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ABSTRACT: Despite the ability of acrolein to damage proteins, factors governing its
reactivity with the ε-amino group of lysine are poorly understood. We used a small
26-mer α-helical peptide (ATI-5261) to evaluate the influence of acidic glutamate (E)
residues on site-specific lysine modification by acrolein and if this targeting played
a major role in inhibiting the cholesterol efflux activity of the peptide. Exposure of
ATI-5261 to acrolein resulted in N-(3-formyl-3,4-dehydropiperidino) (FDP)-lysine
adducts at positions 5 and 25 and led to a concentration-dependent reduction
in cholesterol efflux activity (55 ± 7 and 83 ± 3% decrease with 5:1 and 20:1
acrolein:peptide molar ratios, respectively). Amino acid substitution (K → R)
experiments and mass spectrometry revealed neither K5 nor K25 was preferentially
modified by acrolein, despite the location of K5 within a putative EXXK motif.
Moreover, both lysine residues remained equally reactive when the lipidated peptide
was exposed to acrolein. In contrast, placement of EXXK in the center of ATI-5261
resulted in site-specific modification of lysine. The latter was dependent on glutamate,
thus establishing that acidic residues facilitate lysine modification and form the molecular basis of the EXXK motif. Preferential
targeting of lysine, however, failed to augment the inhibitory effect of the aldehyde. Overall, the inhibitory effects of acrolein on
cholesterol efflux activity were largely dependent on the number of lysine residue modifications and cross-linking of α-helical
strands that restricted dissociation of the peptide to active forms.

Acrolein is a highly toxic substance widely produced from
the combustion of organic matter, including fossil fuels,

cooking oils, and tobacco products.1,2 It represents a major
constituent of both mainstream and sidestream tobacco smoke
and poses significant health risks to smokers and non-
smokers.3−8 The ubiquitous nature of acrolein is underscored
by endogenous production from oxidation of polyunsaturated
fatty acids and protein threonine via myeloperoxidase.9−13

Consequently, acrolein modification of proteins has been
implicated in the development of cardiovascular disease (i.e.,
atherosclerosis and diabetes) and neurodegenerative disorders
such as Alzheimer’s disease and Parkinson’s disease.4,14−16

The toxic effects of acrolein are mediated, in part, via modifi-
cation of nucleophilic sites of proteins, such as amino acid side
chains of lysine, cysteine, and histidine.17 Recent studies
suggest interactions between these sites and oxidants can be
influenced by neighboring amino acids.17−20 Such a mechanism
may produce unique chemical signatures useful for early disease

detection. Examples of this include structural modifications to
high-density lipoproteins (HDL) that inhibit the antiathero-
genic reverse cholesterol transport pathway.21−26 Oxidative
modifications of apolipoprotein A-I (apoA-I), the major protein
of HDL, weaken its ability to stimulate cellular cholesterol
efflux and activate lecithin:cholesterol acyltransferase (LCAT),
two key events that protect against macrophage foam cell
formation and atherosclerosis.27−31

ApoA-I possesses numerous lysine residues (21 total), but
few are modified by acrolein in high abundance.31 Thus, it has
been suggested that unique features of amphipathic α-helices
may enhance reaction of acrolein with specific lysine residues in
the protein. These unique features take the form of salt-bridge
configurations (i.e., EXXXKXXE and EXXK motifs) thought to
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position acidic residues in the proximity of positively charged
lysine, thereby enhancing its nucleophilicity. To date, there has
been no definitive proof that these motifs facilitate site-specific
modification of lysine in amphipathic α-helices. This issue has
been difficult to address because of the relatively large number
of EXXK motifs in apoA-I and their different positioning along
various amphipathic α-helical repeats.
Recently, we developed a small HDL mimetic peptide (ATI-

5261) that mimics α-helices of apoA-I and apoE.32,33 This
peptide is highly α-helical and forms a well-defined structure in
solution. Moreover, the peptide stimulates cellular cholesterol
efflux via ATP-binding cassette transporter A1 (ABCA1)
like native apolipoproteins on a per molecule basis. For these
reasons, ATI-5261 was utilized in this study to investigate
relationships between EXXK motifs, lysine modification by
acrolein, and impairment of peptide acceptor activity to
stimulate ABCA1 cholesterol efflux. We found that acrolein
modifies lysine in a site-specific manner when EXXK motifs are
positioned in the center of the α-helix, i.e., down the length of
the peptide away from the ends. However, preferential lysine
modification contributed little to overall reductions in
cholesterol efflux activity. The inhibitory effects of acrolein
were largely dependent on the number of lysine residue
modifications and chemical cross-linking that limited dissoci-
ation of the peptide to active biological forms.

