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  Myeloperoxidase (MPO), an abundant heme protein 
released by activated leukocytes, catalyzes the oxidation of 
chloride ions by hydrogen peroxide (H 2 O 2 ) to yield hy-
pochlorous acid (HOCl). MPO has been identifi ed as a 
biomarker for pathological conditions including sepsis, 
ischemic injury and atherosclerosis ( 1–4 ). Increased circu-
lating levels of MPO are associated with increased coro-
nary risk, and MPO colocalizes with macrophages in 
human atherosclerotic lesions ( 1, 2 ). HOCl is a potent oxi-
dant whose cellular targets of action include thiols, amines, 
nucleotides, unsaturated fatty acids and lipoproteins ( 5 ). 
With respect to lipoprotein metabolism, HOCl impairs 
both LDL and HDL function. HOCl oxidizes apolipopro-
tein (apo) B100 and lipid components of LDL particles, 
resulting in increased scavenger receptor uptake of LDL 
by macrophages and the development of fatty lesions ( 6, 
7 ). The HOCl-dependent oxidation of HDL converts it to 
a form that is proatherogenic ( 8–11 ). Dysfunctional HDL 
particles demonstrate a reduced capacity to mediate ATP-
binding cassette transporter A1 (ABCA1)-dependent cho-
lesterol effl ux and are resistant to metabolism by hepatic 
enzyme systems ( 12–17 ). MPO and HOCl also inhibit the 
activity of the HDL-associated enzyme lecithin cholesterol 
acyl transferase (LCAT), thus attenuating the formation of 
mature  � -HDL particles ( 18 ). The MPO-catalyzed oxida-
tion of HDL also attenuates anti-apoptotic and anti-infl am-
matory effects of the lipoprotein ( 11 ). These changes are 
associated with reduced binding of HDL to scavenger re-
ceptor class B1 (SR-B1). 

 Data suggest that the formation of dysfunctional HDL 
by MPO and HOCl is due principally to changes in the 
protein components of the particle (whereas higher con-
centrations may induce changes in the lipid composition 
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 METHODS 

 Materials 
 1-Palmitoyl-2-oleoyl- sn -glycero-3-phosphocholine (POPC) was 

obtained from Avanti Polar Lipids. (Alabaster, AL). Sodium 
hypochlorite was from Sigma. Superose 6 columns were 
from Amersham Biosciences (NJ). 2-[6-(4-aminophenoxy)-
3-oxo-3H-xanthen-9-yl]benzoic acid (APF) was obtained from 
Cayman Chemicals.  3 H-cholesterol was from American Ra-
diochemicals (St. Louis, MO). Hypochlorous acid concentration 
was determined by monitoring the absorbance of hypochlorite at 
292 nm ( �  = 350 M  � 1 cm  � 1 ) in 0.1N NaOH using a Beckman diode 
array spectrophotometer Model DU 7000. 

 Peptide synthesis 
 The apoA-I mimetic peptide 4F, whose amino acid sequence is 

Ac-D W FKAFYDKVAEKFKEAF-NH 2 , was synthesized by the solid 
phase peptide synthesis method as previously described 
( 30 ). 14 C-4F was synthesized as described previously ( 31 ). The 
modifi ed peptide 4F [W → F] (Ac-D F FKAFYDKVAEKFKEAF-NH 2 ) 
was synthesized by substituting phenylalanine (Phe/F) for trypto-
phan (Trp/W) and was used as a control peptide. Peptide purity 
was ascertained by mass spectral analysis and analytical HPLC. 
Peptide concentration for 4F and the 4F [W → F] analog was de-
termined using  �  280  = 7,300 M  � 1 cm  � 1  and  �  264  = 1,280 M  � 1 cm  � 1 , 
respectively. Both peptides were endotoxin free as determined by 
the Limulus assay using the QCL-1000 kit (Lonza). 

 Peptide effects on HOCl-dependent oxidation of APF 
 In initial studies, effects of 4F and 4F [W → F] on HOCl-depen-

dent oxidation were assessed. Briefl y, 4F or 4F [W → F] (10–300  � M) 
was added to a physiological salt solution containing APF (1.6 × 
10  � 2  mM). HOCl (100  � M) was then added to initiate the oxida-
tion of nonfl uorescent APF to yield fl uorescein. Fluorescein fl uo-
rescence was then monitored on a Bio-Tek Synergy HT microplate 
reader using  �  ex  = 480 nm and  �  em  = 515. 

 Electrophoresis studies 
 To determine whether HOCl induces changes in the physical 

characteristics of 4F and 4F [W → F], native and oxidized peptides 
were analyzed by denaturing gel electrophoresis. HOCl was 
added to 4F or 4F [W → F] at HOCl:peptide molar ratios ranging 
from 1:1 to 3:1. Residual HOCl activity was quenched by addition 
of taurine (100  � M) after 15 min. Native and HOCl-modifi ed 
peptides (14  � g) were then loaded onto 4-20% SDS-Tris glycine 
gels and stained with Coomassie blue. Gels were destained using 
MeOH:acetic acid:H 2 O. See Blue Plus 2 low molecular weight 
markers (Invitrogen) were loaded onto gels for identifi cation of 
bands. Gels were scanned, and band intensity analysis was per-
formed using LabWorks software (Lablogics V4.6). In some 
experiments,  14 C-labeled 4F was oxidized by HOCl prior to elec-
trophoretic separation. Bands were cut from SDS gels, and the 
distribution of radioactive counts was determined by scintillation 
counting. Data are expressed as a percentage of radioactive 
counts in the 4F band in the absence of HOCl treatment. 

