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ABSTRACT

The lipid aldehyde 4-oxo-2-nonenal (ONE) de-
rived from peroxidation of n-6 polyunsaturated fatty acids
and generated in parallel to 4-hydroxynonenal (HNE) is a
highly reactive protein crosslinker. Crosslinking of pro-
teins in high-density lipoprotein (HDL) by lipid peroxida-
tion products causes HDL dysfunction and contributes to
atherogenesis. While HNE is relatively well studied, the
relevance of ONE in atherosclerosis and in modifying
HDL has not been examined. In the present study, we
found a significant increase in ONE-ketoamide (lysine)
adducts in HDL derived from patients with familial hyper-
cholesterolemia (FH) (1620 + 985.4 pmol/mg) compared
to healthy controls (664 + 219.5 pmol/mg). ONE
crosslinked apoA-1 on HDL at a concentration of >3 mol
ONE per 10 mol apoA-I (0.3 eq), which is 100-fold lower
than HNE but comparable to the potent protein
crosslinker, isolevuglandin. ONE-modified HDL partially
inhibited the ability of HDL to protect against LPS-
induced TNFo and IL-1p mRNA expression in murine
macrophages. At 3 eq., ONE dramatically decreased the
ability of apoA-I to exchange from HDL, from ~46.5% to
only ~18.4% (P<0.001). Surprisingly, ONE-modification
of HDL or apoA-I did not alter macrophage cholesterol
efflux capacity. LC/MS/MS analysis showed modification
of Lys12, Lys23, Lys96, and Lys226 of apoA-1 by ONE-
ketoamide adducts. Compared to other dicarbonyl scaven-
gers, pentylpyridoxamine (PPM) was most efficacious at
blocking ONE-induced protein crosslinking in HDL. Our
studies show that ONE HDL adducts are elevated in FH
who have severe hypercholesterolemia and atherosclerosis
and causes HDL dysfunction. We demonstrate the use of

PPM in preferentially scavenging ONE in biological sys-
tems.

Oxidative stress and increased net production of
free radicals represent an important pathogenic mecha-
nism in atherosclerosis. Free radicals react with unsaturat-
ed fatty acids in a chain reaction to yield lipid peroxides
and secondary aldehyde products. These lipid aldehydes
are highly reactive and selectively modify proteins or li-
pids to cause cellular and tissue damage. An important
role for reactive aldehydes in the pathogenesis of athero-
sclerosis is suggested by increases aldehyde-protein ad-
ducts in plasma (1,2), aortic atherosclerotic lesions (3-6)
and lipoproteins. Adduction to apolipoprotein B in low-
density lipoprotein (LDL) enhances their recognition and
uptake by macrophages (7,8) which converts macrophages
to lipid-laden foam cells (9-11). HDL normally protects
LDL from aldehyde adduction by serving as a “sink™ for
lipid peroxides and their reactive byproducts (12) but,
when HDL becomes modified, it results in numerous dys-
functions of HDL (13) (14).

HNE is one of the most investigated aldehydic
end-products of oxidative breakdown of membrane n-6
polyunsaturated fatty acids. Its adduction to LDL acceler-
ates its uptake by macrophages (15), and its adduction to
HDL causes crosslinks of apoA-I and inhibits its ability to
activate lecithin-cholesterol acyltransferase (LCAT) (14).
However, the role of its more reactive 4-keto counterpart
ONE in atherogenesis is not well studied. Studies charac-
terizing the side-chain modifying chemistry of ONE
showed that ONE is a more reactive protein modifier and
crosslinking agent than HNE (16-19). ONE is generated in
parallel to HNE through the intermediate 4-hydroperoxy-
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protein liquid chromatography; EPR, electron paramagnetic resonance; F-SAM, fluoro-salicylamine; CI-SAM, chloro-salicylamine; MDA,
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2-nonenal (HPNE) and is a direct product of lipid oxida-
tion (20,21) (Figure 1). Like HNE, ONE reacts rapidly
with the side chains of Cys, His, Lys residues in proteins
via Michael addition, but unlike HNE, ONE also reacts
with Arg. Kinetic experiments reveal that the reactivity of
ONE towards amino acids of proteins occurs in the fol-
lowing order: Cys >> His > Lys > Arg (26). While both
HNE and ONE form Schiff bases with Lys, only ONE is
capable of forming the 4-ketoamide adduct (24, 31).

