation of these materials in
plaques. This is believed to involve the formation and subsequent
decomposition of protein chloramines.

Key words: atherosclerosis, chloramine, extracellular matrix,
hypochlorite, myeloperoxidase, protein oxidation.

INTRODUCTION

The onset and progression of atherosclerosis is a complex multi-
factorial phenomenon in which oxidation is believed to play a
role [1]. Thus oxidized lipids, sterols and proteins have been
detected in early, intermediate and advanced human athero-
sclerotic plaques at statistically elevated levels over control tissue
(reviewed in [2,3]), together with decreased levels of antioxidants,
although the latter are not completely depleted [4]. Both covalent
modification and oxidation of low-density lipoproteins (LDLs),
a major source of the lipids present in plaque, are known to
trigger degeneration in cellular control over LDL uptake, leading
to lipid accumulation and the formation of macrophage-derived
foam cells [5-8]. It is also well established that oxidatively
modified LDLs can have other effects, including effects on
endothelial cell viability, cytokine expression and smooth-muscle
cell proliferation ([9—11], reviewed in [3]).

In addition to modification of LDLs and cellular materials in
atherosclerotic lesions, evidence has also been presented for
alterations in the materials that comprise the extracellular matrix
(ECM) of the vascular wall. It is well established that the internal
elasticlamina of the artery wall is altered in human atherosclerotic
plaques, with both structural modification of the lamina and the
accumulation of lipids at such sites having been reported [12—14].
Other ECM components, including elastin and proteoglycans, are
also believed to undergo fragmentation and/or physicochemical
alteration during atherogenesis [12,15,16]. Elastin isolated from
plaques has been reported to contain fluorophores that have
been postulated to be derived from oxidized amino acids [17].
This fluorescent material has been ascribed to phenolic cross-

links, such as 3,3’-di-tyrosine (di-Tyr), the C-3—C-3’ cross-linked
species formed on dimerization of two Tyr phenoxyl radicals
[18]. Physicochemical changes to ECM materials are known to
affect endothelial cell adhesion [19,20] and smooth muscle cell
migration and proliferation [21], processes that are implicated in
atherogenesis.

A wide spectrum of oxidized amino acid side chains have been
detected in proteins extracted from human atherosclerotic
plaques; these materials are present at elevated levels when
compared with control tissue and, at least in some cases, increase
in concentration during lesion development [22-24]. The for-
mation of these well-characterized products [3,4-dihydroxy-
phenylalanine (DOPA), di-Tyr, 2-hydroxyphenylalanine (o-Tyr),
3-hydroxyphenylalanine (m-Tyr), 3-chlorotyrosine (3-chloro-
Tyr), valine and leucine alcohols] has been interpreted in terms
of the occurrence of two oxidative mechanisms. The first of these
involves oxygen-radical formation catalysed by trace transition-
metal ions; the second involves chlorinating and oxidizing
species, such as HOCI [the physiological mixture of hypochlorous
acid and its anion ("OCl) present at pH 7.4] or Cl,, generated by
the haem enzyme myeloperoxidase (MPO) [22,23,25]. DOPA, di-
Tyr, o- and m-Tyr, valine and leucine alcohols are known
products of hydroxyl-radical-mediated oxidation of Tyr, Phe,
Val and Leu side chains, whereas di-Tyr and 3-chloroTyr are
well-defined products of Tyr oxidation induced by MPO-derived
species ([22,26,27], reviewed in [28]). MPO, released from activat-
ed leucocytes, catalyses the formation of HOCI from physio-
logical concentrations of Cl~ ions and H,O, (generated via the
oxidative burst of leucocytes as well as other cells) [29]. It has
been shown that both active MPO, and the products of its action,
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are present in various grades of human atherosclerotic lesion
[22,24,30], and that the levels of this enzyme are strongly
associated with coronary artery disease [31-33].