 Chromatography 
 To further characterize HOCl-induced modifi cations to 4F 

and 4F [W → F], native and oxidized peptide samples were ana-
lyzed by analytical, reverse phase high pressure column chro-
matography using a Beckman-Coulter HPLC system. HOCl was 
added to 4F or 4F [W → F] at molar ratios ranging from 1:1 to 
3:1. Samples (25  � g) were injected onto a C18 column (Vydak, 
4.6 × 250 mm, particle size 5  � m) and eluted with acetonitrile in 
H 2 O [0.1% trifl uoroacetic acid (TFA)] using a 35–55% gradient 

of the particle) ( 9 ). In this regard, immunohistochemical 
studies demonstrate the colocalization of apoA-I and HOCl-
modifi ed epitopes in atherosclerotic lesions ( 8, 12, 19 ). 
Oxidation of apoA-I results in the formation of high 
molecular weight aggregates ( 9 ). Further, exogenously 
generated reactive carbonyls may covalently modify apoA-I 
by cross-linking lysine residues, resulting in loss of ABCA1-
mediated cholesterol effl ux ( 15 ). The sequence of apoA-I 
possesses numerous targets for MPO and HOCl action, as 
determined by mass spectrometry ( 16–19 ). Analysis of 
apoA-I isolated from human atheroma shows the presence 
of oxidized tryptophan (Trp), lysine, methionine, and ty-
rosine (Tyr) residues ( 20 ). HOCl induces similar modifi -
cations to amino acids under in vitro conditions but with 
variable reactivities ( 8, 9, 18 ). In this respect, kinetic stud-
ies have shown that HOCl reacts with Trp and Tyr yielding 
second order rate constants of 1.1 × 10 4  and 44 k 2 /M  � 1 s  � 1 , 
respectively ( 21 ). Under the same reaction conditions, the 
rate of reaction of HOCl with phenylalanine (Phe) was 
negligible ( 21 ). In light of observations that HDL isolated 
from patients with coronary artery disease contains ele-
vated levels of nitrotyrosine (N-Tyr) and chlorotyrosine 
(Cl-Tyr), several studies have focused on the role of MPO 
and HOCl in the modifi cation of Tyr residues in apoA-I 
( 16, 19 ). Although N-Tyr and Cl-Tyr are both markers of 
redox injury, data suggest that tyrosine chlorination, but 
not nitration, is a critical determinant of impaired ABCA1-
dependent cholesterol effl ux ( 16, 22 ). It was proposed 
that chlorination of up to two of the seven Tyr residues in 
apoA-I plays a critical role in the inhibition of ABCA1-
mediated cholesterol effl ux ( 16, 23 ). Tyr chlorination under 
these conditions was dependent on the reaction of HOCl 
with the K XX Y amino acid motif ( 24 ). Three such regions 
are present in apoA-I ( 24 ). Other studies suggest that al-
though Cl-Tyr formation in apoA-I may represent a marker 
for dysfunctional HDL, Tyr chlorination per se is not a 
mechanism underlying the inhibition of ABCA1-mediated 
cholesterol effl ux ( 25 ). Rather, these studies indicated that 
the fundamental mechanism underlying the loss of HDL func-
tion was the oxidation of Trp residues in the protein ( 25 ). 

 The development of apo mimetic peptides represents 
a potentially new therapeutic approach for the treat-
ment of lipid disorders. The synthetic peptide 4F, whose 
structure is based on the helical repeating domains of 
apoA-I, possesses anti-infl ammatory and antioxidant 
properties and dramatically reduces lesion formation in 
dyslipidemic mouse models ( 26 ). 4F is an effective me-
diator of ABCA1-mediated cholesterol effl ux ( 27,28 ). A 
recent study demonstrates that an additional property 
of the peptide is its ability to avidly bind and neutralize 
oxidized lipids ( 29 ). The class A amphipathic helical 
structure of 4F is similar to the amphipathic helical do-
mains of apoA-I in that it contains a similar composition 
of redox sensitive amino acid residues including the 
K XX Y motif. A goal of the current study, therefore, was 
to test whether 4F possesses novel antioxidant proper-
ties and how HOCl-dependent oxidation impacts the 
lipid-binding and ABCA1-mediated cholesterol effl ux-
ing properties of this peptide. 
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 Circular dichroism spectroscopy 
 CD spectra were recorded using JASCO J-815 spectropolarim-

eter equipped with a Peltier-type temperature control system 
(JASCO model PTC-423s/15). CD spectra were recorded every 
nanometer from 260 nm to 195nm using a cell with a 0.1 cm path 
length. Spectra were recorded at 25°C and represent the average 
of two scans. Peptide concentrations were 50 µM in PBS (pH 
7.4). Mean residue ellipticity ([ � ] MRE ) (degcm 2 /dmol) at  �  222  was 
calculated using the following equation: 

   θ θMRE[ ] (MRW ) / 10 cl    

 where MRW is the mean residue weight (peptide molecular 
weight divided by the number of amino acids);  �  is the observed 
helicity in degrees; c is concentration of peptide in g/ml; and l is 
the path length in centimeters. Percentage helicity was calculated 
using the following equation, as previously described ( 30 ): 

      α θ222Percent  Helix  ([MRE  3,000]

/[36,000  3,000]) 100  

 ABCA1-mediated cholesterol effl ux 
 4F- and 4F [W → F]mediated cholesterol effl ux were mea-

sured following the procedure of Kritharides et al. ( 32 ). 
Briefl y, THP-1 monocytes were seeded at 10 6  cells/well in 
6-well plates. Acetylated LDL, radiolabeled with  3 H-cholesterol, 
was added to cells for 24 h at 37°C. 8-bromo cAMP (300  � M) was 
then added to cells for an additional 24 h to induce ABCA1 
expression. Cells were then incubated with 100  � g/ml 4F or 
100  � g/ml 4F [W → F] for 24 h at 37°C in lipoprotein-depleted 
medium containing 2 mg/ml BSA. In some experiments, 
HOCl was incrementally added to 4F or 4F [W → F] resulting 
in HOCl:peptide molar ratios ranging from 1:1 to 3:1. These 
HOCl-modifi ed samples were then added to THP-1 cells for 24 h. 
At the end of this time period, media and cell lysates were 
collected for  3 H-cholesterol scintillation counting to deter-
mine amount of cholesterol effl uxed from cells. Effl ux data 
was normalized and expressed as a percentage of total counts 
effl uxed by 4F or 4F [W → F]. To test whether potentially satu-
rating amounts of native and oxidized peptides (100  � g/ml) 
were masking a more subtle effect of oxidation on effl ux, we 
performed concentration response experiments. HOCl was 
added to 4F or 4F [W → F] (10, 25, 50, and 100  � g/ml) at an 
HOCl:peptide molar ratio of 3:1. Native and oxidized peptides 
were then added to radiolabeled THP-1 cells for measurement 
of cholesterol effl ux. 

 Statistical methods 
 All results are reported as the mean ± SEM. Statistical analysis 

was performed using SigmaStat 3.5 software (Systat Software). 
Differences between the groups were assessed by one-way ANOVA 
(ANOVA) with  post hoc  testing (Student-Neuman-Keuls test). 
A  P  value < 0.05 was considered statistically signifi cant. 

