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ABSTRACT: Plasmalogens, which contain a vinyl ether bond, are major phospholipids of the plasma
membranes of endothelial and vascular smooth muscle cells and cardiac myocytes. These lipids, in contrast
to other phospholipids, have been reported to be targets of HOCl/HOBr generated by myeloperoxidase,
with elevated levels of the products of these reactions (R-chloro/R-bromo aldehydes and unsaturated
lysophospholipids) having been detected in human atherosclerotic lesions. The reason(s) for the targeting
of this lipid class, over other phospholipids, is poorly understood, and is examined here. It is shown that
HOCl and HOBr react with a model vinyl ether (ethylene glycol vinyl ether) 200-300-fold faster (k )
1.6 × 103 and 3.5 × 106 M-1 s-1, respectively) than with aliphatic alkenes (models of phospholipids).
True plasmalogens react ca. 20-fold slower than the models. Chloramines and bromamines (from reaction
of HOCl/HOBr with primary amines and R-amino groups) also react with vinyl ethers, unlike aliphatic
alkenes, with k ) 10-3-102 M-1 s-1 for chloramines (with the His side chain chloramine being the most
reactive, k ) 172 M-1 s-1) and k ) 103-104 M-1 s-1 for bromamines. The bromamine rate constants are
typically 105-106 larger than those of the chloramines. Intermolecular vinyl ether oxidation by phospholipid
headgroup bromamines can also occur. These kinetic data indicate that plasmalogens are significantly
more susceptible to oxidation than the aliphatic alkenes of phospholipids, thereby rationalizing the detection
of products from the former, but not the latter, in human atherosclerotic lesions.

Myeloperoxidase (MPO1), a heme peroxidase released
from the intracellular granules of many activated leukocytes,
uses hydrogen peroxide (H2O2) to catalyze the production
of hypohalous acids (HOX) from physiological concentra-
tions of halides (Cl-, Br-, I-) and pseudohalide (SCN-) ions
(reviewed 1, 2). HOCl and HOBr are potent antibacterial
agents crucial for the immune response; however, they can
also induce deleterious reactions when generated at inap-
propriate levels, times and locations (3). These include the
oxidation of heme groups, iron-sulfur centers, thiol and
methionine residues and conversion of amine functions to
chloramines and bromamines, which are reactive, potentially
damaging, secondary oxidants (reviewed 1, 2). Chloramines
and bromamines, which can be formed on free amino acids,
proteins, DNA, phospholipid headgroups and amino sugars,
are less reactive and more selective oxidants than the parent

HOX, and can readily diffuse into and within cells; as such
they are likely to be critical intermediates in HOX-mediated
damage (reviewed 1, 2, 4). Previous studies have shown that
bromamines are more reactive oxidants than the correspond-
ing chloramines (5, 6), and that the pattern of reactivity of
these species is somewhat different, with bromamines being
less selective than chloramines (6).

Double bonds (alkenes) within the aliphatic chains of
phospholipids are known to be targets for HOCl and HOBr
(or reactive chlorinating and brominating species derived
from these oxidants) released by activated phagocytes. These
reactions, which occur at a slow rate relative to those of many
protein components (reviewed (6)), yield chloro- and
bromo-hydrins respectively (-CHdCH-f -CH(Cl/Br)-
CH(OH)-), which disrupt membrane fluid molecular dy-
namics and may serve as markers of phagocyte-mediated
inflammation (7, 8).

Plasmalogens constitute a subclass of glycerophospholipids
found in the plasma membrane of mammalian endothelial
and vascular smooth muscle cells and cardiac myocytes; in
the human heart they account for ca. 30% of the total
phospholipid content (9). Plasmalogens contain a vinyl ether
bond linking the sn-1 aliphatic chain to the glycerol
backbone, which has been reported to render them susceptible
to oxidation compared with their 1-acyl analogues (10). HOX
and halamine-derived products produced by MPO and
activated neutrophils have been shown to attack the vinyl
ether bond of plasmalogens. These reactions generate a
different spectrum of products to those detected with other
unsaturated phospholipids, with R-chloro- and R-bromo-
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aldehydes and unsaturated lysophospholipids reported as
products (i.e., cleavage of the sn-1 linkage, in place of
chlorohydrin formation); these materials appear to possess
atherogenic properties (11–13). Although unsaturated phos-
pholipids predominate over plasmalogens in vivo, chloro-
hydrins have not been detected at significant levels in
advanced human atherosclerotic lesions, whereas it has been
shown that R-chloro-aldehydes and unsaturated lysophos-
pholipids are present at markedly elevated levels compared
to normal aorta samples (12). This difference may be due to
an enhanced rate of reaction of oxidants with plasmalogens
over “normal” unsaturated phospholipids, despite the lower
concentrations of plasmalogens, or that other factors (e.g.,
differing stability of the products, altered metabolism,
differences in detection methods, and their corresponding
limits of detection) are playing a role in modulating the levels
of the various potential products measured in vivo. As
plasmalogen degradation products are potential markers of
inflammatory disease in tissues that contain this lipid class,
such as the artery wall and the heart, it is important to
understand which of these factors are key determinants in
the formation and detection of these products. To date little
is known about the kinetics of reactions of plasmalogens with
hypohalous acids, and nothing is known, kinetically, about
the potential reactions of chloramines and bromamines.