MPO is a strongly basic (cationic) protein at physiological pH
[29] and binds, via electrostatic interactions, to negatively charged
materials such as the polyanionic glycosaminoglycans of the
ECM [34], and LDLs [35]. Positively charged transition-metal
ion complexes would likewise be expected to associate with
matrix materials. Such binding might be expected to make the
material to which the oxidizing system is bound a major site of
damage, and this has been confirmed in some cases [34,36]. Thus
both MPO and some metal ion complexes can oxidize materials
to which they are bound in a site-specific manner [37,38]. Evidence
has been obtained for the modification of ECM components by
MPO-derived oxidants in human atherosclerotic lesions by use
of a monoclonal antibody (HOP-1) raised against HOCI-
damaged LDLs. This antibody does not recognize proteins
oxidized by a wide variety of other oxidants in vitro [39].
Application of this antibody resulted in significant staining of
both intra- and extra-cellular locations, particularly in the intimal
area and at cholesterol clefts, with little staining detected in
normal human artery samples [39]. Recent studies have demon-
strated that the intensity of staining induced by this antibody
correlates with intimal thickening in lesions of differing severity,
suggesting that the MPO-induced damage plays a role in lesion
development [40].

In the light of the above data, which are consistent with MPO-
mediated oxidation of matrix materials, and previous studies
that have shown that modified and oxidized amino acid side
chains accumulate primarily on long-lived (primarily extra-
cellular) proteins which undergo slow turnover (reviewed in [41]),
we hypothesized that the elevated levels of side-chain oxidation
products detected in human atherosclerotic lesion material might
be present primarily on long-lived ECM materials, rather than
on cellular proteins. Furthermore, we have examined whether
the elevated levels of some protein oxidation products (e.g.
DOPA, o- and m-Tyr) detected in plaques, and previously
ascribed to radical-mediated oxidation catalysed by transition-
metal ions, might arise via further reactions of materials such as
chloramines/chloramides [RNHCI and R-NCI-C(O)R’ species
respectively] generated by MPO-catalysed reactions, as these
intermediates have been shown previously to give rise to radicals
in transition-metal-ion-catalysed reactions [42—44].

EXPERIMENTAL
Materials

o-Phthalaldehyde (OPA) crystals and OPA diluent were obtained
from Pickering Laboratories (Mountain View, CA, U.S.A.). 2-
Mercaptoethanol and mercaptoacetic acid were from Merck
(Kilsyth, Vic, Australia). Sodium deoxycholate, BSA (minimum
989,), Dulbecco’s PBS, EDTA, methionine, sodium boro-
hydride and trichloroacetic acid were from Sigma (St. Louis,
MO, U.S.A.). Chelex 100 resin was from Bio-Rad (Hercules,
CA, US.A).