 RESULTS 

 MPO-derived HOCl has been shown to oxidatively mod-
ify apoA-I. As apoA-I and the apoA-I mimetic peptide 4F 
share similar structural properties, we tested the hypothe-
sis that 4F serves as a reactive substrate for HOCl. In initial 
experiments, we assessed effects of varying 4F concen-
tration on the capacity of reagent HOCl to oxidize the 

(40 min). Peptide bond absorbance was monitored at 220 nm. 
In subsequent studies, 600  � g peptide was injected onto the col-
umn to obtain suffi cient material for analysis by mass spectrom-
etry. Peak fractions (1.0 ml) were pooled from 3 individual 
HPLC runs and lyophilized. To determine the relative suscepti-
bility of 4F and apoA-I to oxidation, the HOCl-induced loss of 
Trp and Tyr absorbance was monitored at 280 nm. HOCl was 
added to samples of 4F or apoA-I (1 mg/ml each) at a 3:1 molar 
ratio for time periods ranging from 30 s to 15 min. In some ex-
periments, 4F and apoA-I were mixed with 1,2-Dimyristoyl-sn-
glycero-3-phosphorylcholine (DMPC:1:1 mol/mol) to form 
lipid complexes prior to HOCl addition. At the end of each 
time point, taurine was added to quench unreacted HOCl. The 
relative decay of HOCl-treated 4F or apoA-I was then assessed 
by HPLC at A 280 . 

 Mass spectrometry 
 Native and oxidized 4F and 4F [W → F] samples were initially 

analyzed by MALDI-TOF mass spectrometry using the Applied 
Biosystems Voyager DE-Pro in the refl ector positive ion mode 
(Foster City, CA) at 20 Hz. Material obtained from novel peaks 
identifi ed by HPLC were resuspended in a 1:10 dilution of  � -
cyano-4-hydroxycinnamic acid in 0.1% TFA and plated for 
analyses. 

 The mass range selected was from 1,000–4,000  m/z  with 500 
spectra/sample collected. Post analysis data processing was per-
formed using Voyager Data Explorer software (version 3.40). 

 Sequence analysis of oxidized peptides was performed using 
NanoLC-tandem mass spectrometry. An aliquot (2  � l) of each 
digest was loaded onto a 2 cm × 75  � m i.d. PepMap100 C 18  re-
verse-phase trap cartridge (Dionex, Sunnyvale, CA) at 2  � l/min 
using an Eksigent autosampler. After washing the cartridge for 
4 min with 0.1% formic acid in ddH 2 0, the bound peptides were 
fl ushed onto a 15 cm × 75  � m i.d. PepMap100 C 18  reverse-phase 
analytical column (Dionex) with a 40 min linear (5–50%) ace-
tonitrile-H 2 O gradient in the presence of 0.1% formic acid at 
300 nl/min using an Eksigent Nano1D+ LC. (Dublin, CA). The 
column was washed with 90% acetonitrile-0.1% formic acid for 
15 min and then reequilibrated with 5% acetonitrile-0.1% formic 
acid for 30 min. The Applied Biosystems 5600 Triple-TOF mass 
spectrometer (AB-Sciex, Toronto, Canada) was used to analyze 
the peptide digest. Eluted peptides were subjected to a time-
of-fl ight survey scan from 400–1,250  m/z  to determine the top 
twenty most intense ions for MS/MS analysis. Product ion time-
of-fl ight scans at 50 msec were carried out to obtain the tandem 
mass spectra of the selected parent ions over the range from  m/z  
400–2,000. Spectra are centroided and deisotoped by Analyst 
software, version TF (Applied Biosystems). A  � -galactosidase 
trypsin digest was used to establish and confi rm the mass accu-
racy of the mass spectrometer. 

 Fluorescence properties of 4F 
 The Trp fl uorescence emission spectrum for native and HOCl-

modifi ed 4F (1:1-3:1) were monitored using  �  ex  = 295 nm and 
 �  em  = 349 nm. 

 Phospholipid clarifi cation 
 Effects of native and oxidized 4F and 4F [W → F] on the turbid-

ity of POPC (100  � M) multilamellar vesicles (MLV) was mea-
sured in PBS by light scattering. For oxidation studies, HOCl was 
added to 4F or 4F [W → F] at molar ratios ranging from 1:1 to 3:1. 
The peptide solutions were then added to MLVs of POPC (1:1 
mol/mol ratio), and phospholipid turbidity clarifi cation was 
measured every 30 s for 30 min using an SLM-AMINCO 8100 
Spectrofl uorometer (SLM Instruments). Representative light 
scattering profi les for each peptide are presented. 
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a single band for unmodifi ed 4F (HOCl:4F ratio = 0:1) cor-
responding to its native mass (2.31 kDa). As the molar ra-
tio of HOCl was increased, the density of the native 4F 
band was signifi cantly reduced and was accompanied by 
an increase in the density of a higher molecular weight 
species ( Fig. 2A ). Separation of  14 C-labeled 4F on denatur-
ing gels showed that the radioactivity associated with the 
lower molecular weight 4F band decreased with HOCl 
addition and was transferred to the higher molecular weight 
species ( Fig. 2B ). The apparent increase in the molecular 
mass of oxidized 4F suggested that HOCl treatment in-
duced the cross-linking of the peptide. 

 We next analyzed HOCl-induced modifi cations to 4F by 
analytical HPLC. Chromatographic separation of native 
4F yielded a principal peak with a retention time of ap-
proximately 27 min (  Fig. 3A  ).  Addition of HOCl to 4F at 
molar ratios of 1:1, 2:1, and 3:1 reduced the integrated 
peak area for 4F by 36, 60, and 67%, respectively ( Fig. 3A , 
inset). The chromatogram for HOCl-modifi ed 4F (3:1 re-
action product) is depicted in  Fig. 3B  and revealed the 
formation of additional products. These new peaks eluted 
from the column prior to native 4F, suggesting a decrease 
in hydrophobicity. This is supported by the lack of charac-
teristic Trp fl uorescence after HOCl treatment, as shown 
in   Fig. 4A  .  A variety of oxidized 4F products were identi-
fi ed in these fractions by MALDI-TOF mass spectrometry 
(  Table 1  ).  MS analysis of the principal chromatographic 
peak E (see  Fig. 3B ) revealed signifi cant oxidative modifi -
cation to the sole Trp residue in 4F. This was confi rmed by 
studies that showed HOCl reduced the Trp fl uorescence 
of 4F in a concentration-dependent manner ( Fig. 4A ). At 
HOCl:4F molar ratios of 1:1, 2:1, and 3:1, the fl uorescence 
(predominantly due to the sole Trp residue) of 4F was re-
duced by 56, 80, and 91%, respectively, compared with 