We have therefore examined the reaction kinetics of HOCl/
HOBr, and a range of chloramines and bromamines, with
vinyl ether-containing models of plasmalogens, and lipid
plasmalogens themselves, by stopped-flow methods and
competition kinetics. The occurrence of transfer reactions
in plasmalogen models that contain both an amine group (as
a site of initial chloramine formation) and a vinyl ether
function has also been investigated.

EXPERIMENTAL PROCEDURES

Materials. The plasmenyl-phospholipid, 1-O-1′-(Z)-octa-
decenyl-2-oleoyl-sn-glycero-3-phosphocholine (OOPCplasm),
and the corresponding phospholipid, 1-palmitoyl-2-oleoyl-
sn-glycero-3-phosphocholine (POPC), were obtained from
Avanti Polar Lipids (Alabaster, MA, U.S.A.). Sodium
hypochlorite in 0.1 M NaOH (low in bromide; BDH
chemicals) was standardized by measuring A292nm at pH 12
[ε292 (-OCl) ) 350 M-1 cm-1] (14). All other chemicals were
from Sigma/Aldrich/Fluka, except NaBr (>99%; Merck), and
used without further purification. Chelex-treated phosphate
buffer solutions (pH 7.4, 0.1 M or 10 mM for stopped-flow
and HPLC, respectively) were prepared using Milli Q water.

Preparation of HOBr and Chloramines/Bromamines.
HOBr was prepared by mixing equal volumes of HOCl (80
mM in H2O, pH 13) and NaBr (90 mM in H2O), followed
by dilution (after 1 min) with 0.1 M phosphate buffer (pH
7.4) to the desired concentration (typically 0.03-1.0 mM).
Fresh solutions were used for each kinetic run as HOBr
disproportionates slowly to Br- and BrO2

- (5, 15). Chloram-
ines and bromamines were prepared by mixing equal
volumes of HOCl/HOBr (1 mM) with amine (50 mM),
except for 4-imidazoleacetic acid chloramines where a 1.1-
fold molar excess of substrate was used to maximize the
stability of this material (16, 17). Fresh solutions were
prepared for each kinetic run, and used within 30-60 min.

Quantification of Chloramines/Bromamines. 5-Thio-2-
nitrobenzoic acid (TNB, 35-45 µM, prepared as described
previously (18)), was used to assess chloramine/bromamine
concentrations after incubation for 15 min using ε412 14,150
M-1 cm-1 (19).

Stopped-Flow Studies. Stopped-flow studies were carried
out using an Applied Photophysics SX.18MV system
(0.01-10 s), or a Hi-Tech SFA 20 attachment to a PC-
controlled Perkin-Elmer Lambda 40 UV/vis spectrometer
(5-900 s) as described previously (20, 21). The oxidant was
kept as the limiting reagent (typically 0.03-1 mM oxidant,
0.05-25 mM substrate), and kinetic data were analyzed by
global methods using a multivariate data analysis program
(Specfit32, version 3.0.37, Spectrum Software Associates)
and confirmed by single wavelength analysis (OriginPro 7.0,
OriginLab Corp. or Pro-Data Viewer 4.0, Applied Photo-
physics). All second-order rate constants were measured at
22 °C and pH 7.4, and are averages of at least four separate
determinations, with errors specified as 95% confidence
limits.

UV/Vis Spectroscopy. Spectra were recorded using a
Perkin-Elmer Lambda 40 spectrometer, relative to a 0.1 M
phosphate buffer baseline, between 220 and 320 nm (1-2
nm interval), with a time interval of 1-15 min depending
on the reaction time scale. Temperature control (22 °C) was
achieved with a Peltier block. Data were imported into
Specfit software, and analyzed as described above.

HPLC Instrumentation and Methods. N-R-Acetyl-Tyr and
its reaction products with HOCl and HOBr were separated
and quantified using a gradient HPLC method as described
previously (21, 22). Under the conditions employed, N-R-
acetyl-Tyr, N-R-acetyl-Cl-Tyr, N-R-acetyl-Br-Tyr and N-R-
acetyl-Br2-Tyr eluted at ca. 13.1, 17.1, 18.8 and 30.7 min,
respectively.