■ EXPERIMENTAL PROCEDURES
Peptides. Peptides were synthesized (Biosynthesis Inc.,

Lewisville, TX) from all-L-amino acids, capped with N-terminal
acetyl and C-terminal amide groups, isolated by high-performance
liquid chromatography, and used at a purity of >95%. Stock

solutions of 1−4 mg of peptide/mL of phosphate-buffered
(pH 7.4) saline (PBS) were routinely prepared, filter-sterilized
(Nalgene filtration capsules), and stored at 4 °C. Peptide
concentrations were determined by the absorbance at 280 nm.
ATI-5261−POPC complexes were prepared as described
previously.32 The homogeneity and size of ATI-5261−POPC
complexes were assessed by nondenaturing gradient gel electro-
phoresis.32 Small angle X-ray scattering was performed (beamline
12.3.1, http://sibyls.als.lbl.gov) to verify the size of complexes and
provide information related to the relative conformation of
peptide strands versus the lipid-free peptide in solution.33

Exposure of Peptides to Acrolein. Acrolein (90%,
Aldrich) was diluted in ultrapure water (Invitrogen) immediately
prior to use. Reaction mixtures consisted of 1 mg of peptide/mL
of PBS and increasing amounts of acrolein. Samples were
incubated for 1−20 h at 37 °C in a water bath shielded from
light. Reactions were terminated by dialysis against PBS
(unless otherwise indicated) using Spectra/Por Float-A-Lyzers
(100−500 molecular weight cutoff). Peptide incubations (37 °C)
in the absence of acrolein served as controls. In some
experiments, peptide stock solutions kept at 4 °C were used as
controls.

Assessment of Cholesterol Efflux Activity. J774 macro-
phages were used to determine the ability of peptides to
stimulate cholesterol efflux.32−34 Cells were plated onto 24-well
culture plates and labeled with [3H]cholesterol (1 μCi/mL) in
RPMI-1640 with 1% FBS for 48 h. A cAMP analogue (cpt-
cAMP) was added (18 h) to some cells to upregulate ABCA1
expression. Cells were extensively rinsed and then exposed to
lipid-free peptides or ATI-5261−POPC complexes in serum-
free RPMI-1640 medium. The amount of [3H]cholesterol

Figure 1. Acrolein inhibits the ability of ATI-5261 to stimulate cellular cholesterol efflux. (A) Primary amino acid sequence of ATI-5261 showing the
location of lysine 5 (K5) within an acidic residue motif (i.e., EXXXKXXE motif) and lysine 25 (K25) at the C-terminus. X represents intervening
residues. (B) Helical-wheel (left) and helical-net (right) diagrams depicting the location of lysine residues in relation to neighboring amino acids within
the peptide secondary structure. Lysines 5 and 25 are underlined. (C) Acrolein inhibits the cholesterol efflux activity of ATI-5261 in a concentration-
dependent manner. ATI-5261 at 1 mg/mL PBS was exposed (20 h) to increasing concentrations of acrolein, dialyzed to PBS, and then added to
cultures of [3H]cholesterol-labeled J774 cells treated with cAMP to upregulate ABCA1. (D) ABCA1-dependent cholesterol efflux activity of control
and acrolein-treated peptides. ATI-5261 was exposed to a large molar excess (50×) of acrolein, dialyzed, and then added (10 μg/mL) to cultures of
[3H]cholesterol-labeled J774 cells treated with and without cAMP. Results in panels C and D are means ± SD (n = 3).
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appearing in the medium was expressed as a percentage of cell
radioactivity at time zero. Background release of [3H]-
cholesterol to serum-free medium was subtracted from values
obtained with peptides. The difference in [3H]cholesterol efflux
between cells treated with (gray bars in figures) and without
(white bars) cpt-cAMP was defined as the ABCA1 component
of cholesterol efflux.
Liquid Chromatography and Mass Spectrometry (LC−

MS). Peptides were analyzed using an ultraperformance liquid
chromatograph (UPLC, nanoAcquity, Waters, Milford, MA)
connected in-line with a quadrupole time-of-flight mass
spectrometer having a nanoelectrospray ionization (nanoESI)
source (Q-Tof Premier, Waters). The UPLC was equipped
with C18 trapping (20 mm × 180 μm, 5 μm, Waters Symmetry)
and analytical (100 mm × 100 μm, 1.7 μm, Waters BEH130)
columns and a 10 μL sample loop. Solvent A consisted of
99.9% water and 0.1% formic acid, and solvent B consisted of
99.9% acetonitrile and 0.1% (v/v) formic acid. Following
sample injection, trapping was performed for 6 min with 100%

A at a flow rate of 15 μL/min. A seal wash period of 5 min was
used. The injection needle was washed with 500 μL each of
solvents A and B after injection to avoid cross contamination
between samples. The elution program consisted of a linear
gradient from 15 to 95% B over 30 min, isocratic conditions at
95% B for 4 min, a linear gradient to 1% B over 0.33 min, and
isocratic conditions at 1% B for 11.67 min, at a flow rate of
500 nL/min. The analytical column and sample compartment
were maintained at 35 and 8 °C, respectively.
For mass spectrometry, the column exit was connected to a