In vivo, HNE- and HPNE- specific epitopes exist
in atherosclerotic plaques (22,23). Studies using carnosine
as an aldehyde scavenger show the presence of carnosine-
ONE in oxidized LDL (24). However, no other studies to
our knowledge have examined the biological consequenc-
es of ONE modification of lipoproteins in atherosclerosis.
In this study, we utilized LC/MS/MS to measure ONE-
lysine adducts in HDL derived from patients with familial
hypercholesterolemia compared to control healthy age-
matched subjects. We also identified the amino acid sites
of apoA-I that ONE targets and determined the conse-
guences of ONE modification on HDL function. We
demonstrate for the first time that ONE-HDL adducts are
elevated in atherosclerosis. Interestingly, ONE causes
HDL dysfunction in terms of rendering HDL unable to
protect against LPS-induced macrophage activation but
does not alter its ability to promote macrophage cholester-
ol efflux.

RESULTS

ONE-lysine adducts in human HDL are elevated
in atherosclerosis—Levels of ONE protein adducts in
HDL were determined in patients with familial hypercho-
lesterolemia (n=7) compared to healthy control volun-
teers (n=8). One of the FH patients had homozygous FH
and six of the subjects had severe heterozygous FH and
were undergoing regular LDL apheresis. From these pa-
tients, plasmas were collected before LDL apheresis. Be-
cause ONE-induced crosslinking generates multiple chem-
ical structures depending on the microenvironment (25-
27), we focused instead on quantifying the lysine 4-
ketoamide adduct. These monoadducts are irreversible,
highly stable and longer-lived (25). By LC/MS/MS, we
found that the levels of ONE-ketoamide adducts were sig-
nificantly higher (P<0.05) in familial hypercholesterole-
mia (1620 + 985.4 pmol/mg protein) than in controls (664
+ 219.5 pmol/mg protein) (Figure 2). These results are
first to demonstrate that ONE-protein adducts are elevated
on human HDL in conditions of severe hypercholesterol-
emia associated with atherosclerosis.

ONE potently crosslinks HDL proteins but does
not significantly alter HDL size distribution — For these
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studies, we first determined the concentration of ONE
needed to modify HDL in vitro that would generate the
levels of protein adducts within same range as we found in
our in vivo samples. Levels of ketoamide adducts were
determined in control HDL modified with a range of ONE
concentrations (Supplementary Figure 1). Approximate-
ly 0.3 eq. ONE (1 ONE per 3 apoA-I molecules) to modi-
fy HDL vyielded ketoamide adduct levels (2648 + 1156
pmol/mg) similar to levels measured from circulating
HDL in FH patients. Thus, for our biological assays, we
used a range from 0.1 to 3 eq. ONE to modify HDL so as
to span the levels found in circulating HDL up to theoreti-
cal conditions where ONE may be produced more locally
and thus concentrated such as within the arterial wall.

In addition to forming ketoamide monoadducts,
ONE potently crosslinks HDL proteins starting at only
~0.1 eq (Figure 3A) as indicated by SDS-PAGE and
Coomassie Blue staining to visualize the proteins. Struc-
tural proteins apoA-I and apoA-Il are crosslinked begin-
ning at 0.1 eq (Figures 3B, C). This concentration needed
to crosslink is approximately equal to that needed for
isolevuglandins (a family of 4-ketoaldehydes) and 10-fold
lower than HNE (28). At 10 eq., the monomers of apoA-I
and apoA-Il begin to disappear, as they are crosslinked
and form high molecular weight oligomers. The patterns
of these high molecular weight oligomers appear different
from that formed by isolevuglandin-crosslinking (28), in-
dicating different reaction chemistries between the two
dicarbonyls. Interestingly, 3 eq. ONE was required to
crosslink apoA-1V (Figure 3D), another HDL protein that
can activate LCAT (29) and has antioxidant properties
(30,31). Potentially, ONE targets apoA-1 and apoA-Il due
to their greater abundance on HDL. The data indicates that
ONE is a very reactive electrophile that potently cross-
links HDL proteins, making ONE equally as reactive as
the isolevuglandins.

Because isolevuglandins crosslink HDL to pro-
duce a HDL subpopulation of larger size (28), we sought
to determine the impact of ONE modification on HDL
size distribution. Using fast protein liquid chromatography
(FPLC), we found that both unmodified and ONE-
modified HDL fractionate into two main subpopulations:
spherical and lipid-poor HDL (Figure 4A). However,
ONE did not significantly change the size or distribution
of HDL, suggesting that the particles were not fusing to
form larger sized HDL, unlike what it seen with
isolevuglandin modification. Native PAGE gel electropho-
resis of reconstituted HDL modified by ONE also shows
no change in electrophoretic mobility of these particles
(Figure 4B). Together, the data would suggest that ONE
mainly forms intramolecular crosslinks or crosslinks of
proteins originally on the same HDL particles, rather than
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crosslinking proteins on adjacent particles that leads to
fusion of the HDL particles.