RESULTS

Reactions of Hypohalous Acids with Vinyl Ether Models
of Plasmalogens. Stopped-flow analysis of the reaction of
HOCl (1 mM) with the model compound ethylene glycol
vinyl ether (5-20 mM, see Table 1 for structure) over 1 s
showed a rapid decrease in absorbance over the range λ )
240-320 nm, with λmax ) 290 nm, consistent with -OCl
consumption (Figure 1a,b). The data were readily fitted, by
global analysis methods, to a simple mechanism (HOCl +
ethylene glycol vinyl ether f product) and yielded the
second-order rate constant given in Table 1. Consistent
results were obtained by fitting the data at 290 nm to a single-
exponential function. The observed rate constants (kobs)
obtained from this fitting process were plotted against the
substrate concentrations, with the gradient of the resulting
straight line yielding an identical second-order rate constant
(Figure 1c).

Reaction of HOBr with ethylene glycol vinyl ether was
too fast to measure directly at 22 °C using stopped-flow
methods, so a competition kinetics method using N-R-acetyl-
Tyr as the reference substrate was employed (21, 22) with
subsequent product quantification by HPLC. Reaction of
HOBr (30 µM) with N-R-acetyl-Tyr (895 µM) was inves-
tigated in the absence and presence of increasing concentra-
tions of ethylene glycol vinyl ether (0.05-1 mM). Addition
of increasing vinyl ether concentrations inhibited the forma-
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tion of N-R-acetyl-Br-Tyr, and the resulting linear competi-
tion plots allowed the second-order rate constant to be

determined (Figure 2; Table 1) (22). As this method does
not allow for the formation of N-R-acetyl-3,5-dibromoty-
rosine, a known product of N-R-acetyl-Tyr oxidation which
complicates the analyses (21, 22), the actual rate constant
may be up to 30% higher than given in Table 1.

As many plasmalogens also contain a free amine in the
phospholipid headgroup (9), which is a potential competing
target for reaction with HOX, the reactions of HOCl and
HOBr with the model compound, 2-aminoethyl vinyl ether,
were also examined (Scheme 1). The reaction kinetics for
HOCl (0.1-0.25 mM) were monitored with substrate
concentrations from 250 µM to 1.8 mM. Stopped-flow
studies showed a rapid loss in absorbance at 290 nm (Figure
3a), consistent with -OCl consumption. However, at lower
wavelengths (<270 nm), rapid increases (25-200 ms) in
absorbance were observed (Figure 3b), consistent with

Table 1: Second-Order Rate Constants (with 95% Confidence Limits) at 22 °C and pH 7.4 in 0.1 M Phosphate Buffer (Except Where Otherwise
Stated), for the Reactions of HOCl and HOBr with the Plasmalogen Model, Ethylene Glycol Vinyl Ether and the Lipid Plasmalogen, OOPCplasm

A

A Footnotes: a Determined by global analysis, an identical value was obtained by single wavelength analysis. b Determined by competition kinetics
relative to N-R-acetyl-Tyr (10 mM phosphate buffer) using k(HOBr + N-R-acetyl-Tyr) ) 2.6 × 105 M-1 s-1 (22), the calculated rate constant may be
up to 30% higher due to systematic uncertainties (see text). c Determined by competition kinetics relative to N-R-acetyl-Tyr (10 mM phosphate buffer)
using k(HOCl + N-R-acetyl-Tyr) ) 47 M-1 s-1 (23). d Only an upper limit could be determined (see text).

FIGURE 1: Kinetic data obtained for the reaction of ethylene glycol
vinyl ether (10 mM) with HOCl (1 mM) at 22 °C and pH 7.4. (a)
Time-dependent spectral data, with the dashed line at t ) 2.5 ms
and (b) a kinetic trace at 290 nm. (c) Plot of the observed rate
constants (kobs) versus substrate concentrations for HOCl (9), with
kobs determined by fitting the absorbance changes at 290 nm to a
single-exponential decay. The fit was forced through the origin.
Error bars represent standard deviations from repeated experiments.
Some error bars are smaller than the size of the symbol.

FIGURE 2: Plot of the linear analysis for the competitive kinetic
data obtained by HPLC methods for the reaction of HOBr (30 µM)
with N-R-acetyl-Tyr (895 µM) in the presence of increasing
concentrations of ethylene glycol vinyl ether (0.05-1 mM) (9),
determined from UV data. Error bars represent standard deviations
from repeated experiments. Some error bars are smaller than the
size of the symbol.

Scheme 1: Postulated Reactions and Mechanisms That Occur
Following the Addition of HOX (X ) Cl, Br) to Model
Compound 2-Aminoethyl Vinyl Ether, Containing Both a
Free Amine Group and a Vinyl Ether Bond
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chloramine formation rather than vinyl ether oxidation. The
isosbestic point at ca. 280 nm (Figure 3a) supports a simple
reaction mechanism (HOCl + 2-aminoethyl vinyl ether f
chloramine) (Scheme 1; reaction 1). Global analysis fitting
of the kinetic data to this mechanism yielded a second-order
rate constant of (2.2 ( 0.4) × 105 M-1 s-1 for chloramine
formation; single wavelength analysis (250 nm) provided a
consistent rate constant ((2.1 ( 0.1) × 105 M-1 s-1). For
the corresponding HOBr reaction, instantaneous increases
in absorbance over the full spectral range were consistent
with bromamine formation but were too fast to measure
accurately by stopped-flow methods at 22 °C.