Isolation of ECM

Human atherosclerotic plaques were obtained from patients
undergoing carotid endarterectemy as described previously [4].
Macroscopically normal human artery tissue was obtained as
tissue ‘buttons’ removed from unaffected artery regions to allow
attachment of new sections during heart-bypass surgery. All
samples were collected after informed patient consent, and
approval by the local human ethics committee. Surgical samples
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were immediately placed in Chelex-treated, argon-flushed, PBS
containing butylated hydroxytoluene (100 xM)and 1 mM EDTA
(buffer A) and stored at —80 °C. Healthy pig aortac were
obtained from 16-week-old male Large White x Landrace pigs
fed on a standard commercial diet. Immediately following death
the thoracic aorta was removed, placed in ice-cold buffer A,
washed with this buffer and subsequently stored at —80 °C.
ECM was isolated by the extraction of soluble macromolecules
using 1 M NaCl as described previously [14]. Intimal tissue was
dissected from the adventitia and the media of the aorta, frozen
in liquid N, and subsequently pulverized under an atmosphere of
N, to a powder using a pestle and mortar. Care was taken to
ensure that the sample remained frozen during the process by
regular addition of liquid N,. The resulting powder was subse-
quently mixed with buffer B (Chelex-treated and nitrogen-flushed
PBS containing 1 M NaCl, | mM EDTA, 0.1 mM butylated
hydroxytoluene, 0.2 M methionine and 0.1 mM azide). The last
two reagents were included to scavenge any pre-existing HOCI or
chloramines in the sample, and to inhibit any active MPO,
respectively [39], and thereby prevent any artifactual oxidation
during sample processing. The samples were incubated for 2 h at
4 °C with constant agitation in a closed sample tube that was
top-gassed with N,. The samples were then centrifuged at 2000 g
for 5min and the supernatants removed. The process was re-
peated twice more; in excess of 90 %, of soluble protein was found
to be removed in the first incubation. The remaining material,
which is designated as ECM from here on, was washed with
buffer A (see above), then stored under N, at —80 °C until used.
The protein and polysaccharide contents of ECM samples
were determined after complete digestion of the insoluble material
with 1 M NaOH at 37 °C overnight. The protein concentration
was then determined using the bicinchoninic acid (BCA) assay
(Pierce, Rockford, IL, U.S.A.), using BSA as a standard. The
polysaccharide content of this material was estimated by mea-
suring the uronic acid content with the carbazole assay [45].
These analyses gave a yield of 0.4+0.01 g of protein and
5.31+0.13 mg of uronic acid/g dry weight of ECM.

Extraction and measurement of soluble protein

Soluble protein extracted from five endarterectomy samples,
using the method described above, was concentrated using the
following procedure. Supernatant from the first incubation of
processed plaque in buffer B was concentrated above a 3000 Da
molecular-mass-cut-off filter (YM3; Millipore Corporation, Bed-
ford, MA, U.S.A.) under N, gas pressure, in a stirred ultra-
filtration cell (model 8050; Amicon, Beverly, MA, U.S.A.) at
4 °C. The concentrated supernatant was then exchanged into
buffer A using a PD-10 desalting column (Amersham Biosciences,
Uppsala, Sweden). The protein concentration was then deter-
mined using the BCA assay, using BSA as the reference standard.
Proteins were concentrated by precipitation with trichloroacetic
acid (5 9 final concentration, w/v), and centrifugation at 10000 g
before hydrolysis.

Hydrolysis of ECM and soluble protein for HPLC analysis

A previously described method [23,28] was used for delipidation
and hydrolysis with slight modification. To a 1 ml brown glass
autosampler vial (Alltech Associates, Baulkham Hills, NSW,
Australia) was added either soluble proteins extracted from
processed plaque samples or BSA in 650 ul of Chelex-treated
PBS or, intimal ECM powder (about 2 mg) to which was added
the same buffer. To this solution was added 10 xl of sodium
borohydride in nanopure water (10 mg - ml™*). Each sample was
then mixed with 0.39, sodium deoxycholate (50 xl) and 50 9%,
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trichloroacetic acid (100 xl), centrifuged and washed twice with
cold acetone and once with diethyl ether. The delipidated samples
were then freeze-dried and hydrolysed using a standard gas-
phase acid-catalysed method for 16 h at 110 °C under vacuum
[23,28]. Hydrolysates were subsequently freeze-dried, re-dissolved
in 200 x1 of nanopure water and filtered through a 0.45 ym-pore-
size filter contained in a centrifugal device (Nanosep; Pall Life
Sciences, Ann Arbor, MI, U.S.A.) before HPLC analysis. Pre-
vious studies have confirmed that no detectable artifactual
oxidation occurs during these processes [23,28], and this is
confirmed by the low levels of oxidation products detected from
the healthy pig aortae samples (see below).

HPLC analysis of protein side chains

Samples were chromatographed on an LC-10A HPLC system
(Shimadzu, South Rydalmere, NSW, Australia), which was
equipped with a column oven set at 30 °C (Waters Corporation,
Milford, MA, U.S.A.). Peak areas were determined using Class
LC-10 software (Shimadzu).