nonfl uorescent substrate APF to yield the fl uorescent com-
pound fl uorescein. 4F reduced fl uorescein formation in a 
concentration-dependent manner (  Fig. 1  ).  The ED 50  for 
inhibition of HOCl-dependent APF oxidation by 4F was 
56 ± 3  � M. These results suggested that 4F actively com-
petes with APF for reaction with HOCl. We next examined 
effects of HOCl-dependent oxidation on the physical prop-
erties of 4F. HOCl was added to 4F at molar ratios of 1:1, 
2:1, and 3:1. Taurine was added to samples after 15 min to 
quench unreacted HOCl, followed by separation on dena-
turing gels.   Fig. 2    depicts a representative SDS gel showing 

  Fig.   1.  4F and 4F [W → F] attenuate the oxidative modifi cation of 
APF by HOCl. 4F inhibited the HOCl-dependent oxidation of APF 
to fl uorescein in a concentration-dependent manner. Increasing 
concentrations (10–300  � M) of peptide were added to PBS con-
taining APF. HOCl (100  � M) was then added to initiate the oxida-
tion of nonfl uorescent APF to yield fl uorescein. Fluorescein 
fl uorescence was monitored using  �  ex  = 480 nm and  �  em  = 515. Data 
are the mean ± SEM (n = 4 for each peptide treatment). * P  < 0.05 
compared with all other peptide concentrations.   

  Fig.   2.  Effects of HOCl on the electrophoretic 
properties of 4F. Addition of increasing concentra-
tions of HOCl to 4F resulted in a decrease in native 
4F band density when separated on an SDS-PAGE 
gel. This was accompanied by the appearance of a 
new band with a higher molecular weight (panel A). 
Native and HOCl-modifi ed  14 C-labeled 4F were sepa-
rated on denaturing gels. An increase in the ratio of 
HOCl:4F was associated with increased incorporation 
of the radiolabel in the higher molecular weight 
band. Data represent the percentage cpm present in 
each band and are means ± SEM for n = 3 gels. * P  < 
0.05 in cpm for HOCl-modifi ed bands compared 
with bands in the absence of HOCl treatment (0:1). 
 #  P  < 0.05 compared with cpm in the low molecular 
weight, native 4F band (panel B).   
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These data suggest that on an equimolar basis and in the 
presence of lipid, 4F and apoA-I are equally susceptible to 
HOCl-induced oxidation. 

 MALDI-TOF mass spectrometry was employed to assess 
oxidative modifi cations to Trp in greater detail. MS analy-
sis of native 4F revealed a species with the expected  m/z  
ratio of 2,311 in the positive ion mode. Addition of HOCl 
to 4F (3:1 mol/mol) resulted in the formation of several 
novel products ( Table 1 ). A one oxygen addition product 
of Trp (W[O]) with a net gain of 16 mass units (2,327  m/z ) 
was present in greatest abundance in chromatographic 
peak E ( Fig. 3B, C ). The formation of W[O] in 4F was 
confi rmed by MS/MS sequence analysis. Although the 
specifi c site of oxygen addition to Trp cannot be deduced 
from MS studies, it is likely that oxygen addition results in 
the formation of oxindolylalanine (Oia), 5-OH-tryptophan 
or 6-OH-tryptophan. Structures for these W[O] metabo-
lites are presented in  Fig. 3D . Two 2O addition products 

peak fl uorescence in the absence of HOCl, indicating al-
most complete modifi cation of Trp under these condi-
tions ( Fig. 4A ). 

 The time-dependence for the HOCl-induced decay of 
4F (3:1 mol/mol) was monitored by HPLC.  Fig. 4B  shows 
that HOCl rapidly reduced Trp absorbance (A 280 ) in 4F 
within 30 s after addition. The maximal reduction in A 280  
under these conditions was 74% at the 15 min time point. 
We additionally monitored effects of HOCl on the stability 
of apoA-I. The initial rate of decay for HOCl-treated apoA-I 
(3:1 mol/mol) was similar to that of 4F, whereas the maxi-
mal reduction in A 280  (57%) was reduced compared with 
4F. The increased susceptibility of lipid-free 4F to oxida-
tion may be due to the fact that, on a molar basis, the pep-
tide contains approximately three times as many Trp 
residues as apoA-I. In the presence of DMPC, decay pro-
fi les for 4F and apoA-I were similar and showed a maximum 
reduction in A 280  of 70 and 73%, respectively ( Fig. 4B ). 

  Fig.   3.  HOCl alters the physical characteristics of 4F. 4F and its oxidation products were analyzed by chromatography and mass spectrom-
etry. HPLC separation of 4F (25  � g) yielded a principal peak with a retention time of 27 min. Addition of HOCl to 4F (1:1–3:1 mol/mol) 
reduced the integrated area of the native 4F peak (panel A). The chromatographic profi le for HOCl-modifi ed 4F (3:1 mol/mol) revealed 
the formation of new 4F products (panel B). Peaks obtained from the separation depicted in panel B were collected and analyzed by 
MALDI-TOF mass spectrometry. The  m/z  scan for the predominant peak E (27 min retention time) contained multiple products including 
one- and two-oxygen addition products. Kynurenine and unmodifi ed 4F were also present in lower abundance (panel C). Analysis of HPLC 
peaks A–F revealed one- and two-oxygen addition products of Trp with similar  m/z  ratios but different retention times. These oxidized 
products likely represent the addition of oxygen to different sites on the indole ring. Proposed structures of these Trp metabolites are de-
picted in panel D.   
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metabolites with similar  m/z  ratios were identifi ed in dif-
ferent collected fractions. For example, three W[O] me-
tabolites of 4F were observed in different peaks (C, D, E, 
and F in  Fig. 3B ). This likely refl ects the addition of oxy-
gen to three different sites on W, thus imparting differing 
degrees of hydrophobicity and elution from the column. 
Finally, peak F contained a product with a molecular mass 
of 4,616 kDa. This appears to correspond to a 4F dimer, 
with an epsilon-NH 2  in one strand interacting with the car-
bonyl group in the other strand to form a Schiff base ad-
duct on both ends of a head-to-tail dimer. This is consistent 
with the formation of the higher molecular weight prod-
uct seen with HOCl treatment on SDS gels ( Fig. 2A ). 