ONE-modified HDL have lower HDL -apoA-1 ex-
change but no effect on total macrophage cholesterol ef-
flux—Previously we showed that HDL highly crosslinked
by isolevuglandins has reduced ability to exchange apoA-
I, which correlates with reduced ability to promote macro-
phage cholesterol efflux (28). Because ONE potently
crosslinks HDL proteins, we sought to characterize HDL-
apoA-I exchange in ONE-modified HDL. Using the meth-
od by Borja et al, which utilizes electron paramagnetic
resonance (EPR) to detect conformational changes result-
ing from lipid binding of nitroxide-labeled apoA-I to HDL
(32), we found that ONE modification of HDL dose-
dependently reduced apoA-l exchangeability. While un-
modified HDL had an apoA-l exchange rate of
46.5+5.6%, HDL exposed to 1 eg. ONE vyielded only
19.84+5.7% exchange (P<0.01) (Figure5).

A decrease in apoA-l exchange often results in
less efficient cholesterol mobilization from macrophages
via ABCAL1, so we examined effect of ONE modification
on cholesterol efflux as previously described (28). Using
peritoneal murine macrophages isolated from apoE™ mice
(to exclude the effect of macrophage apoE) and loaded
with acetylated LDL, we found that ONE modification did
not affect the ability of HDL to efflux ®H-cholesterol even
at concentrations up to 3 eq. (Figure 6). This showed that
although apoA-1 exchange was dramatically affected by
ONE, the capacity to efflux cholesterol was unaffected.

ONE modification negates the ability to protect
against LPS-stimulated macrophage inflammatory re-
sponse—We next determined if ONE modification ren-
dered HDL dysfunctional in protecting against LPS-
induced proinflammatory cytokine expression in macro-
phages. Previously, we found that isolevuglandin-
modified HDL not only rendered HDL ineffective at pre-
venting LPS-induced inflammatory response but induced a
greater response than LPS alone (28). In the current study,
we found that while unmodified HDL inhibited the LPS-
induced expression of Tnfe, IL-15, and IL-6 by
77.0£2.3%, 59.9+2.7%, 37.3+12.8% respectively, modifi-
cation with 0.1 eq. ONE ablated its ability to prevent
Tnfe, IL-1 f, and IL-6 expression, resulting in 94.1 +
20.9%, 108.9 + 28.0%, 97.2+ 26.5% of LPS respectively
at 3 eq. ONE (Figure 7). However, these levels of cyto-
kine expression are similar to LPS induction alone, indi-
cating that ONE-modified HDL do not potentiate a greater
inflammatory response by these macrophages.

LC/MSMS identification of ONE modified lysine
residues in apoA-I—To identify the amino acid targets of
ONE in apoA-I1, we used reconstituted (r)HDL generated
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using recombinant human ApoA-I, phosphatidylcholine,
and free cholesterol. rHDL particles represent simplified
systems that have been used for decades to study the
HDL-like lipid bound state of apoA-I. rHDL was modified
with 3 eq. ONE overnight. After reaction quenching, the
particles were delipidated by a chloroform/methanol ex-
traction and the resulting protein was exhaustively digest-
ed with trypsin. The resulting peptides were analyzed by
LC/MS/MS and the data was interrogated for known mass
adducts resulting from ONE chemical modifications. A
representative MS/MS identification of the apoA-I peptide
AKVQPYLDDFQK with a ONE ketoamide adduct on
Lys 97 is shown in Figure 8. The spectrum shows the
MS/MS spectrum with b+ and y+ series ions highlighted
in red and labeled in blue. The table shows the identified
ions bolded in red. Table 1 summarizes all the identified
peptides and ONE adducts resulting from three independ-
ent experiments. The identified residues include
ketoamide adducts (+154.0994 amu) on Lys12, 23, 96,
and 226 in human apoA-I in triplicate experiments. One of
the three experiments also identified ketoamide adducts on
Lys 94 and 118, while another experiment identified Mi-
chael adducts (+156.1200 amu) on Lys 133 and 226.