Universal NanoFlow Sprayer nanoESI emitter mounted in the
nanoflow ion source of the Q-Tof Premier. The nanoESI
source parameters were as follows: nanoESI capillary voltage,
2.4 kV; nebulizing gas (nitrogen) pressure, 0.15 mbar; sample
cone voltage, 35 V; extraction cone and ion guide voltages, 4 V;
and source block temperature, 80 °C. No cone gas was used.
The collision cell contained argon gas at a pressure of
8 × 10−3 mbar. The Tof analyzer was operated in “V” mode.
Under these conditions, a mass resolving power of 1.0 × 104

Figure 2. Evidence that acrolein inhibits the cholesterol efflux activity of ATI-5261 via modification of lysine residues. Single and double K → R
substitutions within ATI-5261 were used to investigate whether lysine residues were necessary for the acrolein-induced loss of cholesterol efflux
activity. (A) Control experiment demonstrating the K5,25→R double variant was a potent stimulator of efflux of cholesterol from J774 cells treated
with cAMP. Cholesterol efflux (4 h) was assessed using increasing concentrations of lipid-free peptides. (B) ABCA1-dependent cholesterol efflux
activity of peptides determined using [3H]cholesterol-labeled J774 cells treated with and without cAMP. Single and double K → R variants of ATI-
5261 were added to cells in lipid-free form at 10 μg/mL serum-free RPMI-1640 medium. Cholesterol efflux results (8 h) are representative of three
experiments (means ± SD). (C) Lipid binding activity of ATI-5261 determined by the DMPC clearance assay. ATI-5261 was treated (20 h) with a
20-fold molar excess of acrolein, dialyzed, and then incubated (room temperature) with DMPC dispersions in PBS (pH 7.4) at the indicated mass
ratio, and the decrease in turbidity was monitored at 405 nm. Results are representative of two experiments. (D) Acrolein inhibits the cholesterol
efflux activity of ATI-5261 in a lysine-dependent manner. Peptides treated with a 20-fold molar excess of acrolein were added to [3H]cholesterol-
labeled J774 cells. Cholesterol efflux (8 h) was assessed using lipid-free peptides at a concentration of 3 μg/mL serum-free medium. Results are
representative of three experiments (means ± SD). (E) Line graph summarizing the relationship between peptide lysine content and susceptibility to
inactivation by acrolein (data from panel D). A Student’s t test was used to evaluate statistical differences, using p < 0.05 as the criterion for
significance.
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(measured at m/z 771) was routinely achieved, which was
sufficient to resolve the isotopic distributions of the singly and
multiply charged peptide ions measured in this study. External

mass calibration was performed immediately prior to analysis
using a solution of sodium formate. Mass spectra were recorded
in the positive ion mode over the range of m/z 400−2000, in

Figure 3. LC−MS analysis of lipid-free ATI-5261 exposed to acrolein. ATI-5261 was incubated (1 and 5 h) with and without a 20-fold molar excess
of acrolein, dialyzed to PBS, and subjected to mass spectrometric (MS) analysis and activity assessments. (A) Control ATI-5261 peptide incubated
for 5 h in PBS alone (no acrolein). Note the presence of a single mass species of 3229.6 Da corresponding to unmodified ATI-5261. (B) Peptide
mass species obtained following a 1 h incubation of ATI-5261 with a 20-fold molar excess of acrolein. A major peak at 3323.7 Da corresponding to a
94 Da addition to ATI-5261 is shown, consistent with formation of a single FDP-lysine adduct. (C) Mass species obtained from a 5 h incubation of
ATI-5261 with a 20-fold molar excess of acrolein. A major species at 3417.4 Da corresponding to a peptide with two FDP-lysine adducts (188 Da
addition) was obtained. (D) Peptide K5,25→R that lacks lysine residues was exposed (5 h) to a 20-fold molar excess of acrolein at 37 °C, dialyzed,
and then analyzed by LC−MS. Note the major peak at 3285.5 Da, corresponding to the unmodified peptide. (E) Cholesterol efflux activity of
control and modified peptides (3 μg/mL) determined using [3H]cholesterol-labeled J774 cells treated with (gray bars) and without (white bars)
cAMP. Cholesterol efflux values (%/8 h) are means ± SD (n = 3).
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continuum data format, using a 0.95 s scan integration and a
0.05 s interscan delay.

Tandem Mass Spectrometry (MS/MS). Real-time
deisotoping and charge state recognition were used to select

Figure 4. MS/MS reveals K5 and K25 within ATI-5261 were equally susceptible to modification by acrolein. Tandem mass spectrum and sequence
map resulting from the ATI-5261 peptide modified by condensation of two acrolein molecules (i.e., 94 Da addition), measured for the 3323.7 Da
mass species from a 1 h exposure to a 20-fold molar excess of acrolein. Lysine residues in the peptide sequence map, which are acrolein modification
sites, are in bold font and underlined. Fragment ions containing the 94 Da addition, due to acrolein adduction, are denoted by acr. The results
indicate the 3323.7 Da species consisted of a mixture of peptide molecules carrying the FDP-lysine adduct at either K5 or K25.