The phenylalanine concentration in ECM hydrolysates was
determined by pre-column derivatization with OPA reagent and
separation on a Zorbax ODS column (4.6 mm x 25 cm, 5 um
particle size; Rockland Technologies, Newport, DE, U.S.A.)
using a previously described method [23,46—48]. DOPA, Tyr, m-
Tyr, o-Tyr, di-Tyr and 3-chloroTyr were assayed in ECM and
soluble-protein hydrolysates by separation on a Zorbax ODS
column preceded by a Pelliguard guard column. The mobile
phase (1 ml - min™?) consisted of a two-solvent system; solvent A
being 10 mM phosphoric acid with 100 mM sodium perchlorate
(pH 2.0) and solvent B being 80 %, (v/v) methanol in nanopure
water. The gradient involved isocratic elution, with 09, solvent
B for the first 35 min, then an increase to 69, solvent B in
10 min, with further elution at 6 %, solvent B before changing to
509, solvent B in 2 min and washing with 509, solvent B for
10 min and re-equilibration at 09, solvent B for 10 min. The
elution profile was monitored in series with a UV detector (A
280 nm), a fluorescence detector and a dual-channel electro-
chemical detector (ESA Coulochem II; ESA, Chelmsford, MA,
U.S.A.). Parent Tyr (retention time, 23.1 min) was quantified by
UV absorbance. Fluorescence detection was carried out using a
Aexeitation Of 280 nm and a A, Of 320 nm (for ¢ = 0—45 min)
for the detection of DOPA (12.9 min), m-Tyr (17.2 min) and
o-Tyr (38.2 min), and subsequently a A_ ..., of 410 nm for the
detection of di-Tyr (59 min). 3-ChloroTyr (53.1 min) was separat-
ed and detected, in most samples, by the oxidation of interfering
co-eluting peaks at +500mV in the first electrode in the
electrochemical detector, and measurement of the required
species at +600 mV in the second electrode. In experiments
involving BSA, 3-chloroTyr was also measured by its absorbance
at 280 nm. Elution positions were determined with standards, the
identities of compounds being confirmed previously by UV ab-
sorption and fluorescence spectra [23]. The level of each oxidized
amino acid is expressed relative to the parent species to com-
pensate for any loss during sample processing and analysis [28].

Statistical analyses

All statistical analyses were performed using GraphPad Prism
version 3.0a for the Macintosh (GraphPad Software, San Diego,
CA, U.S.A)). One-way ANOVA was conducted on the levels of
oxidized amino acids in different arterial intimal samples (i.e. pig
versus normal human, pig versus plaque and normal human
versus plaque) and on the effect of HOCI on oxidized amino acid
levels in ECM and BSA. Post-hoc statistical analysis of these
samples were performed with the Tukey—Kramer multiple-

comparison test, except HOCI-treated BSA samples, which were
analysed with Dunnet’s multiple-comparison test. Following
subtraction of control values obtained in the absence of HOCI,
the HOCI-treated BSA samples were also analysed with two-way
ANOVA for interaction between HOCI concentration and in-
cubation time. For all statistical analysis, significance was
assumed at probability (P) levels below 0.05.

RESULTS

Levels of oxidized amino acids in ECM isolated from advanced
atherosclerotic plaques, normal human aortae and normal pig
aortae

Oxidized amino acids were quantified in the hydrolysates of
intimal ECM proteins obtained from diseased and non-diseased
arterial tissue, i.e. human atherosclerotic plaques, normal human
aortic tissue and healthy pig aortae. HPLC analysis revealed
significant levels of DOPA, o-Tyr and di-Tyr. Accurate quantifi-
cation of the levels of m-Tyr could not be achieved, due to overlap
with the parent Tyr peak in the fluorescence chromatogram.
Levels of 3-chloroTyr could not be accurately determined in
human plaque ECM, due to the presence of interfering, co-
eluting, peaks of unknown origin. The levels of each measured
oxidized product (DOPA, o-Tyr and di-Tyr) in each tissue
preparation are reported in Figure 1.