The potential occurrence of secondary chlorine transfer
from the initially generated chloramine to the vinyl ether
group was investigated over a period of 18 h (Scheme 1;
reaction 3). Over this extended time scale, no further
absorbance changes were detected, suggesting that no
chlorine transfer occurred. In contrast, examination of the
reaction of HOBr (0.1 mM) with 2-aminoethyl vinyl ether
(0.5-1.5 mM) over longer time scales (50-100 s) resulted
in further absorbance changes, consistent with the occurrence
of secondary reactions. The data were analyzed by global
methods using the mechanism in Scheme 1, and yielded a
second-order rate constant, for reaction 3 of 170 ( 30 M-1

s-1; single wavelength analysis at 260 nm gave a similar
value (150 ( 30 M-1 s-1). The observed rate constants were
dependent on the 2-aminoethyl vinyl ether concentration,
consistent with intermolecular bromine transfer.

Reactions of Hypohalous Acids with Lipid Plasmalogens.
To assess whether lipid plasmalogens react with similar rate
constants to the model vinyl ethers, the reactions of HOCl/
HOBr with the plasmenyl-phospholipid, OOPCplasm, were
investigated by competition kinetics (as above). The rate
constant for reaction of OOPCplasm was obtained from
experiments where HOCl (30 µM) was rapidly mixed with

OOPCplasm (0.05-0.5 mM) in the presence of N-R-acetyl-
Tyr (895 µM), and the yield of halogenated N-R-acetyl-Tyr
quantified by HPLC. N-R-Acetyl-Cl-Tyr formation was
inhibited by increasing concentrations of OOPCplasm; analysis
of the competition kinetic data provided the second-order
rate constant (Figure 4; Table 1) (22, 23). Experiments using
the analogous non-plasmenyl phospholipid POPC (0.05-1
mM) did not show any inhibition of N-R-acetyl-Cl-Tyr
formation (Figure 4). These data provide an upper limit for
the rate constant for reaction of HOCl with POPC of 5 M-1

s-1.
Analogous experiments to those outlined above were

carried out with HOBr. Reaction of this oxidant (30 µM)
with OOPCplasm (0.025-0.5 mM) did not result in any
inhibition of N-R-acetyl-Br-Tyr formation, thus only an upper
limit for the rate constant could be obtained, k < 5 × 104

M-1 s-1. Similarly, with POPC and HOBr an upper limit
rate constant was obtained of k < 3 × 104 M-1 s-1. It should
be noted that, based on previous data for the reactions of
HOBr with double bonds (21), and the suppression in
reactivity observed for HOCl with OOPCplasm vs ethylene
glycol vinyl ether, the actual rate constants are likely to be
significantly lower than these limits. Overall, however, these
data for both HOCl and HOBr indicate that the plasmalogen
is considerably more reactive than the non-vinyl ether-
containing substrate.

Reactions of Isolated Phospholipid Headgroup-DeriVed
Chloramines and Bromamines with Plasmalogen Model
Compounds. The reactivity of ethylene glycol vinyl ether
with chloramines/bromamines generated on phosphoryl-
serine (p-Ser) and phosphoryl-ethanolamine (p-EA) were
examined. The UV/vis absorbance changes observed on
reaction of p-Ser chloramine (1 mM) with ethylene glycol
vinyl ether (5-20 mM) across the wavelength range
240-320 nm obeyed simple pseudo-first-order kinetics
(chloramine + ethylene glycol vinyl ether f product) to
yield a second-order rate constant (Table 2). Analysis of the
corresponding p-Ser bromamine reaction was more complex
due to the unstable nature of this bromamine (TNB assays
indicate that this compound decays in <10 min), thereby
preventing accurate determination of the second-order rate
constant; however, an estimate of ca. 2.7 × 104 M-1 s-1

was obtained.

FIGURE 3: Kinetic data obtained for the reaction of 2-aminoethyl
vinyl ether (0.8 mM) with HOCl (0.1 mM) at 22 °C and pH 7.4.
(a) Time-dependent spectral data, with the dashed line at t ) 2.5
ms, and (b) a kinetic trace obtained at 250 nm.

FIGURE 4: Plots of the data and linear analysis for the competitive
kinetic data obtained by HPLC methods for the reaction of HOCl
(30 µM) with N-R-acetyl-Tyr (895 µM) in the presence of increasing
concentrations of POPC (2) and OOPCplasm (9) (0.05-0.5 mM),
determined from UV data. Error bars represent standard deviations
from repeated experiments. Some error bars are smaller than the
size of the symbol.
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Corresponding studies of the reaction of p-EA-derived
chloramine (1 mM) with ethylene glycol vinyl ether (10-25
mM) over 12.5-18 h showed a decrease in absorbance from
λ 235 to 300 nm due to chloramine consumption. Data
analysis using a simple mechanism (chloramine + ethylene
glycol vinyl ether f product) gave the second-order rate
constant (Table 2). The related p-EA bromamine (0.25 mM)
was also investigated with 1-10 mM ethylene glycol vinyl
ether. A rapid initial decay, followed by a slower decrease
in absorbance was observed at all monitored wavelengths
(λ ) 240-320 nm) over a time scale of 0.5-2 s. Maximal
changes in absorbance were observed at 240 and 280 nm;
analysis of the fast decay process yielded a rate constant
that has been assigned to reaction of the bromamine with
the vinyl ether bond (Table 2). The processes responsible
for the secondary decay are unclear; this data could not be
fitted satisfactorily by first-order or second-order mechanisms.