Pentylpyridoxamine is more effective at scaveng-
ing ONE than other scavengers— 2-aminomethylphenols
have been shown to scavenge ONE in situ, with PPM and
chloro-salicylamine possessing the fastest second-order
reaction rate (33). However, unknown is the effectiveness
of these scavengers in preventing ONE from reacting with
proteins embedded in a lipophilic environment of the HDL
surface. Incubating the scavengers and ONE together with
HDL overnight and assessing protein crosslinking by
SDS-PAGE, we found that PPM was significantly more
effective at scavenging ONE compared to salicylamine (2-
hydroxybenzylamine) or its analogues (fluoro-
salicylamine, F-SAM; chloro-salicylamine, CI-SAM)
(Figures 9a, b). Furthermore, PPM at 10 eq. was able to
prevent 1 eq. ONE-induced HDL dysfunction in protect-
ing against LPS-stimulated Tnfo expression in macro-
phages while its inactive analogue, pentylpyridoxine
(PPO), did not. This demonstrates the effectiveness of
PPM in preventing ONE-induced crosslinking as well as
HDL dysfunction in a biological system.

DISCUSSION

Growing evidence suggests that modification of
HDL by reactive lipid aldehydes renders HDL dysfunc-
tional which contributes to the pathogenesis of atheroscle-
rotic disease. While ONE is far more reactive than HNE,
its role in atherosclerosis is unknown. In the present study,
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we show that ONE-protein adducts are elevated in human
atherosclerosis. ONE crosslinks HDL proteins at low mo-
lar concentrations but does not alter HDL size. While
ONE-modification alters HDL function in certain aspects
(such as HDL apoA-I exchange or anti-inflammation), it
does not affect macrophage cholesterol efflux. We also
identify 4 lysines that ONE consistently targets in apoA-I.
Finally, we show that the dicarbonyl scavenger, PPM, is
most effective at scavenging ONE from crosslinking HDL
proteins.

Since the 4-ketoamide adducts are known as the
major long-lived protein adducts, we initially assayed for
the ONE-ketoamide adducts in patient HDL. We found a
significant elevation in ONE-ketoamide adducts in the
HDLs of patients with familial hypercholesterolemia, a
level which can be achieved by incubating 0.3 molar eq.
of ONE (to apoA-I) with native HDL. Thus, for our in
vitro experiments, we used a 10-fold range around 0.3 eq
to represent modified HDL derived from the steady-state
plasma to a localized environment such as within an ath-
erosclerotic lesion where oxidants are generated.

While ONE is structurally analogous to HNE, the
ketone at the C4 position makes ONE much more reactive
towards protein nucleophiles (16,34). We demonstrate that
ONE crosslinks the main structural proteins of HDL,
apoA-I and apoA-Il, at very low concentrations (0.1-0.3
eq to apoA-1.), making ONE just as reactive as the potent
isolevuglandins in protein crosslinking (28). Modification
of HDL by above 1 eq. ONE produces multimers of apoA-
I and apoA-Il that migrate as distinct oligomers through
an SDS gel, which contrasts with the ‘smear’ of oligomers
created by isolevuglandin-induced crosslinking. This sug-
gests that the proteins crosslinked by ONE differ to some
extent from those crosslinked by isolevuglandins, which
may contribute to differences in the dysfunctions of HDL
induced by these two reactive dicarbonyls.

The exchangeability of apoA-I in HDL governs
many of HDL’s functions, such as its ability to promote
cholesterol efflux via ABCAL (35). Decreases in HDL-
apoA-l exchange were observed in both animal models of
atherosclerosis and in human atherosclerosis (32). De-
creases in HDL-apoA-Il exchange also correlated with de-
creased cholesterol efflux capacity of isolevuglandin-
modified HDL (28). When we measured the rate of ex-
change between spin-labeled apoA-l1 and ONE-modified
HDL, we found a decrease in apoA-I exchangeability that
depended on extent of ONE modification. This dose-
dependent decrease is comparable to that of
isolevuglandin-modified HDL. Crosslinking of HDL pro-
teins may hinder the ability of HDL-bound apoA-I to ex-
change with exogenously added lipid-free apoA-I associ-
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ated with the particles, thus resulting in decreased HDL-
apoA-I exchange.

While HDL-apoA-I exchange correlates with cho-
lesterol efflux capacity, we find that ONE-modification of
HDL or apoA-I did not alter the ability of HDL to induce
cholesterol efflux from macrophages at any of the tested
concentrations. This finding was initially surprising be-
cause ONE dramatically decreased HDL-apoA-I exchange
as well as significantly crosslinked HDL proteins. Cross-
linking of HDL proteins by isolevuglandins correlated
with the significant reduction of its cholesterol efflux ca-
pacity (28). However, size exclusion separation of spheri-
cal and lipid-poor HDL shows that ONE-modification
does not appear to alter HDL size or distribution of spher-
ical versus lipid poor particles. This contrasts with
isolevuglandin modification, which increases HDL size
(28) and decreases the population of lipid-poor particles
(data not shown). Since small lipid poor HDL more effi-
ciently promotes cholesterol efflux than larger spherical
HDL via ABCAL1 (36), it may be possible that ONE modi-
fication does not impact cholesterol efflux due to the lack
of alteration of HDL size and population of the small par-
ticles. Additionally, not all endogenous crosslinkers of
HDL proteins impair function. Peroxidase-generated
tyrosyl radicals crosslinks apoA-1 and apoA-Il in HDL but
enhances its ability to promote cholesterol efflux (37,38).