The ratios of oxidized species relative to parent amino acid
present in the soluble proteins of atherosclerotic lesions were also
quantified so that the levels of these materials could be compared
with those determined for the ECM (Table 1). Soluble proteins
were extracted with 1 M NaCl from five human plaques (see the
Experimental section) and the levels of the oxidized amino acids
present assayed as described above. In these samples it was
possible to quantify m-Tyr and 3-chloroTyr, in most cases, in
addition to DOPA, o-Tyr and di-Tyr, due to the reduced
complexity of the HPLC chromatograms obtained. When the
ratio of m-Tyr/Tyr was too small to allow measurement of
the oxidized amino acid (less than ~ 700 gmol/mol of Phe) the
level of this product was taken as zero. The levels of DOPA,
o-Tyr and di-Tyr were not significantly different from the levels
detected for the ECM when expressed per mol of parent amino
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Figure 1 Levels of oxidized amino acids measured in proteins of the
intimal ECM isolated from healthy pig aortae, human aortae and human
atherosclerotic plaques

Results are expressed as gmol of oxidized amino acid/mol of parent amino acid and are
means + S.E.M. (7 = 6 for pig aortae, 7 = 8 for human aortae, 7 = 7 for plaques). Statistical
analysis using one-way ANOVA as described in the Experimental section revealed that the level
of each oxidized product was significantly different between the different tissue types. Within
each product group, the presence of a symbol (Y, @) indicates a significant difference (as
judged by post-hoc analysis) from values in different tissue types without that symbol.
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Table 1 Levels of oxidized amino acids in the soluble and insoluble (ECM)
proteins of human atherosclerotic plaques

Proteins were isolated and analysed by HPLC as described in the Experimental section. The
level of each oxidized product is given as zmol/mol of parent amino acid (+S.EM.; n=
5). Total levels of oxidized products were determined by calculating the relative distribution of
the oxidized species in each protein fraction. This was achieved by comparing the amount of
soluble protein extracted from the plaques in this study, 1.70 mg/g of atherosclerotic plague
intima, with the previously determined total value of 55.1 mg of protein/g of atherosclerotic
plaque intima [4]. A dash indicates that the value could not be determined accurately, due to
the presence of co-eluting materials in the HPLC chromatograms of the hydrolysates of the ECM
proteins.

Level of oxidized amino acids (zmol of

oxidized amino acid/mol of parent amino acid) Total oxidized

product
Oxidized product  Soluble proteins ECM proteins ~ Total proteins in ECM (%)
DOPA 6290 + 2872 987 +61.4 1151 +149 83+5
m-Tyr 542 + 337 - - -
o-Tyr 1060 + 492 2824458 3064597 89+15
3-ChloroTyr 3320 4568 — — —
Di-Tyr 52.1+16.6 53.4416.6 53.6+16.6 96 +30

acid. As the levels of m-Tyr measured in the soluble proteins are
likely to be underestimates, as a result of the assumption of zero
levels in some samples, it would appear that the levels of m-Tyr
in this protein fraction are higher than the levels present in homo-
genates of whole plaques [23], consistent with the low level of this
oxidized material in the ECM. The levels of 3-chloroTyr detec-
ted are markedly elevated above those reported for whole-plaque
homogenates and LDLs isolated from whole plaque [22]. The

_ 500
s {pora .o
= 4004
g [
g 3001 .
<t
[«
S 2004 .
£ 1004
=
0 | |
0 1 4
Time (hours)
25
& { DiTyr *
= 20- * T
€ . T
g 15-
E ]
5 104
= ]
E 5
0