Reactions of Protein-DeriVed, and Other, Halamines with
Plasmalogen Model Compounds. As amino acid side chains
on proteins are important kinetic targets for HOCl (reviewed
(6)), and can initiate secondary oxidation (15, 24), the
reactions of these species with plasmalogen models were
examined. Reaction of ethylene glycol vinyl ether (10-25
mM) with N-R-acetyl-Lys chloramine (1 mM) resulted in
absorbance changes over 18 h across the wavelength range
240-320 nm consistent with chloramine consumption.
Global analysis of the data using a simple mechanism
(chloramine + ethylene glycol vinyl etherf product) yielded
the second-order rate constant given in Table 2. Reaction of
the corresponding bromamine (0.25 mM) was also investi-
gated over a period of 0.25-2 s. The bromamine absorbance
decayed over the full spectral range (λ ) 240-320 nm) with
pseudo-first-order kinetics and yielded a second-order rate
constant (Figure 5a,b; Table 2), with consistent data obtained
by single wavelength analysis (280 nm) (Figure 5c). As
observed with p-EA bromamine and ethylene glycol vinyl
ether, a secondary decay in absorbance occurred over longer
time scales (50 s), but again the nature of this process could
not be elucidated from the data available.

The reaction of the vinyl ether with the His side chain
chloramine was investigated using the model compound,
4-imidazoleacetic acid chloramine (16, 17). The reaction of
this species (0.5 mM) with ethylene glycol vinyl ether
(2.5-15 mM) resulted in loss of the spectral features of the
chloramine (λ ) 240-320 nm, with λmax ) 240 nm) over
5-50 s, with this dependent on the vinyl ether concentration.
Global analysis (chloramine + ethylene glycol vinyl ether
f product) yielded the second-order rate constant given in
Table 2. Analogous studies with the bromamine were not
possible due to the instability of this species.

Reaction with taurine (Tau; 2-aminoethanesulfonic acid)
chloramine resulted in the loss of the chloramine absorbance
(λmax ) 250 nm) over a period of 18 h (Figure 6a,b). The
data were analyzed, as above, to give the rate constant given
in Table 2 and confirmed by single wavelength analysis
(Figure 6c). The corresponding bromamine (0.25 mM) was
consumed over 0.5-10 s on reaction with ethylene glycol
vinyl ether (1-10 mM) and yielded the second-order rate

Table 2: Second-Order Rate Constants (with 95% Confidence Limits)
Obtained by Global Analysis at 22 °C and pH 7.4 (in 0.1 M Phosphate
Buffer) for the Reactions of Various Biologically-Relevant Halamines
with the Plasmalogen Model, Ethylene Glycol Vinyl Ether

Halamine
k2(NCl),a

M-1 s-1
k2(NBr),b

M-1 s-1

Lipid Headgroups

Phosphoryl-ethanolamine (1.2 ( 0.1) × 10-2 (1.5 ( 0.1) × 104

Phosphoryl-serine (4.3 ( 1.6) × 10-2 N/Ac

Protein Amine Groups

N-R-Acetyl-Lys (1.1 ( 0.2) × 10-2 (4.0 ( 0.1) × 103

4-Imidazoleacetic acid 104 ( 12 N/Ad

Free Amino Acids

Taurine (5.1 ( 0.4) × 10-3 (1.31 ( 0.03) × 103

a The chloramine rate constants (M-1 s-1) obtained by global analysis
were confirmed by single wavelength analysis; k(p-EA) ) (1.1 ( 0.1) ×
10-2; k(p-Ser) ) (3.7 ( 0.8) × 10-2; k(N-R-Acetyl-Lys) ) (1.1 ( 0.2)
× 10-2; k(4-imidazoleacetic acid) ) 120 ( 40; k(Tau) ) (5.5 ( 1.2) ×
10-3. b The bromamine rate constants (M-1 s-1) obtained by global
analysis were confirmed by single wavelength analysis; k(p-EA) ) (1.38
( 0.04) × 104; k(N-R-Acetyl-Lys) ) (3.8 ( 0.3) × 103; k(Tau) ) (1.3
( 0.1) × 103. c Approximate determination by single wavelength
analysis yielded k ∼ 2.7 × 104 M-1 s-1. d Unable to measure kinetics
due to bromamine instability.