Figure 5. Biophysical properties of ATI-5261−POPC complexes. ATI-5261 was formulated with POPC by cholate dialysis. (A) Size and
homogeneity of lipidated complexes determined by a nondenaturing gradient (4 to 20%) gel electrophoresis. The sample load was 3 μg of peptide
per well. (B) Small angle X-ray scattering (SAXS)-derived electron pair histogram [P(r)] showing the difference in the spatial distribution of electron
density for lipid-free ATI-5261 (black) and ATI-5261−POPC complexes (red). (C) Plot showing the relationship between the peptide secondary
structure and the concentration of either lipid-free peptide (diamonds) or ATI-5261−POPC complexes (squares). Results are representative of two
replicate experiments.
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+5 charge state precursor ions of the ATI-5261 peptide for
MS/MS. Collision energies for collisionally activated dissociation
(CAD) were automatically selected on the basis of the mass and
charge state of a given precursor ion. MS/MS spectra were
acquired over the range of m/z 100−2500 using a 1.95 s scan
integration and a 0.05 s interscan delay. Ions were fragmented
to achieve a minimal total ion current (TIC) of 800000 cps in
the cumulative MS/MS spectrum for a maximum of 60 s. The
[M + 5H]5+ ions of the ATI-5261 peptide in unmodified form
and those modified by a 94 Da mass addition (i.e., by the
condensation of two acrolein molecules), at m/z 646.7 and
665.5, respectively, were selected as precursor ions for MS/MS.
Data processing was performed using MassLynx (version 4.1,
Waters). Mass spectral deisotoping to transform multiply
charged ions onto a singly charged x-axis was performed using
the maximum entropy algorithm, MaxEnt 3, in MassLynx.
Other Methods. A turbid solution of dimyristoylphospha-

tidylcholine (DMPC) was used to assess the capacity of
peptides to solubilize phospholipid. DMPC was used at a final
PBS (pH 7.4) concentration of 0.16 mg/mL, as described

previously.35 Circular dichroism (CD) spectroscopy was
conducted on a Jasco 810 spectropolarimeter at 25 °C
averaging four scans (20 nm/min per scan) per peptide per
run and using lipid-free peptide at 0.2 mg/mL, i.e., dialyzed to
10 mM sodium phosphate buffer (pH 7.4) following treat-
ments.32,33 To assess the cross-linking of the peptide following
acrolein exposure, samples were mixed with 3× SDS loading
buffer (Cell Signaling Technology, Inc.) and then boiled for
1 min. The supernatants were loaded onto a 10−20% Tris-
Tricine sodium dodecyl sulfate−polyacrylamide gel electro-
phoresis (SDS−PAGE) gel and electrophoresed, and cross-
linked species were visualized with SimplyBlue SafeStain.

Statistics. Where indicated, data were expressed as means ±
the standard deviation (SD) of at least three independent
experiments and statistical analyses performed using a Student’s
t test, with p < 0.05 as a criterion for determining significance.

■ RESULTS
ATI-5261 possesses two lysine residues that could serve as sites
for acrolein modification (Figure 1A,B). Lysine 5 (K5) is

Figure 6. LC−MS analysis of ATI-5261−POPC complexes exposed to acrolein. ATI-5261−POPC complexes were incubated (37 °C for 1 and 5 h)
with a 20-fold molar excess of acrolein, dialyzed to PBS, and subjected to mass spectrometric analysis and activity assessments. (A) Control
complexes incubated for 5 h in PBS (no acrolein). Note the presence of a single mass species at 3229.6 Da corresponding to the molecular mass of
unmodified ATI-5261. (B) Peptide mass species obtained following a 1 h incubation of the ATI-5261−POPC complexes with a 20-fold molar excess
of acrolein. A major peak at 3323.7 Da corresponding to a 94 Da addition to ATI-5261 is shown, consistent with formation of a single FDP-lysine
adduct. (C) Mass species obtained from a 5 h incubation of ATI-5261 with a 20-fold molar excess of acrolein. A major species at 3417.4 Da
corresponding to the peptide with two FDP-lysine adducts (188 Da addition) was obtained. (D) Cholesterol efflux activity of control and modified
peptides (3 μg/mL) determined using [3H]cholesterol-labeled J774 cells treated with (gray bars) and without (white bars) cAMP. Cholesterol efflux
values (%/8 h) are means ± SD (n = 3).
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sandwiched between two acidic residues each spaced one helical
turn on either side of its position, denoted as EXXXKXXE,
whereas K25 is situated two or more turns from nearest acidic
residues. These differences suggested ATI-5261 may be useful
for determining whether acrolein modifies lysine residues in a
site-specific manner. Acrolein treatment of ATI-5261 produced
a concentration-dependent reduction in the cholesterol efflux
activity of the peptide (Figure 1C). Nearly complete reduc-
tions of ABCA1 cholesterol efflux activity were seen at >20:1
acrolein:peptide molar ratios, as determined using J774 cells
(Figure 1C,D).
Variants of ATI-5261 with amino acid substitutions (K → R)