 Because these data suggested that Trp is a critical site 
for HOCl-dependent oxidation, additional studies were 
performed using the modifi ed peptide 4F [W → F]. This 
peptide is identical to 4F with the exception that the Trp 
residue is replaced by Phe. 4F [W → F] displayed a similar 
concentration dependence (ED 50  = 51 ± 9  � M )  as 4F for 
inhibiting the HOCl-dependent oxidation of APF (  Fig. 5A  ). 
 In contrast to HOCl-modifi ed 4F, oxidation of 4F [W → F] 
did not alter its mobility on SDS gels, suggesting the rela-
tive preservation of size ( Fig. 5B ). HPLC separation of na-
tive 4F [W → F] revealed a single peak with a retention time 
of approximately 21 min ( Fig. 5C ). In contrast to the elu-
tion profi le noted with oxidized 4F, oxidized 4F [W → F] 
products were observed with a prolonged retention time, 
suggesting increased hydrophobicity ( Fig. 5D ). Analysis of 
the principal peak A revealed unmodifi ed 4F [W → F] pep-
tide ( Fig. 5D ,   Table 2  ).  Overall, 4F [W → F] was more resis-
tant to HOCl-dependent modifi cation.  Table 2  shows that 
unmodifi ed 4F [W → F] was present in all the peaks except 
B. To collect adequate material for this analysis, a relatively 
large amount of peptide (600  � g) was injected onto the 
HPLC column. It is possible that the appearance of the 
unmodifi ed parent molecule in multiple peaks may be 
due to column overloading. HOCl-modifi ed 4F [W → F] 
products were identified in peaks B and F and were 

of 4F (2,343  m/z ) were also present to a lesser degree in 
fraction E. One species bearing the W[2O] modifi cation 
was identifi ed. This HOCl-derived product represents di-
oxindolylalanine (DiOia) or an alternate W[2O] product de-
picted in  Fig. 3D . The other 2O addition product (2,343  m/z ) 
in peak E was characterized by the addition of a single oxy-
gen to Trp and to one of the four Phe residues (W[O]/
F[O]). The Trp metabolite kynurenine and unmodifi ed 
4F were also noted in peak E in lower abundance. MS anal-
ysis of other chromatographic fractions depicted in  Fig. 3B  
revealed the presence of 4F bearing W[O], W[2O], and 
W[O]/F[O] modifi cations as well as oxidized and nonoxi-
dized cleavage products of 4F ( Table 1 ). Oxidized 4F 

  Fig.   4.  HOCl alters the spectral properties of 4F. (A) The Trp 
fl uorescence emission spectrum for 4F (100  � M) was monitored 
using  �  ex  = 295 nm and  �  em  = 349 nm. Representative spectra show 
that addition of HOCl to 4F in solution (up to 3:1 mol/mol) pro-
gressively reduced peak fl uorescence, suggesting modifi cation of 
Trp ring structure. (B) Lipid-free and lipid-bound (DMPC) 4F or 
apoA-I (1 mg/ml each) were prepared and then exposed to HOCl 
at a molar ratio of 3:1 for time periods between 30 sec and 15 min. 
The oxidation-induced loss of Trp and Tyr absorbance at A 280  was 
monitored. The initial rate of decay for both lipid-free 4F (fi lled 
circles) and apoA-I (fi lled squares) was similar and near maximal 
after 30 sec. The maximal reduction in A 280  under these conditions 
was 74% for 4F and 57% for apoA-I. Decay curves for 4F:DMPC 
(open circles) and apoA-I:DMPC (open squares) displayed similar 
kinetic profi les as lipid-free 4F.   

 TABLE 1. Reaction products of 4F (Ac-DWFKAFYDKVAEKFKEAF-
NH 2 ) generated by the addition of HOCl 

Fraction 4F Reaction Products

A  FKAFYDKVAEKFKEAF-NH 2  
B  Ac-DW[Kyn]FKAFYDKVAEKFKEAF-NH 2  
C FKAFYDKVAEKFKEAF-NH 2 

W[O]FKAFYDKVAEKFKEAF-NH 2 
W[2O]FKAFYDKVAEKFKEAF-NH 2 
 Ac-DW[O]F[O]KAFYDKVAEKFKEAF-NH 2  
Ac-DW[O]FKAFYDKVAEKFKEAF-NH 2 

D  Ac-DW[O]FKAFYDKVAEKFKEAF-NH 2  
Ac-DW[2O]FKAFYDKVAEKFKEAF-NH 2 

E Ac-DW[Kyn]FKAFYDKVAEKFKEAF-NH 2 
 Ac-DW[O]FKAFYDKVAEKFKEAF-NH 2  
Ac-DW[2O]FKAFYDKVAEKFKEAF-NH 2 
Ac-DW[O]F[O]KAFYDKVAEKFKEAF-NH 2 

F DWFKAFYDKVAEKFKEAF-NH 2 
 W[O]FKAFYD(-H 2 O)KVAEKFKEAF-NH 2  
W[2O]FKAFYDKVAEKFKEAF-NH 2 
Ac-DW[O]FKAFYDKVAEKFKEAF-NH 2 

Chromatographic peaks depicted in  Fig. 3B  were collected, 
lyophilized, and reconstituted for MALDI-TOF MS analysis. The 
predominant species present in each fraction is bolded. The conversion 
of W to kynurenine is denoted by W[Kyn].  at U
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of HOCl on the helicity of lipid-free 4F, as measured by 
CD spectroscopy (  Table 3  ).  In contrast to 4F, the helicity 
of lipid-free native 4F [W → F] was signifi cantly reduced, 
suggesting a reduction in the  � -helical structure of this 
peptide. 4F [W → F] was also less effective than 4F in clari-
fying POPC emulsions ( Fig. 6B ), suggesting a reduction in 
the amphipathic helical nature of this peptide compared 
with 4F. Surprisingly, oxidation of 4F [W → F] increased its 
helicity and capacity to clarify POPC, suggesting an en-
hanced physical interaction between oxidized peptide and 
lipid ( Table 3 ,  Fig. 6B ). Effects of oxidation on the ability 
of 4F and 4F [W → F] to serve as effectors of cholesterol 
effl ux was tested in cholesterol-loaded THP-1 cells. Cho-
lesterol effl ux mediated by native and HOCl-modifi ed 4F 
was similar (  Fig. 7A  ).  Compared with native 4F, choles-
terol effl ux mediated by native 4F [W → F] was reduced by 
56%. There was a tendency for increased cholesterol ef-
fl ux by 4F [W → F] that was treated with HOCl; however, 
this was not signifi cantly different from the effl ux medi-
ated by native 4F [W → F] ( Fig. 7A ). 