FIGURE 5: Kinetic data obtained for the reaction of N-R-acetyl-Lys
bromamine (0.25 mM) with ethylene glycol vinyl ether (10 mM)
at 22 °C and pH 7.4. (a) Time-dependent spectral data, with the
dashed line at t ) 2.5 ms, and (b) a kinetic trace at 280 nm. (c)
Plot of the observed rate constants (kobs) versus substrate concentra-
tions for N-R-acetyl-Lys bromamine (9), with kobs determined by
fitting the absorbance changes at 280 nm to a single-exponential
decay. The fit was forced through the origin. Error bars represent
standard deviations from repeated experiments. Some error bars
are smaller than the size of the symbol.
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constant given in Table 2. Unlike the corresponding reactions
of p-EA and N-R-acetyl-Lys bromamines, no subsequent
changes in absorbance were observed over longer time scales.

DISCUSSION

Plasmalogen phospholipids, that contain a vinyl ether
linkage at the sn-1 position, account for almost 20% of the
phospholipid mass in humans (9). These lipids are typically
phosphatidyl-ethanolamine (PE) and phosphatidyl-choline
(PC) species. PE plasmalogens are found at high levels in
the brain and spermatozoa (9), whereas the heart contains a
higher proportion of PC plasmalogens (9). Plasmalogens
comprise ca. 5% of the total phospholipid pool in plasma,
with marginally more PC than PE species (25). Of the PE
phospholipids found in plasma, around 55% are plasmalo-
gens, whereas only ca. 5% of the PC phospholipids are
plasmalogens (26); these ratios are similar for the low-density
lipoprotein (LDL) and high-density lipoprotein (HDL) frac-
tions of plasma (26). Interestingly, ca. 50-70% of the PE
phospholipids in macrophages, monocytes and neutrophils
are plasmalogens (9). The abundance of these species may

therefore make them targets for MPO- and eosinophil
peroxidase-derived oxidants, and particularly HOCl and
HOBr.

It has been proposed that the vinyl ether bond makes
plasmalogens more susceptible to oxidation than their 1-acyl
analogues (11). It has also been suggested that plasmalogens
may act as endogenous antioxidants that can scavenge
reactive species such as peroxyl radicals, thereby protecting
other phospholipids and lipoproteins from damage (9).
Recent studies have demonstrated that plasmalogens are
major phospholipid targets for HOCl, HOBr and chloramines/
bromamines, and that the vinyl ether moieties are particularly
susceptible to modification (11–13, 27, 28). The kinetic data
reported here quantify this enhanced susceptibility for the
first time.

HOCl reacts with the plasmalogen model, ethylene glycol
vinyl ether, with a second-order rate constant ca. 180-fold
greater than that of 3-pentenoic acid which has been used
as a model for the unsaturated bonds of fatty acid side chains
(20). The corresponding rate constant for HOBr is ca. 2000-
fold greater than that for HOCl, and ca. 320 times greater
than that for reaction with 3-pentenoic acid (21). This is
consistent with the much higher reactivity of double bonds
and aromatic amino acid residues (e.g., Tyr, Trp) with HOBr
than HOCl (6, 20–23) and is due to the enhanced electro-
philicity of HOBr compared with HOCl.

Although ethylene glycol vinyl ether is a useful model of
a plasmalogen linkage and provides insight into the reactivity
of vinyl ethers with HOCl and HOBr, phospholipids have
more complex structures that may influence the rate of these
reactions. Thus, OOPCplasm was also examined, and it has
been shown that the rate constant for the reaction of this
species with HOCl is >10-fold larger than that for the non-
vinyl ether-containing substrate POPC; these data confirm
that the vinyl ether linkage is highly susceptible to HOCl,
and more so than a standard nonconjugated alkenic phos-
pholipid. The rate constant for reaction of HOCl with
OOPCplasm is ca. 30 times smaller than that for the model
vinyl ether, consistent with previous reports that have shown
a decrease in the rate constants for the reaction of HOX with
unsaturated phospholipids (29) compared with isolated
double bonds (Table 1) (21). This has been attributed to the
formation of lipid structures, such as liposomes or micelles,
where the double bond is buried in a hydrophobic environ-
ment, into which HOX is less permeable. However, it might
be expected that this would affect plasmenyl linkages less
than unsaturated sn-2 side chains, as the vinyl ether moiety
is in close proximity to the polar amine headgroup, which
is likely to be present at the interface with the aqueous phase.
Whatever the reason for this depression of the rate constants
from isolated vinyl ethers to OOPCplasm or POPC, it renders
them unable to compete with the rapid bromination of N-R-
acetyl-Tyr (22), thereby precluding accurate determination
of the rate constants for HOBr with OOPCplasm or POPC.