were used to identify the role of lysine residues in the acrolein-
induced loss of activity. Single lysine to arginine (K5 → R or
K25 → R) or double K5 and K25 → R (K5,25→R) sub-
stitutions in ATI-5261 had little impact on the cholesterol efflux
activity in the absence of acrolein (Figure 2A,B). Moreover, the
use of arginine to replace lysine did not alter the peptide
secondary structure [α-helicities of 63 ± 7 and 64 ± 3% for
ATI-5261 and K5,25→R, respectively (n = 6)] or lipid binding
activity [t1/2 values from the DMPC clearance assay of 1.53 ±
0.38 and 1.46 ± 0.48 Δabs/min for ATI-5261 and K5,25→R,
respectively (n = 3)], indicating the peptides were suitable for

further study. Acrolein inhibited the lipid binding activity of
ATI-5261 (Figure 2C), consistent with the loss of cholesterol
efflux activity (Figure 1). In contrast, the K5,25→R peptide
retained cholesterol efflux (Figure 2D) and lipid binding
activities (not shown) in the presence of a large molar excess of
acrolein. Cholesterol efflux to peptides with single K → R
substitutions was only partially reduced by excess acrolein
(Figure 2D). Thus, the inhibitory effect of acrolein appeared
to be dependent on the presence of both K5 and K25 within
ATI-5261 (Figure 2E).
LC−MS was performed to verify that both lysine residues in

ATI-5261 were susceptible to modification by acrolein. A brief
1 h exposure of ATI-5261 to a 20-fold molar excess of acrolein
produced a major shift in peptide mass from 3229.6 Da
(unmodified) to 3323.7 Da, corresponding to the addition
of a single FDP-lysine adduct per peptide (Figure 3, panel A
vs panel B). A minor component at 1 h having a mass of
3417.7 Da was also detected, consistent with two FDP-lysine
adducts per peptide. By 5 h of exposure to acrolein, the
3417.7 Da species was the major product (Figure 3C). No
modified forms were detected using the K5,25→R peptide
(Figure 3D), consistent with the activity data indicating the
substitution of arginine for lysine conferred resistance to

Figure 7. MS/MS reveals K5 and K25 within ATI-5261−POPC complexes were equally susceptible to modification by acrolein. Tandem mass
spectrum and sequence map of the ATI-5261 peptide within POPC complexes modified by condensation of two acrolein molecules (94 Da
addition), measured for the 3323.7 Da mass species from a 1 h exposure to acrolein. Lysine residues in the peptide sequence map, which are acrolein
modification sites, are shown in bold and underlined. Fragment ions containing the 94 Da addition, due to acrolein adduction, are denoted by acr.
The results indicate the 3323.7 Da species consisted of a mixture of peptide molecules carrying the FDP-lysine adduct at either K5 or K25.
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acrolein. Formation of a modified ATI-5261 peptide correlated
with a decrease in ABCA1 cholesterol efflux activity (Figure 3E).
Tandem MS (MS/MS) was performed to identify the
modification site(s) on the peptide. Analysis of the single-
adduct species (3323.7 Da) following a 1 h treatment of ATI-
5261 with acrolein revealed a mixture of peptides in solution
carrying the FDP-lysine adduct at either position K5 or K25
(Figure 4). Moreover, the collective peak heights of b and y
fragments harboring acrolein were nearly identical, indicating
both K5 and K25 were equally susceptible to modification upon
initial exposure to acrolein.
Lipidation of ATI-5261 with POPC produced a homoge-

neous population of small ∼7 nm particles as determined by
nondenaturing gradient gel electrophoresis (Figure 5A). These
particles displayed an electron density map consistent with the
arrangement of peptide strands on the outer edge of discoidal-
like lipid particles,36 i.e., distinctly different from that of the
lipid-free peptide, as revealed by SAXS (Figure 5B). Moreover,
lipidation of ATI-5261 increased the α-helical content of the
peptide by ∼20% (Figure 5C). Despite the increase in the level
of secondary structure and the difference in the configuration of
peptide strands, lysine modification by acrolein occurred within
ATI-5261−POPC complexes in a manner analogous to that

seen using the lipid-free peptide (Figure 3 vs Figure 6). By
1 and 5 h exposure of ATI-5261−POPC complexes to acrolein,
modified forms with one (3323.7 Da) and two (3417.7 Da)
FDP-lysine adducts were detected by LC−MS. In addition,
MS/MS performed on the 3323.7 Da mass species revealed a
mixture of peptide molecules in solution carrying FDP-lysine
adducts at either position K5 or K25 (Figure 7), indicating both
lysine residues were similarly reactive toward acrolein when
ATI-5261 was bound to the lipid.
To test whether the location of lysine within ATI-5261