0 1 4

Time (hours)

variation in the levels of DOPA, m-Tyr and o-Tyr was in all cases
much greater than that detected with 3-chloroTyr and di-Tyr;
potential reasons for this variability are discussed in detail below.
Comparison of the level of oxidized species in the ECM and
total protein fractions (Table 1) demonstrates that the vast
majority of DOPA, o-Tyr and di-Tyr measured was present in
the insoluble ECM fraction of the plaques assayed. Although it
is possible that the soluble protein pool has been underestimated,
the calculated overall levels of the oxidized products DOPA and
o-Tyr are remarkably similar to the levels described in whole-
plaque homogenates [23]. Di-Tyr levels were lower than reported
in this previous study, although it should be noted that con-
siderable variation was seen between samples in both studies.

Effect of HOCI on levels of oxidized amino acids in intimal ECM
and BSA

In an attempt to gain further insight into the mechanism(s) of
oxidative damage which give rise to the observed products, ECM
extracted from the intima of healthy pig aortae was incubated
with HOCI (0.6 gmol/mg of ECM). The ECM was then hydro-
lysed and analysed by HPLC for the levels of DOPA, o-Tyr,
di-Tyr and 3-chloroTyr (Figure 2). In the treated samples
3-chloroTyr was the most abundant product, with this material
present at up to 10-fold higher levels than DOPA, the next most
abundant product.

As a previous investigation found little formation of DOPA on
BSA treated with HOCI for 20 min [23], further experiments
were carried out with BSA incubated with 0-, 10-, 20- or 40-fold
molar excesses of HOCl for 1, 2 or 4 h at 37 °C. The treated BSA
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Figure 2 Levels of oxidized amino acids in the ECM of healthy pig aortae following incubation with HOCI for 1 or 4 h

ECM isolated from the intima of healthy pig aortae was incubated with HOCI (0.6 zmol/mg of ECM) and analysed by HPLC as described in the Experimental section. Results are expressed as
sumol of oxidized amino acid/mol of parent amino acid and are means + S.E.M. (7 = 6). Statistical analysis of the data using one-way ANOVA as described in the Experimental section revealed
that the level of each oxidized product was significantly different in each sample. Within each panel, the presence of a symbol denotes a significant difference from bars without that symbol (as

judged by post-hoc analysis).
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Figure 3 Levels of oxidized amino acids measured in BSA following incubation with HOCI

BSA (0.05 mM) was incubated with 0-, 10-, 20- or 40-fold molar excess of HOCI at 37 °C for 1, 2 or 4 h. DOPA, o-Tyr and di-Tyr are expressed as wmol of product formed/mol of parent amino
acid and 3-chloroTyr is expressed as mmol/mol of parent (no 3-chloro-Tyr was detected in the control experiments). Results are expressed as means + S.E.M. (n = 3). Statistical analysis of the
data using one-way ANOVA as described in the Experimental section revealed that the means of each oxidized product were significantly different in each sample. Post-hoc analysis revealed that
at all time-points the level of each oxidized amino acid was significantly higher in HOCl-treated samples than in BSA controls.

was then hydrolysed and analysed for DOPA, o-Tyr, di-Tyr and
3-chloroTyr as above. The most abundant product detected
was 3-chloroTyr, which after 4 h at the highest HOCI con-
centration reached levels of one 3-chloroTyr molecule/10 Tyr
molecules (Figure 3). As with 3-chloroTyr, di-Tyr was generated
in a time- and concentration-dependent manner, though the
absolute levels of this product were much lower (& 200-fold
less). Significant time-dependent generation of DOPA and o-Tyr
was also observed, with the highest levels of these materials
equivalent to those detected for di-Tyr. The yield of these
two products did not increase in a linear manner with in-
creasing HOCI concentration, in contrast with the behaviour
of 3-chloroTyr and di-Tyr. Statistical analysis using two-way
ANOVA revealed that, for each oxidized product, significant
interaction between increasing concentrations of HOCI and
incubation time occurred to produce more oxidized product
than for each factor alone.