The plasmalogen chosen for these studies contains a
phosphatidyl-choline (PC) headgroup that reacts slowly with
HOCl and HOBr (20, 30) thereby limiting reaction of HOX
to the vinyl ether linkage or unsaturated fatty acid side chain.
However, some phospholipids contain polar headgroups that
contain amine functions with which HOCl/HOBr may also
react (e.g., phosphatidyl-serine (PS) and phosphatidyl-
ethanolamine (PE) species) (20, 21, 31). This is of particular

FIGURE 6: Kinetic data obtained for the reaction of taurine
chloramine (2 mM) with ethylene glycol vinyl ether (37.5 mM) at
22 °C and pH 7.4. (a) Time-dependent spectral data, with the dashed
line at t ) 15 s, and (b) a kinetic trace at 250 nm. (c) Plot of the
observed rate constants (kobs) versus substrate concentrations for
taurine chloramine (9), with kobs determined by fitting the absor-
bance changes at 250 nm to a single-exponential decay. The fit
was forced through the origin.
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relevance for plasmalogens, as PE is the predominant
headgroup, with the remainder being PC species (9). The
potential role of such amine groups as an alternative site of
initial reaction, and a possible source of chloramines/
bromamines that could initiate secondary oxidation of the
vinyl ether, was therefore investigated. The data obtained
with 2-aminoethyl vinyl ether, a model of PE plasmalogens,
indicates that HOCl reacts almost exclusively at the amine
group to form the vinyl ether chloramine, despite the
enhanced reactivity of the vinyl ether group compared with
other alkenes; the resulting chloramine does not appear to
initiate secondary oxidation of the vinyl ether bond (Scheme
1). HOBr also targets the amine group of 2-aminoethyl vinyl
ether, but, in this case, the resulting bromamine was able to
subsequently oxidize the vinyl ether bond via an intermo-
lecular reaction. In the light of this positive data, the
chloramines and bromamines formed on model lipid head-
groups (p-EA and p-Ser) were also examined and are able
to oxidize ethylene glycol vinyl ether. The second-order rate
constants obtained for the oxidation of the vinyl ether by
these chloramines are 104-105 times slower than the
corresponding reactions of HOCl, whereas those for the
bromamines are only 100-200 times slower than the HOBr
reactions. These data contrast with that for non-plasmenyl
unsaturated phospholipids where HOCl reacts almost exclu-
sively with the PE headgroup in non-plasmenyl phospholipids
(31), whereas HOBr reacts equally with the headgroup and
the unsaturated fatty acid side chains (31).

In complex biological fluids such as plasma, protein-
bound- and free amino acid-chloramines and bromamines
are major intermediates in HOCl and HOBr reactions due
to the abundance of these targets (Pattison et al., unpublished
data) (20, 21). In neutrophils, the sulfonated amino acid Tau
is highly abundant (concentrations e20 mM (32)) and
therefore Tau halamines are likely to be generated; each of
these species may act as a potential source of plasmalogen
oxidation. As with the p-EA and p-Ser chloramines, the
second-order rate constants for the reactions of N-R-acetyl-
Lys and Tau chloramines were 5 orders of magnitude (i.e.,
105-fold) slower than those for HOCl (Table 2). His side
chain chloramines are also formed readily in complex
systems (17) and are known to be highly reactive with rate
constants only 5-30 times lower than those for HOCl
itself (16, 17). This high reactivity was confirmed, with
4-imidazoleacetic acid chloramine observed to react
with ethylene glycol vinyl ether only 15-fold slower than
with HOCl (Table 2). Data could not be obtained for the
corresponding 4-imidazoleacetic acid bromamine due to the
instability of this species. Other bromamines did however
react with ethylene glycol vinyl ether, with N-R-acetyl-Lys
and Tau bromamines reacting somewhat more slowly than
the p-EA and p-Ser bromamines; these values are only 900-
and 2700-fold lower than the rate constants for HOBr (Table
2). These bromamines, the His side chain chloramines, and
possibly the Lys-derived chloramines are therefore potential
sources of plasmalogen oxidation in complex systems.

In addition to undergoing halogen transfer reactions,
halamines can also decompose via radical pathways (33).
Evidence has been presented for the induction of lipid
peroxidation in low-density lipoproteins treated with HOCl,
by chloramine-derived radicals (34). As the vinyl ether
linkage of plasmalogens is susceptible to radical damage

(reviewed in ref 9), it is possible that N-centered radicals
formed from chloramines (or bromamines) (33, 35) may
provide an alternative pathway for HOX and halamine-
mediated plasmalogen damage. Similar reactions have been
observed recently with non-plasmalogen phospholipids (36);
the higher reactivity of vinyl ethers over isolated double
bonds makes these reactions likely. It should be noted,
however, that these radical pathways would not yield the
R-chloro and R-bromo fatty aldehydes that have been
detected in vivo (11, 12, 28).