 It is possible that native and oxidized peptide concentra-
tions under these conditions might saturate ABCA1-dependent 

characterized by the chlorination of a tyrosine residue 
with only minor evidence for oxidation ( Table 2 ). 

 In a fi nal series of experiments, we assessed effects of 
native and oxidized 4F and 4F [W → F] on phospholipid 
clarifi cation and cholesterol effl ux.   Fig. 6A    shows that the 
ability of 4F to clarify a POPC solution was unaffected by 
HOCl treatment. Consistent with this, there was no effect 

  Fig.   5.  Effects of HOCl on the physical properties of the 4F [W → F] peptide. 4F [W → F] inhibited the HOCl-dependent oxidation of APF 
to fl uorescein in a concentration-dependent manner (panel A). Native and HOCl-treated 4F [W → F] were separated on denaturing SDS 
gels. A representative gel shows that, in contrast to 4F, HOCl treatment did not alter the position of 4F [W → F] (panel B). HPLC separation 
of 4F [W → F] yielded a principal peak with a retention time of 21 min (panel C). HOCl induced the formation of new 4F [W → F] products 
that eluted from the column at later time points. MALDI-TOF mass spectrometry revealed the presence of unmodifi ed 4F [W → F] in all 
peaks. Peaks B and F contained 4F [W → F] metabolites bearing chlorinated tyrosine (Y[Cl]) residues (panel D).   

 TABLE 2. Reaction products of 4F [W → F]4 
(Ac-DFFKAFYDKVAEKFKEAF-NH 2 ) generated by the addition of HOCl 

Fraction 4F [W → F] Reaction Products

A  Ac-DFFKAFYDKVAEKFKEAF-NH 2  
B FFKAFYDKVAEKFKEAF-NH 2 

 Ac-DFFKAFY[Cl]DKVAEKFKEAF-NH 2  
Ac-DFFKAFYDKVAEKFKEAF[2O]NH 2 

C  Ac-DFFKAFYDKVAEKFKEAF-NH 2  
D  Ac-DFFKAFYDKVAEKFKEAF-NH 2  
E  Ac-DFFKAFYDKVAEKFKEAF-NH 2  

Ac-DFFKAFYDKVAEKFKEAF[2O]NH 2 
F  Ac-DFFKAFYDKVAEKFKEAF-NH 2  

Ac-DFFKAFY[Cl]DKVAEKFKEAF-NH 2 

Chromatographic peaks depicted in  Fig. 5  were collected, lyophilized, 
and reconstituted for MALDI-TOF MS analysis. The predominant species 
present in each fraction is bolded.
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including amino acids, resulting in altered protein func-
tion and cellular injury ( 5, 36 ). The MPO-dependent 
modifi cation of apoA-I structure and function have 
been studied previously. Several studies show that Cl-
Tyr formation in apoA-I is associated with the loss of 
ABCA1-dependent cholesterol effl ux ( 16, 19, 23 ). Other 
data suggest that, although Cl-Tyr formation may serve 
as a marker for the halogenation of apoA-I, this change 
does not specifi cally infl uence the cholesterol effl ux ca-
pacity of the apolipoprotein ( 25 ). Exposure of recombi-
nant apoA-I mutants that were devoid of Tyr residues to 
MPO/H 2 O 2 /Cl  �   did not prevent the impairment of 
apoA-I-mediated cholesterol effl ux, suggesting a minor 
role for Tyr modifi cation in the impairment of apoA-I 
function ( 25 ). Rather, data suggest that Trp residues in 
apoA-I play a critical role in cholesterol effl ux. In this 
regard, it was shown that site-directed mutagenesis of all 
four Trp residues in apoA-I to leucine resulted in the 
loss of cholesterol effl ux capacity ( 20 ). Further, it was 
shown that MPO oxidized Trp residues in apoA-I, result-
ing in the formation of mono- and dihydroxytrypto-
phan and a reduction in cholesterol effl ux ( 25 ). It was 
proposed that oxidation of Trp alters apoA-I function 
by inducing a conformational change in the apolipo-
protein, resulting in the translocation of modifi ed Trp 
residues to an aqueous environment ( 25 ). More re-
cently, it was suggested that the  � -helical content of 
Trp-free apoA-I mutants is increased compared with 
native protein ( 22 ). This may induce changes in second-
ary and tertiary structure, resulting in a recombinant 
protein with properties different from native apoA-I it-
self ( 22 ). 

effl ux and therefore mask an effect of oxidation on choles-
terol effl ux. To address this question, we measured the con-
centration dependence of native and HOCl-modifi ed 4F 
and 4F [W → F] on cholesterol effl ux. 4F induced a concen-
tration-dependent increase in cholesterol effl ux that 
reached a maximum at 50  � g/ml ( Fig. 7B ). In this experi-
ment, effl ux mediated by HOCl-modifi ed 4F was increased 
at 25 and 100  � g/ml compared with native 4F. Consistent 
with our previous experiment, cholesterol effl ux mediated 
by 4F [W → F] was modest ( Fig. 7C ). Oxidation of 4F [W → F] 
did not signifi cantly infl uence cholesterol effl ux, except at 
the 100  � g/ml concentration. 

 DISCUSSION 

 Neutrophils and macrophages are principal sources 
of MPO under infl ammatory conditions ( 33, 34 ). We 
previously reported that neutrophils interact with 
endothelial cells and release MPO, resulting in its accu-
mulation in the subendothelial space ( 35 ). In this compart-
ment, MPO-derived HOCl reacts with numerous targets, 

  Fig.   6.  Effects of HOCl on lipid binding properties 
of 4F and 4F [W → F]. Effects of HOCl on the ability 
of 4F and 4F [W → F] to clarify POPC MLVs were 
tested in vitro. HOCl treatment did not infl uence 4F-
mediated lipid binding and clarifi cation of the phos-
pholipid (panel A). 4F [W → F] was less effective than 
4F in clarifying POPC emulsions. Oxidation of 4F 
[W → F], however, increased its lipid binding interac-
tion with POPC (panel B).   