Another function of HDL is to protect against in-
flammation partially by neutralizing LPS (39-42). Previ-
ously, we found that modification of HDL with
isolevuglandins not only completely blocks the ability of
HDL to inhibit LPS-induced cytokine expression in mac-
rophages but also further potentiates 11-15 and I1-6 expres-
sion induced by LPS. In this study, we find that ONE
modification of HDL blocks its ability to inhibit LPS-
induced Tnfe, 11-15, and 11-6 expression beginning at 0.3
eq. ONE. However, increasing ONE modification does not
further potentiate expression of these cytokines by LPS.
Of note, modification of HDL with HNE or
succinaldehyde does not potentiate LPS expression either
(28). These results suggest that the potentiation of cyto-
kine expression induced by isolevuglandin modification of
HDL results from a mechanism (e.g. formation of a recep-
tor agonist) distinct from the mechanism whereby HDL
inhibits LPS signaling (e.g. neutralization of LPS by
apoAl). Potentiation of expression might result from
isolevuglandin modification specifically forming receptor
agonists while the block of inhibition might result from
apoA-I modified by a wider array of aldehydes being una-
ble to bind and neutralize LPS.

Quantitative analysis of proteolytic digests of
apoA-l1 by LC/MS/MS revealed that ONE consistently
formed ONE-ketoamide adducts on four lysine residues
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(Lys12, Lys 23 , Lys96, Lys226) in apoA-l. One of the
three experiments also identified ketoamide adduct on
Lys118, while another experiment identified Michael ad-
ducts on Lys 133 and 226. This may suggest that these
sites are lower frequency targets. Unlike HNE (13), we
saw no evidence of Michael adducts on any histidine resi-
dues. Interestingly, when superimposed onto the published
crystal structure of an apoA-l dimer that has been re-
ported to bear strong similarities to the lipid-bound form
(43), these Lys residues are all highly solvent ex-posed
(Figure 10). In fact, lysines 96, 118 and 133 are pointing
almost directly outward from the double belt structure that
likely forms the basis of apoA-1’s encap-sulation of HDL
lipids (44). Lys12 was previously shown to be suscepti-
ble to glycation and important in apoA-I’s anti-
inflammatory function (43). Lys23 resides in a region po-
tentially significant in interactions with lipoprotein-
binding protein (44), which plays an important role in not
only facilitating transfer of LPS to soluble CD14 but also
to neutralize these complexes via transfer to HDL (45).
Lys96 and Lys133 reside in helix 3 and 5, respectively,
and are potentially involved in LCAT activation (46) and
also in interactions with lipoprotein-binding protein (44).
Our finding that ONE modifies Lys implicated in the in-
teraction with lipoprotein-binding protein suggest that the
inability of ONE-modified HDL to inhibit LPS induced
macrophage activation likely results from reduced ability
to bind and neutralize LPS.

Interestingly, Lys226 was one of the Lys residues
found to be highly modified by ONE. Lys226 is also a
major target of acrolein (47) and malondialdehyde (MDA)
(13). Lys226 appears to be important in cholesterol efflux
(48). Deletions of helix 10 where Lys226 resides (49) or
helix 9+10 (50) greatly reduce cholesterol efflux and a
synthetic 9/10 helix mediates high affinity cholesterol ef-
flux (51). Yet in our studies, ONE modification of HDL
did not affect its macrophage cholesterol efflux capacity.
As such, our study extends the findings of Shao et al.
showing that individual lipid aldehydes varied in their
ability to impair specific HDL functions (13) and suggests
that specific structural features of various Lys226 adducts
determine if there is an effect on cholesterol efflux. Eluci-
dating the specific structural features that account for the-
se differences will require additional studies. One im-
portant difference between the lysine adducts of
isolevuglandin and ONE may be that the isolevuglandin
adducts include a negatively charged carboxylate.
Isolevuglandins could also potentially target different ly-
sine residues.