The chloramine data reported here are consistent with the
general trend that primary chloramines exhibit a 103- to 106-
fold decrease in reactivity compared with HOCl with a wide
range of biological substrates (6, 16, 24, 37). Previous data
on the reactions of chloramines with thiols have shown that
their rate constants decrease in the order histamine > N-R-
acetyl-Lys > Gly > Tau (37, 38). Although the overall
reactivity of the vinyl ether moiety observed here with
chloramines is much less than that for thiols, the order of
reactivity is similar, p-Ser > p-EA ∼ N-R-acetyl-Lys > Tau,
except the R-amino chloramine of p-Ser is relatively more
reactive than the R-amino chloramine of Gly; the reason for
the latter difference remains to be established. Similar
comparisons for bromamines are not possible as yet, as few
rate constants for bromamine reactions are available (re-
viewed in ref 6). However, the data presented here suggest
that the oxidizing capacity of HOBr is attenuated far less by
its conversion to bromamines than the corresponding conver-
sion of HOCl to chloramines.

Several studies have indicated that plasmalogens are
depleted in a number of human pathologies, including
Alzheimer’s disease, Down syndrome, multiple sclerosis,
hypercholesterolemia and ischemia-reperfusion injury, as
well as in aging (9, 26, 39). This depletion of plasmalogens
may result from oxidative damage, peroxisomal disorders
that impair plasmalogen biosynthesis, or stimulation of
receptor-mediated degradative enzymes such as plasmalogen-
specific phospholipase A2 (9, 39). In people with Alzheimer’s
disease, a marked decrease in PE plasmalogen levels has
been observed in areas of the brain that show active
degeneration, and the severity of dementia correlates strongly
with loss of these lipids (39–41). Active MPO has been
detected in postmortem brain samples affected by Alzhe-
imer’s disease, and levels of the HOCl biomarker, 3-chlo-
rotyrosine, have been shown to be elevated compared to age-
matched controls (42). Thus, in Alzheimer’s disease there
is evidence for increased formation of HOCl, and decreased
PE plasmalogen content; whether these observations are
linked has yet to be established. In contrast, brain tissue
affected by Parkinson’s disease has been reported to contain
elevated levels of MPO (43), but no decrease in PE
plasmalogens (reviewed in ref 39). Quantification of the
levels of R-chloro fatty aldehydes in brain tissue from
patients with Alzheimer’s and Parkinson’s diseases might
provide insight into this potential link between inflammation,
MPO and neurological diseases.

Recently studies have shown that serum plasmalogen
levels correlate strongly with HDL cholesterol levels (44);
similarly, plasmalogen levels in hypercholesterolemic patients
are significantly decreased relative to normolipidemic sub-
jects (26). It is well established that the risk of atherosclerosis
and heart disease increases with hypercholesterolemia and

Reactivity of Oxidants with Plasmalogens Biochemistry, Vol. 47, No. 31, 2008 8243



decreased HDL cholesterol levels (45), and there is also
strong evidence that MPO and HOCl are involved in
atherosclerosis (reviewed in ref 1). Recently, it has been
established that human atherosclerotic lesions contain el-
evated levels of unsaturated lysophosphatidylcholine (LPC)
and R-chloro fatty aldehydes (12), major products of HOCl
attack on PC plasmalogens. The average content of the latter,
in human atherosclerotic lesions, was found to be ca. 1400-
fold higher than in healthy aorta samples (12). The R-chloro
fatty aldehyde, 2-chlorohexadecanal (2-ClHDA), can form
Schiff base adducts with nucleophilic sites on proteins and
phospholipids, and these adducts can disrupt normal protein
function and membrane dynamics (28). 2-ClHDA also
accumulates in rat hearts that have undergone myocardial
infarction, and may contribute to cardiac dysfunction (13).
LPC accumulation may also be detrimental (46), and result
in the induction of heart arrhythmias and inhibition of
membrane transport proteins (47–49).

HOBr and bromamines have been shown to oxidize the
plasmalogen vinyl ether bond, liberating R-bromo fatty
aldehydes and lysophospholipids (11), consistent with the
kinetic data presented here. However, there are few studies
to date on the role of these reactions in disease. These
processes may be important in asthma and other inflamma-
tory diseases that involve tissue infiltration by eosinophils
(reviewed in ref 1), as HOBr is one of the major oxidants
generated by eosinophil peroxidase (50).

Overall, these studies provide definitive kinetic data on
the reactions of HOCl, HOBr, chloramines and bromamines
with the vinyl ether linkage of plasmalogens and confirm,
and quantify, the enhanced reactivity of plasmalogens over
unsaturated fatty acid side chains. These data rationalize the
detection of plasmalogen, but not other unsaturated phos-
pholipid (chlorohydrin) products, in atherosclerotic lesions
and following myocardial infarction (11, 28). The data
indicate that HOCl/HOBr-mediated plasmalogen oxidation
may be important in a number of biological events, including
cell lysis and lipoprotein oxidation. Furthermore, the targeting
of plasmenyl-phospholipids, by myeloperoxidase and eosi-
nophil peroxidase-derived oxidants, may be a widespread
phenomenon in inflammatory diseases, and particularly in
the vascular wall, in myocytes and brain tissue as these
tissues are particularly rich in plasmalogens.
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