DISCUSSION

Oxidative damage to the ECM of the artery wall has been
suggested to play a significant role in the development and
progression of atherogenesis, although quantitative evidence for
such oxidation is scarce, and the exact nature of the oxidized
materials formed is poorly defined [12-18]. Furthermore, the
slow rate of turnover of proteins present in the ECM, and
the absence of extracellular repair or catabolic enzymes, is likely
to result in the accumulation of such damage (reviewed in

[41,49,50]). Two of the major mechanisms which have been
suggested to play a role in the oxidation of materials present in
artery wall, metal-ion catalysed processes and reactions induced
by MPO [22,23,25,51], are also likely to occur extracellularly as
a result of the avid binding of both metal ion complexes and
MPO to extracellular components [34,36]. In both cases such
binding would be expected to result in the preferential oxidation
of the materials to which these catalysts are bound, due to the
high reactivity, and hence small diffusion radius, of the oxidants
produced (radicals, HOCI, Cl,).

We have shown that specific markers of oxidative damage to
protein side chains are elevated in ECM obtained from advanced
human atherosclerotic plaques when compared with intimal
ECM from healthy pig and normal human aortae (Figure 1). The
levels of these oxidized products in plaque ECM are similar to
those observed previously for whole-plaque homogenates [23],
consistent with the observations made above that these oxidized
protein-derived materials are present primarily on ECM proteins
rather than intracellular proteins. The levels of these materials
are also higher than those detected on lipoproteins (or the
lipoprotein-containing fraction) extracted from plaques of vary-
ing degrees of development [24], again consistent with the
accumulation of oxidative modifications primarily on (long half-
life) matrix materials. The levels of these oxidized ECM-derived
materials are also elevated when compared with total intimal
proteins present in homogenates of normal human arteries [23]
and the levels of these materials present in human plasma
proteins [23].
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The levels of the individual protein side-chain oxidation
products, DOPA, o-Tyr and di-Tyr, observed in plaque ECM
and normal human aortae ECM are commensurate with the
levels observed in proteins from homogenates of whole plaque
and normal human arteries respectively [23]. In contrast, the
levels of DOPA, o-Tyr and di-Tyr measured in proteins of
healthy pig aortae are significantly lower than those observed in
normal human aortae, and are close to the levels detected in fresh
human plasma [23]. As the levels of oxidative products detected
in ECM from human plaques are similar to the previous results
for whole plaque [23], these data suggest that there is an increased
accumulation of oxidized material in normal human aortae and
iliac arteries when compared with healthy pig aortae, which
might arise from either an increased rate of formation of oxidized
materials or a decreased rate of removal; the current data do
not allow these two possibilities to be differentiated. Such
an accumulation is not surprising, however, given the relative
ages of the groups (22-50 years for the human iliac arteries,
50-76 years for human aortae and 16 weeks for pigs).

The relative levels of the measured oxidized products DOPA,
o-Tyr and di-Tyr in ECM isolated from human plaques are, like
those previously detected in whole-plaque homogenates [23],
inconsistent with the sole occurrence of transition-metal-ion-
mediated, oxygen-radical-induced, damage. Thus oxidation of
BSA by hydroxyl radicals has been shown to result in the
formation of DOPA, o-Tyr and di-Tyr in proportions of ~ 1.2:
1:0.3, which is markedly different from the proportions observed
in the current studies. Furthermore, the detection of 3-chloroTyr
on proteins derived from human plaques in both the current and
previous studies [22] is consistent with the occurrence of oxidation
mediated by HOCI (or other chlorinating species). Experiments
involving the incubation of HOCI with BSA have demonstrated
that this oxidant generates not only 3-chloroTyr, but also other
oxidized products including di-Tyr and DOPA [23]. Due to the
presence of co-eluting peaks it was not possible to quantify the
levels of 3-chloroTyr in ECM extracted from plaques, despite
varying a number of chromatographic parameters. This product
could, however, be readily measured in the soluble protein
fraction extracted from such plaques, even though this fraction
contained only a small proportion (=& 20 9%,) of the total oxidized
amino acids detected. The level of 3-chloroTyr detected in
soluble proteins isolated from plaque (3320 + 568 ymol/mol of
Tyr) is significantly higher than observed by Hazen and Heinecke
in whole plaque (424 +26 ymol/mol of Tyr) [22]. However, this
result is consistent with the elevated levels of other oxidized
products (DOPA, m-Tyr, o-Tyr) that we observed when com-
paring soluble protein with whole plaque.