 TABLE 3. Percentage helicity of lipid-free 4F and 4F [W → F] 

HOCl:Peptide 
Ratio [mol/mol] 4F 4F [W → F]

0:1 36.7 ± 2.0 14.0 ± 0.2
1:1 30.7 ± 2.9 30.8 ± 1.5  a  
2:1 37.7 ± 1.8 32.7 ± 0.9  a  
3:1 41.7 ± 1.6 33.2 ± 2.3  a  

Data are means ± SEM (n = 3).
  a P  < 0.05 denotes a signifi cant difference compared with peptide 

in the absence of HOCl (0:1 mol/mol).
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 Under infl ammatory conditions, the traffi cking of 
HDL/apoA-I across the blood vessel wall provides the op-
portunity for modifi cation by MPO ( 37 ). Similarly, 4F ad-
ministration in vivo is associated with the rapid clearance 
of the peptide from the circulation and its incorporation 
in the vascular compartment ( 38 ). Because the apoA-I mi-
metic peptide 4F shares structural similarities with apoA-I, 
including the presence of redox-sensitive aromatic amino 
acids, we tested the hypothesis that the peptide serves as a 
reactive substrate for HOCl. Our data show that 4F com-
petes with APF for reaction with HOCl ( Fig. 1 ). HOCl also 
altered the physical properties of 4F, resulting in both 
modifi cation of the native peptide and the formation of 
new products ( Fig. 2 ). On denaturing SDS-PAGE gels, 
HOCl reduced the band intensity for native 4F, and this 
was associated with the formation of a new, higher molecu-
lar weight product ( Fig. 2 ). With respect to the latter, mass 
spectral analyses suggested that HOCl induced the forma-
tion of 4F dimers via the cross-linking of the oxidized 4F 
metabolite Oia. Treatment of 4F with HOCl altered Trp as 
shown by the decrease of Trp fl uorescence ( Fig. 4 ). This 
modifi cation resulted in the formation of oxidized 4F 
products in which one or two oxygen atoms were added, 
but at different positions on the indole ring. This is re-
fl ected by the presence of oxidized 4F products with the 
same molecular weight but with different HPLC retention 
times ( Fig. 3B ,  Table 1 ). On the basis of mass spectral anal-
yses, we suggest the formation of various products as shown 
in  Fig. 3D . Overall, the amphipathicity and lipid-associat-
ing properties of these modifi ed 4F products were main-
tained with no change in the makeup of the polar and 
nonpolar faces, as the Trp residue is present at the polar-
nonpolar interface (  Fig. 8  ).  Oxidation of the Phe residue 
on the nonpolar face was observed in two out of seventeen 
4F metabolites identifi ed in  Table 1 . This modifi cation, 
however, did not alter the helicity of oxidized 4F. Our re-
sults are consistent with the idea that the interfacial Trp 
acts as a substrate for reactive HOCl. 

 To determine the importance of Trp modifi cation and 
possible changes in the properties of 4F, the control pep-
tide 4F [W → F] was synthesized by replacing Trp (W) with 
the aromatic amino acid Phe (F). According to the Wim-
ley and White hydrophobicity scale, next to Trp, Phe is the 
most hydrophobic amino acid, although unlike Trp, there 
is no indole NH for this amino acid to orient toward the 
aqueous environment ( 39 ). As shown in  Fig. 8A , the only 
Trp residue in the sequence of 4F is present at the polar-
nonpolar interface of the helical wheel representation of 
4F. The rate constant for the reaction of HOCl with Trp is 
approximately 2,500 times faster than that for Tyr and is 
even greater than that for Phe ( 21 ). It follows that Trp is 
the preferred target for HOCl in 4F. CD studies showed 
that replacement of Trp with Phe in 4F [W → F] resulted in 

  Fig.   7.  Effects of HOCl on cholesterol effl uxing properties of 4F 
and 4F [W → F]. The ABCA1-dependent effl ux of cholesterol medi-
ated by 4F and 4F [W → F] was monitored in THP-1 monocytes. 
 3 H-cholesterol-loaded cells were incubated with 4F or 4F [W → F] 
(100  � g/ml each) for 24 h in lipoprotein-depleted medium (panel 
A). In some experiments, HOCl was incrementally added to 4F or 
4F [W → F] resulting in HOCl:peptide molar ratios ranging from 
1:1 to 3:1. The ability of these HOCl-modifi ed peptides to mediate 
cholesterol effl ux was monitored. Data are the mean ± SEM (n = 
11–12 for each peptide). Effl ux data was normalized and expressed 
as a percentage of total counts effl uxed by 4F or 4F [W → F]. Al-
though cholesterol effl ux for all treatments was signifi cantly in-
creased compared with saline control, there were no differences in 
effl ux mediated by native and oxidized peptides. Concentration-
dependent effects of native and HOCl-modifi ed 4F and 4F [W → F] 

on cholesterol effl ux are depicted in panels B and C, respectively. 
Data are the mean ± SEM (n = 6 for each peptide). * P  < 0.05 com-
pared with peptide-mediated effl ux in the absence of HOCl.   
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shows the transmembrane TM2 peptide, a component of 
the Tar chemoreceptor protein, as an example of a single 
transmembrane domain possessing Trp at the water-lipid 
interface. Molecular dynamic (MD) simulations of both 
surface active (4F) and transmembrane (TM2) helices are 
presented in  Fig. 8B, C . The indole moiety of the Trp resi-
due is oriented toward the hydrophobic interior near the 
interface in both the cases. Modifi cation of Trp by oxida-
tion at the interface is not expected to change the lipid-
associating ability either via hydrophobic interaction or via 
charged residue interactions with the phospholipid head 
group. In agreement with this, the ability of Trp-modifi ed 
4F products to associate with lipids and to act as an accep-
tor for cholesterol was similar to native 4F. Results of CD 
studies also showed that HOCl did not signifi cantly alter 
the helicity of lipid-free 4F. In contrast to 4F, replacement 
of Trp with Phe in 4F [W → F] reduced its amphipathic 
properties, as revealed by a diminished capacity to associ-
ate with phospholipid and to stimulate ABCA1-mediated 
cholesterol effl ux ( Fig. 6 ). Exposure of 4F [W → F] to 
HOCl increased both its helicity and lipid-associating abil-
ity, but the resulting products were much less effective than 
native and oxidized 4F as mediators of ABCA1-dependent 
cholesterol effl ux ( Fig. 6B ,  Table 3 ). 