influenced the reactivity with acrolein, the positions of positively
charged K5 and R14 were switched to create an R5K14 variant
(Figure 8). This moved the motif to the center (KXXXE,
i.e., K14−E18) of the peptide away from the N-terminus
(Figure 8B). Both R5K14 and ATI-5261 self-associated similarly
in the absence of lipid, as revealed by SAXS (Figure 8A);
therefore, the arrangement of peptide strands in solution was
apparently identical for the two peptides. The secondary
structure of R5K14 was also similar to that of ATI-5261
(α-helicity of 66% for R5K14 vs 68% for ATI-5261), as was its
ability to promote cholesterol efflux in the absence of acrolein
(Figure 8B). Exposure of R5K14 to acrolein produced a
decrease in cholesterol efflux activity not unlike that seen using

Figure 8. Characteristics of the R5K14 exchange variant of ATI-5261. A variant of ATI-5261 was created whereby the positions of K5 and R14 were
switched. (A) Solution structure of the resulting R5K14 variant determined by SAXS compared to parent ATI-5261. Shown are electron density
plots for lipid-free peptides, with reconstruction of their molecular envelopes (inset). (B) Sequences of peptides showing the location of the EXXK
motif in the center of peptide R5K14. The plot shows the dependence of cholesterol efflux (%/4 h) on the concentration of lipid-free peptides, using
[3H]cholesterol-labeled J774 cells treated with cAMP. (C) Acrolein inhibits the cholesterol efflux activity of R5K14 in a concentration-dependent
manner. R5K14 was exposed (20 h) to increasing concentrations of acrolein, dialyzed to PBS, and then added (3 μg/mL) to cultures of
[3H]cholesterol-labeled J774 cells treated with cAMP. Cholesterol efflux values are representative of two experiments. (D) Acrolein treatment (20-
fold molar excess for 20 h) impairs the ability of peptides to stimulate ABCA1-dependent cholesterol efflux, determined using [3H]cholesterol-
labeled J774 cells treated with (gray bars) and without (white bars) cAMP. Lipid-free peptides were evaluated at a concentration of 3 μg/mL.
Cholesterol efflux values (%/8 h) are means ± SD (n = 3).
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ATI-5261 (Figure 8C vs Figure 1C). Similarly, acrolein inhibited
the ability of R5K14 to stimulate ABCA1-dependent cholesterol
efflux (Figure 8D).
In contrast to results with ATI-5261, reaction of R5K14 with

excess acrolein yielded a peptide (3327.7 Da) with a single
FDP-lysine adduct after 1 and 5 h exposures (Figure 9A−C).
MS/MS analysis of the 3323.7 Da species (1 h treatment with
acrolein) resulted in peptide fragment ions with FDP-lysine
adducts at position K14 only, indicating K14, located in the

center of ATI-5261, was selectively modified (Figure 10). Similar
results were obtained with the 5 h peptide sample (data not
shown). Removal of the acidic residue from the motif via sub-
stitution with glutamine (E18Q substitution in R5K14) resulted
in the rapid appearance of two FDP-lysine adducts (3416.7 Da
species, i.e., modification of both K14 and K25) following a
brief 1 h exposure to acrolein (Figure 9, panel E vs panel F),
indicating the acidic residue within the EXXK motif was essential
for selective modification of K14 within the R5K14 peptide.