The extent of conversion of Tyr residues into 3-chloroTyr
observed on reaction of BSA with HOCI provides an interesting
contrast with the relative reactivity of Tyr predicted by kinetic
modelling of the reaction of HOCI with human serum albumin
[52]. This model, which takes into account the reactivity of the
different amino acid side-chain groups and peptide bonds with
HOCI and their relative abundance, predicts that there would be
only minimal direct oxidation of Tyr residues by HOCI at
the concentrations employed in the current study. Whereas the
kinetic model is limited by an inability to take into consideration
factors such as accessibility and electronic (charge) effects on the
reaction rates, the high levels of Tyr chlorination observed on
BSA in the current study suggests that there may be other routes
to 3-chloroTyr generation than via direct reaction with HOCIL.
Whether such chlorination is direct or indirect, the level of
modification detected in this study suggests that the HOCI flux
required to generate the quantities of 3-chloroTyr detected in
atherosclerotic plaques may be lower than that previously

© 2003 Biochemical Society

theorized [52], although it is clear that high levels of overall
HOCI exposure must be occurring.

Previous studies have implicated the generation of Tyr phen-
oxyl radicals generated by MPO in the formation of di-Tyr
[26,53]. The elevated levels of di-Tyr observed in plaque ECM
are therefore consistent with the close juxtaposition of this
enzyme with the ECM of arterial lesions. We did not observe
significant additional formation of di-Tyr in ECM extracted
from normal tissue incubated with HOCI. This may be due to
either the absence of free Tyr that might cross-link to protein-
bound Tyr residues, or the steric constraints that may be imposed
on the dimerization of Tyr-derived phenoxyl radicals formed on
matrix proteins by the three-dimensional structure of the matrix.
A previous study from this laboratory has revealed that di-Tyr
can be generated on treatment of the globular protein BSA with
HOCI [54], suggesting that that steric factors play an important
role in determining the relative yield of di-Tyr in different
situations.

It is well established that reaction of HOCI with free Lys, and
Lys residues on proteins, generates short-lived reactive chlor-
amine (RNHCI) species [55]. These intermediates have been
shown to decay to give rise to both carbonyl groups and radical
species, with the latter having been postulated to play a role in the
induction of protein fragmentation [43]. As these chloramine-
derived radicals might potentially play a role in the observed
formation of DOPA on ECM in the presence of HOCI, the
potential formation of this oxidized product was monitored on
samples of ECM that were exposed to HOCIL Under such
conditions chloramines are known to be formed on the matrix
materials ([19], and A. A. Woods and M. J. Davies, unpublished
work). The increase in concentration of DOPA over time, which
correlates with the time period over which chloramine decay
occurs (A. A. Woods and M. J. Davies, unpublished work),
supports the hypothesis that some of the DOPA detected in
biological samples that have been exposed to HOCI as a result of
chronic inflammation may arise via this pathway rather than via
metal-ion-catalysed oxygen-radical attack [56,57]. The formation
of DOPA on proteins is of potential importance, as this material
can contribute to further oxidative reactions via its ability to
redox cycle (e.g. [58,59]). The formation of both extracellular
matrix-bound chloramines and DOPA within atherosclerotic
plaques may contribute to further reactions and play a significant
role in the development of atherosclerosis and plaque instability.
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