We previously demonstrated the potential of using
dicarbonyl scavengers with a 2-aminomethylphenol moie-
ty (e.g. PPM) to block the ability of isolevuglandins to

ONE-modified HDL structure function

modifying HDL and thus preserve its function. Measure-
ments of the second-order rate constants for the reaction
of various scavengers with ONE in vitro showed that PPM
is much more reactive than SAM and EtSAM but only
slightly more reactive than CISAM (33). This study did
not test the ability of the scavengers to react with ONE in
biological systems. We found that PPM is effective at pre-
venting ONE-induced protein crosslinking in HDL, while
SAM-based scavengers show little efficacy. In addition,
PPM was also able to prevent ONE-induced HDL dys-
function in an in vitro model of inflammation. These re-
sults combined with our previous study (28) suggest that
PPM may have potential use as a therapeutic to protect
HDL in vivo.

In conclusion, we show that ONE modifies HDL
in humans with FH, who have severe hypercholesterole-
mia and atherosclerotic disease, and exerts important bio-
logical effects; yet, ONE differs significantly in its effects
from isolevuglandins, which are similar in terms of reac-
tivity and ability to crosslink proteins. Importantly, ONE
crosslinking of HDL proteins does not alter the size or
distribution of HDL particles. ONE modification reduces
apoA-I exchange but does not alter macrophage cholester-
ol efflux. ONE modification blocks HDL inhibition of
LPS induced macrophage activation, but does not further
potentiate cytokine expression. It will be of interest for
future studies to determine whether ONE impairs other
functions of HDL and its relevance in LDL modifications
in atherosclerosis.

EXPERIMENTAL PROCEDURES

Materials— Reagents for SDS-PAGE and
immunoblotting were from Novex by Life Technologies
(Carlsbad, CA). ApoA-I mouse/human (5F4) monoclonal
antibody was purchased from Cell Signaling Technology
(Danvers, MA). ApoA-Il human (EPR2913) monoclonal
antibody was purchased from Abcam (Cambridge, MA).
OPA reagent was purchased from Thermo Scientific
(Rockford, IL). Materials used for cell culture were from
Gibco by Life Technologies (Grand Island, NY). [1,2-
*H(N)]-cholesterol was purchased from Perkin-Elmer Life
Sciences. eBioscience LPS solution was purchased from
Thermo Fisher Scientific (Waltham, MA). Acetylated
LDL derived from human plasma was purchased from
Alfa Aesar (Haverhill, MA) RNEasy Mini kit was pur-
chased from Qiagen (Hilden, Germany). iQ SYBR Green
Supermix and iScript cDNA Synthesis kit were purchased
from Bio-Rad Laboratories (Hercules, CA).

HDL from FH patients and healthy controls —
Ethylenediaminetetraacetic acid plasma was isolated from
the blood of FH patients (n=7). Control plasma was isolat-
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ed from blood of healthy volunteers (n=8). HDL was iso-
lated by FPLC. The study was approved by the Vanderbilt
University Institutional Review Board (IRB), and all par-
ticipants gave their written informed consent. The human
blood from FH patients and healthy controls were ob-
tained using an IRB approved protocol.

Animals — All procedures were approved by the
Vanderbilt University Institutional Animal Care and Use
Committee (IACUC). Breeding pairs of homozygous
apoE” mice (C57BL/6J background, strain 002052) aged
12 weeks were purchased from Jackson Laboratories (Bar
Harbor, ME). The animals were acclimated and housed in
the Vanderbilt University animal facility in a 12-hour
light/12-hour dark cycle, were maintained on standard
rodent chow (LabDiet 5001), and were given free access
to water. Progeny of the breeding pairs were at least 8
weeks of age before harvest of macrophages (described
below).

Chemical Synthesis of ONE and scavengers—
ONE was synthesized as previously reported (52) and pre-
pared as a 1M solution in acetonitrile. ONE was diluted as
a 10 mM stock solutions in DMSO in aliquots and stored
in -80°C until use. Acetic acid salts of salicylamine
(SAM), 5-chlorosalicylamine  (CI-SAM),  5-fluoro-
salicylamine (F-SAM), and the hydrochloride salt of 5’-O-
pentylpyridoxamine (PPM) were synthesized as described
(53,54). Working solutions were prepared fresh before
each assay and diluted in water to appropriate concentra-
tions.

Measurement of ONE—Quantitation of lysine
modification of HDL by ONE was performed by subject-
ing an aliquot of HDL to proteolysis with pronase and
aminopeptidase M, and then measuring the amount of
ONE-ketoamide by stable isotope dilution LC/MS/MS as
previously described (55). The internal standard for ONE-
ketoamide was synthesized by coupling of 4-oxononanoic
acid and *C6-Lys. The N-hydroxysuccinimide ester of 4-
oxononanoic acid was coupled to Fmoc-protected **C6-
Lys under basic conditions. The product was deprotected
with piperidine and purified by flash chromatography on
silica gel.