Figure 9. LC−MS analysis of peptide R5K14 following exposure to acrolein. R5K14 was exposed at 37 °C to a 20-fold molar excess of acrolein for 1
and 5 h, dialyzed to PBS, and subjected to mass spectrometric analysis and activity assessments. (A) Control peptide incubated for 5 h in PBS (no
acrolein), dialyzed, and subjected to LC−MS. Note the presence of a single mass species at 3229 Da corresponding to the molecular mass of the
unmodified peptide. (B) Mass species obtained following a 1 h incubation of R5K14 with a 20-fold molar excess of acrolein. An additional peak at
3323.7 Da corresponding to a 94 Da addition to R5K14 is shown, consistent with the formation of a single FDP-lysine adduct. (C) Mass species
obtained from a 5 h incubation of R5K14 with a 20-fold molar excess of acrolein, showing the 3323 Da species with a single FDP adduct is the major
form of the peptide. (D) Cholesterol efflux activity of control and modified peptides (3 μg/mL) determined using [3H]cholesterol-labeled J774 cells
treated with (gray bars) and without (white bars) cAMP. Cholesterol efflux values (%/8 h) are means ± SD (n = 3). (E) LC−MS analysis of peptide
R5K14 harboring an E to Q substitution at position 18. The mass of the unmodified peptide (3228.7 Da) is shown for the control (no acrolein)
incubation (1 h at 37 °C). (F) Rapid appearance of two adduct species (i.e., 3416.7 Da) following a brief 1 h exposure of the EQ peptide (R5K14
with E18Q) to acrolein. The data indicate the loss of selective modification of a single site (K14) upon removal of an acidic residue.
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To further investigate mechanisms by which acrolein
inhibited the cholesterol efflux activity of ATI-5261, biophysical
studies were performed. Treatment of ATI-5261 with a 20-fold
molar excess of acrolein produced a modest decrease in α-helical
content; thus, loss of secondary structure did not appear to be a
major determinant for inhibition of efflux activity (Figure 11A).
Moreover, removal of a positive charge using glutamine (i.e.,
K25 → Q substitution) had little impact, indicating covalent
addition of acrolein to the peptide was required to inhibit efflux
activity. Formation of acrolein adducts was accompanied by
interchain cross-linking of α-helical peptide strands visualized
by SDS−PAGE (Figure 11C). Cross-linking was observed using
various forms of ATI-5261 (i.e., R5K14 and ATI-5261−POPC
complexes) except the double K → R peptide, which was
resistant to acrolein. Previously, we found that ATI-5261 self-
associates to form a tetrameric assembly in solution,33 displaying
a pattern of cross-linking with dimethylsuberimidate not unlike
that seen here with acrolein (Figure 11C). As shown by FPLC,
tetramers of ATI-5261 dissociate to low-molecular mass forms
upon dilution (Figure 11D). This is consistent with our previous
work indicating ATI-5261 monomers of high α-helical content
are the active form of the peptide.33 However, the acrolein-
treated peptide eluted as a single symmetrical peak with a
retention volume identical to that of the tetrameric assembly
(RT = 12.28 mL), indicating that interchain cross-linking of
ATI-5261 locked the peptide in a self-associated state and
prevented its dissociation to active forms (Figure 11D).

■ DISCUSSION

In this study, we utilized α-helical peptide ATI-5261 to investi-
gate mechanisms by which acrolein modifies lysine residues and
produces an inhibition of acceptor activity to stimulate cellular
cholesterol efflux. We found that brief exposures of ATI-5261
to acrolein produced FDP-lysine adducts at positions K5 and
K25, i.e., the only two lysine residues in the peptide. This is
consistent with a previous report demonstrating formation
of FDP-lysine adducts with peptides exposed to acrolein.31

ATI-5261 lysine modification by acrolein was time- and
concentration-dependent and was accompanied by an inhib-
ition of cholesterol efflux activity.
The two lysine residues of ATI-5261 are located at opposite

ends of the peptide. Despite the difference in amino acids
surrounding K5 and K25 in peptide secondary structure, both
lysine residues were equally susceptible to modification by
acrolein. Evidence of this was obtained using peptide variants
with single K → R substitutions (i.e., partially resistant to
acrolein) as well as LC−MS. The latter revealed ATI-5261 was
modified with one or two FDP-lysine adducts following a brief
(1 h) exposure to acrolein, regardless of whether the peptide
was bound to the lipid. Moreover, MS/MS analysis of the single
adduct species (3323.7 Da) revealed mixtures of peptide
molecules in solution carrying the FDP-lysine adduct at either
K5 or K25. These observations indicate that lysine residues
located toward the ends of ATI-5261 were highly susceptible to

Figure 10. Selective modification of K14 following exposure of peptide R5K14 to acrolein. Tandem mass spectrum and sequence map of R5K14
modified by condensation of two acrolein molecules (i.e., 94 Da addition), measured for the 3323.7 Da mass species following a 1 h exposure to a
20-fold molar excess of acrolein. Lysine residues in the peptide sequence map, which are acrolein modification sites, are shown in bold and
underlined. Fragment ions containing the 94 Da addition, due to acrolein adduction, are denoted by acr.
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acrolein modification regardless of the presence of putative
EXXK motifs. This nonspecific reactivity produced a dramatic
decrease in cholesterol efflux activity that directly correlated
with the number of lysine residue modifications (Figure 2E).
To test whether the position of the EXXK motifs within ATI-

5261 influenced reactivity toward acrolein, we created a unique
R5K14 variant. The R5K14 peptide exhibited self-association,
secondary structure, and cholesterol efflux activity similar to
those of ATI-5261. Surprisingly, EXXK located in the center of
R5K14, i.e., away from the ends, was preferentially modified by
acrolein. The molecular basis for this specificity is currently not
known. Lysine 14 is positioned at the lipid−water interface of
the amphipathic α-helix, similar to the lysine residues (K5 and
K25) in ATI-5261 when viewed via helical-wheel projections
(Figure 1). Thus, preferential modification of lysine within the
R5K14 peptide cannot be attributed to differences in location
toward the lipid surface and/or exposure to the aqueous
environment, i.e., compared to lysine residues in ATI-5261.
However, it is generally believed the ends of small α-helical
peptides are more dynamic and less helical than the central
region. The high α-helical content in the center of ATI-5261