 Antiatherogenic and anti-infl ammatory mechanisms of 
4F have been extensively studied ( 42 ). Principal functions 
ascribed to 4F include the ability to bind lipids, to act as an 
acceptor for macrophage cholesterol effl ux and to reduce 
atherogenic lesion formation in experimental animals 
( 29, 43 ). Our data suggest that the sole Trp residue in 4F 
plays a critical role in these responses, as substitution of 
Phe for Trp yielded an analog peptide (4F [W → F]) that 
was less effective in clarifying POPC emulsions and acting 
as a cholesterol acceptor. Data also suggest 4F possesses 
antioxidant properties by virtue of its ability to avidly bind 
oxidized lipids, reduce tissue-associated E06 immunoreac-
tivity and to induce the expression of heme oxygenase-1 
and extracellular superoxide dismutase ( 29, 44, 45 ). The 
current study shows that the presence of the Trp residue at 

a peptide with reduced helicity compared with 4F. It is 
proposed that the reduction in  � -helical content of 4F 
[W → F] enhances the exposure of the Tyr residue thus al-
lowing its modifi cation by HOCl. In support of this, we 
found that HOCl induced the chlorination of Tyr residues 
in the 4F [W → F] peptide and increased its hydrophobic-
ity. This property was associated with enhanced lipid bind-
ing ( Fig. 6 ). Similar to 4F, we also found that 4F [W → F] 
reduced the HOCl-dependent oxidation of APF in a con-
centration-dependent manner ( Fig. 5A ). The ED 50 s for 
the inhibition of APF oxidation were similar for both 
peptides. 

 Treatment of 4F [W → F] with HOCl did not infl uence 
its mobility on SDS gels ( Fig. 5B ). Chromatographic sepa-
ration of HOCl-treated 4F [W → F] revealed the formation 
of new products with a prolonged retention time ( Fig. 5D ). 
Mass spectral analyses of HOCl-treated 4F [W → F] revealed 
that the peptide was more resistant to oxidation than was 
4F. Data presented in  Table 2  show that HOCl induced the 
formation of one chlorinated 4F [W → F] metabolite and 
up to two Phe oxidation products. This, however, changed 
the spectral properties of this peptide, increased the hy-
drophobicity of the nonpolar face and thus elution at a 
higher retention time ( Fig. 5C ). In contrast, HOCl treat-
ment of 4F resulted in the formation of up to seven oxi-
dation products as well as multiple cleavage products 
( Table 1 ). 

 An additional goal of this study was to test whether the 
oxidative modifi cation of 4F altered its function, including 
the ability to mediate ABCA1-dependent cholesterol ef-
fl ux, analogous to what is reported for apoA-I ( 15–18, 23, 
25 ). It is interesting to note that in transmembrane do-
mains of membrane spanning  � -helices, the amino acid 
Trp has a unique transmembrane distribution pattern 
close to the membrane interface ( 40 ). It has been sug-
gested that these transmembrane Trp residues impart cy-
toprotective and antioxidant properties, as the presence 
of Trp and Tyr in transmembrane proteins protects the 
surrounding lipid bilayer from peroxidation ( 41 ).  Fig. 8C  

  Fig.   8.  Molecular dynamics of Trp-containing peptides. The helical wheel diagram of 4F shows the localiza-
tion of the Trp residue at the polar-nonpolar interface, represented by the black line (panel A). An all atom 
structure for 4F (panel B) and the Tar chemoreceptor transmembrane TM2 peptide [RFAQ W LAVIALVVV-
LILLVA W YGIRRM] were obtained by Coarse-Grain Molecular Dynamics simulation (panel C). Hydrophobic 
residues in 4F and TM2 are represented by the green helices. Lys residues are denoted in deep blue and 
acidic residues in 4F are not shown in panel B. The position of Trp residues (magenta) in the lipid bilayer 
are shown in close proximity to the glycerol backbone of POPC (yellow) in both the amphipathic helical 4F 
and TM2 structures. POPC acyl groups are not shown. Sky blue dots represent PC.   
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the polar-nonpolar interface of 4F confers an endogenous 
antioxidant property on 4F. Although the HOCl-induced 
modifi cation of Trp resulted in the formation of a variety 
of 4F metabolites, the amphipathicity of these molecules 
was maintained, thus preserving its lipid-associating prop-
erty. 4F was equally susceptible to oxidation in the pres-
ence of and absence of lipid ( Fig. 4A, B ). This is consistent 
with our previous observation that the helicity of 4F is simi-
lar in aqueous (45% helicity) and lipid (44% helicity) en-
vironments ( 30 ). Under both conditions, the interfacial 
Trp residue is exposed and is susceptible to oxidation. In 
contrast to studies in apoA-I, we found no evidence for 
Cl-Tyr formation in 4F ( 24 ). Cl-Tyr was observed only in 
the mutant peptide 4F [W → F] that lacked a Trp residue. 
The helicity of 4F [W → F] was also reduced compared with 
4F, suggesting a lack of amphipathic helical structure ca-
pable of associating with lipids and cholesterol effl uxing 
properties. It is likely that Tyr residues in aggregates of 4F 
[W → F] are readily exposed to HOCl but are effectively 
shielded in 4F aggregates. 

 In conclusion, results of the current studies suggest that 
oxidant scavenging represents an additional antiathero-
genic mechanism of apoA-I mimetic peptide action. Oxi-
dation of 4F does not alter its capacity to act as a mediator 
of cholesterol effl ux, thus suggesting a dual functional na-
ture of the peptide. We additionally monitored the HOCl-
induced loss of Trp and Tyr absorbance (A 280 ) in 4F and 
apoA-I. Our results show that the initial rate of decay for 
both 4F and apoA-I was similar and near maximal after 30 s 
( Fig. 4B ). Under these conditions, the reduction in A 280  
was similar for 4F and apoA-I, suggesting equal susceptibil-
ity to HOCl-induced oxidation. In ongoing studies, we are 
testing whether 4F administration prevents oxidative mod-
ifi cations to apoA-I and loss of HDL function.  

 The authors thank Dr. Andrea Catte for generating MD 
simulations of the two membrane active peptides containing 
Trp. 
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