ONE modification of HDL and the use of scaven-
gers —HDL was exposed to various concentrations of
ONE at 37°C overnight to guarantee a complete reaction
to form a stable end product. Control HDL was treated
similarly in the absence of dicarbonyls. For experiments
involving the use of scavengers, scavengers solubilized in
water were incubated with HDL for 30 min at 37 °C be-
fore the addition of ONE.

Characterization of apolipoprotein crosslinking of
modified HDL—HDL apolipoprotein crosslinking was
assessed by SDS-PAGE performed under reducing condi-
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tions with Invitrogen’s gel electrophoresis and transfer
system. 4-20% Tris gradient gels were used. Western blot
analyses were carried out using polyclonal antibodies spe-
cific for human apoA-I, apoA-Il, and apoA-IV.
HDL-ApoA-I exchange—HDL samples prepared
by adding 15 puL 3 mg/mL spin-labeled apoA-I probe to
45 puL 1 mg/mL HDL and drawn into an EPR-compatible
borosilicate capillary tube (VWR) (32). EPR measure-
ments were performed using a Bruker eScan EPR spec-
trometer outfitted with temperature controller (Noxygen).
Samples were incubated for 15 minutes at 37 °C and then
scanned at 37 °C. The peak amplitude of the nitroxide sig-
nal from the apoA-I probe in the sample (3462-3470
Gauss) was compared to the peak amplitude of a proprie-
tary internal standard (3507-3515 Gauss) provided by
Bruker. The internal standard is contained within the
eScan spectrometer cavity and does not contact the sam-
ple. Since the y-axis of the EPR spectrometer is measured
in arbitrary units, measuring the sample against a fixed
internal standard facilitates normalization of the response.
HDL apoA-I exchange (HAE) activity represents the sam-
ple : internal standard signal ratio at 37°C. The maximal %
HAE activity was calculated by comparing HAE activity
to a standard curve ranging in the degree of probe lipid-
associated signal. Experiments were repeated two separate
times. All samples were read in triplicate and averaged.
Cell culture— Male and female apoE” mice
(C57/BL  genetic  background)  were injected
intraperitoneally with 3% thioglycolate and the macro-
phages were harvested by peritoneal lavage after four
days. Cells were maintained in 24-well plates in DMEM
with 10% (v/v) fetal bovine serum and penicillin-
streptomycin at 100 units/mL and 100 pg/mL respectively.
Cholesterol efflux—Efflux was assessed by the
isotopic method (56). Loading medium was prepared to
consist of DMEM containing 100 pg/ml acetylated LDL
with 6 pCi *H-cholesterol/ml. After equilibration for 30
minutes at 37°C, loading medium was added to cells for
48 h. After 48h, the cells were incubated for 1h with
DMEM containing 0.1% bovine serum albumin so that
surface-bound acetylated LDL was internalized and pro-
cessed. Cells were washed and incubated with efflux me-
dium, which contained DMEM with 35 pg/mL HDL sam-
ples. After 24h incubation, supernatants were collected,
vacuum filtered, and prepared for 3-scintillation counting.
Macrophage inflammation—Cells derived from
female mice were incubated overnight in DMEM contain-
ing 0.5% FBS and 1% penicillin-streptomycin. The cells
were washed two times with HBSS and then incubated for
4h with DMEM alone or containing 100 ng/ml LPS with
or without the HDL preparations (50 pug/ml). The cells
were lysed, mRNA harvested, and the cDNA synthesized.
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gPCR was performed with the following primer pairs: Tnf
forward (5’-CCATTCCTGAGTTCTGCAAAG -3°); Tnf
reverse (5’-GCAAATATAAATAGAGGGGGGC-3%); II-
15 forward (5’-TCCAGGATGAGGACATGAGCA-3’);
[1-15 reverse (5’-GAACGTCACACACCAGCA-3’); II-6
forward (5’- TAGTCCTTCCTACCCCAATTTCC-3); Il-
6 reverse (5-TTGGTCCTTAGCCACTCCTTCC-3’).