could optimize the proximity of the neighboring acidic residue
to K14, thereby increasing its nucleophilicity and creating a site
specifically targeted by acrolein. In support of this, removal of
the acidic residue (E18Q) from the central motif in R5K14
abolished site-specific targeting of lysine, thus validating the
role of the motif structure in promoting lysine modification
(Figure 9E,F). Interestingly, modification of the central lysine
(K14) within the R5K14 peptide was associated with only
modest reductions in cholesterol efflux activity (Figure 9D).
Thus, the inhibitory effects of acrolein appeared to correlate
most strongly with the overall number of lysine modifications
even in the presence of EXXK motifs.
The α-helical content of ATI-5261 was minimally impacted

by acrolein, and removal of positive charge (K25 → Q) alone
had little impact on cholesterol efflux activity. The latter
observation suggests covalent modifications induced by acrolein
were required to inhibit efflux activity, which was accompanied
by intermolecular cross-linking of peptide strands. These experi-
ments were conducted using concentrations (0.5 or 1 mg of
peptide/mL) of lipid-free ATI-5261 that favor self-association.
Under these conditions, ATI-5261 adopts a tetramer form in

Figure 11. Impact of acrolein on α-helicity, cross-linking, and dynamics of ATI-5261. Lipid-free ATI-5261 and the indicated peptide variants in PBS
(pH 7.4) were exposed to a 20-fold molar excess of acrolein for 20 h. (A) α-Helicity of the peptide at various concentrations determined by circular
dichroism spectroscopy. Results are representative of two identical experiments. (B) Removing positive charge had little impact on cholesterol efflux
activity, as judged using the K25Q substitution peptide. Shown for comparison is the cholesterol efflux activity (●) of a peptide with the FDP-lysine
adduct at position K25 (K5R+Acrolein) as well as lipid-free ATI-5261 (■, no acrolein). Cholesterol efflux activity was assessed using saturating
peptide concentrations (3 μg/mL). (C) Cross-linking of ATI-5261, ATI-5261−POPC complexes, and the R5K14 peptide variant following a 20 h
exposure to a 20-fold molar excess of acrolein. A stained 4 to 20% SDS−PA gel is shown; protein loads were 3 μg/well. No detectable cross-linking
was obtained using the K5,25R oxidation-resistant form of ATI-5261. (D) FPLC of lipid-free ATI-5261 treated with and without acrolein (20-fold
molar excess). A Superdex75 column was used. The peptide concentration (0.3 mg/mL) was selected to demonstrate dissociation of the tetramer to
low-molecular mass (LMW) species, as shown for control ATI-5261 [i.e., peak retention volume (RV) of 13.62 mL]. In contrast, the acrolein-treated
sample exhibited an RV of 12.28 mL, similar to that of the control ATI-5261 tetramer at a high concentration of 1 mg/mL (RV = 12.32 mL). The
K5,25R oxidation-resistant peptide exposed to acrolein retained the ability to dissociate to LMW forms [RVs of 13.69 mL vs 12.61 mL for a control
K5,25R not exposed to acrolein (not shown in the figure)]. Results are representative of two independent experiments with different batches of
peptide and multiple FPLC runs over a dilution series from 1 to 0.3 mg/mL.
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solution, as revealed by SAXS33 and verified here (Figure 8).
Tetramers of ATI-5261 dissociate to low-molecular mass species
(mostly monomers) upon dilution over the active biological range
for mediating cellular cholesterol efflux. Treatment with acrolein,
however, locked ATI-5261 in a self-associated state, preventing
dissociation to low-molecular mass species (Figure 11D). These
self-associated forms seen (SDS−PAGE) with excess acrolein
treatment (i.e., 20 h) also contained small amounts of an aggre-
gated peptide larger than tetramers, which may also have pre-
vented dissociation to active forms. Collectively, these observa-
tions indicate the availability of peptide monomers is required for
mediating ABCA1 cholesterol efflux efficiently, as we have pre-
viously suggested.33 Such a mechanism is consistent with exposure
of ATI-5261 hydrophobic surfaces being necessary for mediating
lipid interactions and cell cholesterol efflux.
It is interesting to note that approximately two molecules of

acrolein per lysine was sufficient to produce ∼50% inhibition of
ATI-5261 cholesterol efflux activity (5:1 acrolein:peptide molar
ratio; two lysine residues per molecule). This is very similar
to the behavior of apoA-I (50:1 acrolein:apoA-I molar ratio;
21 lysine residues per molecule), which possesses numerous
lysine residues within different types of EXXK motifs.31

Moreover, the lipid-free and -bound forms of ATI-5261 (this
study) appear to be equally sensitive to oxidative damage,
which also appears to be the case for apoA-I.31 Thus, both ATI-
5261 and apoA-I appear to be highly sensitive to acrolein,
which is thought to be produced in vivo from lipid peroxidation
and/or MPO-mediated events associated with macrophage
foam cells and atherosclerosis development. As a result,
oxidation-resistant forms of HDL mimetic peptides and/or
apoA-I may prove to be highly effective in reducing the plaque
lipid burden and atherosclerosis under conditions of oxidative
stress and inflammation.
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