Sample Digestion, Preparation, and LC-MSMS
Analysis of ONE-modified Peptides—Reconstituted HDL
synthesized by the cholate dialysis method (57) from re-
combinant human ApoA-I, phosphatidylcholine, free cho-
lesterol. Particle size homogeneity was checked by native
gel electrophoresis. HDL was then dialyzed into PBS be-
fore modifying with 3 eq. ONE at 37°C overnight. HDL
samples were dialyzed into 50 mM ammonium bicar-
bonate buffer. In the Davidson lab, the particles were ly-
ophilized to dryness then the lipids were extracted in 1 ml
ice cold 2:1 (v:v) chloroform/methanol (58) and the pre-
cipitated protein was resolubilized in 80% ammonium bi-
carbonate buffer and 20% methanol. Samples were re-
duced by addition of DTT to a final concentration of 10
mM and incubation for 30 min at 42°C. Reduced protein
was carbamidomethylated with iodoacetamide at a final
concentration of 40 mM and incubated in the dark at RT
for 30 min. 20 pg of each sample was digested by adding
1 pg of sequencing grade trypsin (Promega) for 16 h at
37°C. An additional 1 pg of trypsin was added the follow-
ing day and incubated for an additional 2 h at 37°C. Sam-
ples were lyophilized to dryness using a speedvac and
stored at -20°C until ready for MS analysis.

Dried peptides were reconstituted in 15 pl of 0.1%
formic acid in water and 5 pI of sample was applied to an
ACQUITY UPLC C18 reverse phase column (Waters)
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maintained at 40°C using an Infinity 1290 autosampler
and HPLC (Agilent). Peptides were eluted at 0.1 ml/min
using a varying mobile phase gradient from 95% phase A
(FA/H,0 0.1/99.9, v/v) to 32% phase B (FA/ACN
0.1/99.9 v/v) for 120 min followed by 32% B to 50% B
for 2 min. Column cleaning was performed by varying the
mobile phase gradient to 90% B for 10 min and the col-
umn was re-equilibrated at 95% A for 10 min. Peptides
were introduced to the mass spectrometer using a Jet
Stream source (Agilent) as previously described (59).
Spectra was acquired using an iFunnel Q-TOF (Agilent)
operating in positive ion mode. Precursors were limited to
acquisition of ions with a charge states of 2+ and 3+ and
required a minimum of 1500 counts. Each cycle acquired
the 20 most intense precursors which were fragmented
with a variable collision energy (CE) dependent on the
precursor mass-to-charge (m/z) ratio: CE = k* (m/z) +b,
with a slope (k) of 3 and an offset (b) of 2 for 2+ ions and
-2 for 3+ ions. MS/MS spectra were acquired until at least
45,000 total counts were collected or a maximum accumu-
lation time of 0.33 s. MGF files were generated using
MassHunter Qualitative Analysis Software (v B.07.00,
Agilent). MS/MS peaks were limited to the top 150 peaks
by height and precursors were limited to a maximum as-
signed charge state of 3+. MS/MS data was analyzed by
MassMatrix Suite 3.10 (www.MassMatrix.bio) using set-
tings of peptide mass tolerance of 10 ppm, peptide length
of 3-40 amino acids, 1 PTM per peptide, 2 missed tryptic
cleavages, and minimum pp score of 5.0. Mass additions
for a ONE-ketoamide (C9H1402, 154.099 Da) or a ONE-
Michael adduct (C9H1402, 156.115) were searched for
both Lys and His residues.
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Figurel.
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Figureb.

HDL-ApoA-I Exchange

**k%x%
*

T
3 .

o
e

IS
Qo

% exchange
(compared to HDL)
N
o

o

M
A +ONE
(eq. to ApoA-l)

Figure®6.

80- 3H-Cholesterol efflux

604
b
E T 1T +
%40. we | (el [ %‘
2
20+
ol | 11 111
s\éo Q\QV Qf'b ~ i
+ONE
(eq. to ApoA-I)

17


https://doi.org/10.1101/635458
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/635458; this version posted May 12, 2019. The copyright holder for this preprint (which was not
certified by peer review) Is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available under
aCC-BY-NC-ND 4.0 International license.

ONE-modified HDL structure function

Figure?.
IL-6
TNFa IL-18 *
150 - * 150 ok 150 " =
& 100 T 2 100 £ 100
-1 - -
s k] k]
R 50 ﬂ ﬂ = 50 ’_I_‘ R 50 |-I—| ’.I_|
oLt 0 I_I_I 0
& $v NN D & 0" NP N &8 2 >
Q“.J + ONE (eq. to ApoA-l) Q%“ + ONE (eq. to ApoA-) Qo_, + ONE (eq. to ApoA-l)
A
Table 1.

Lysine Peptide + adduct Frequency

Lys12 VKDLATVYVDVLK + 1Ka bkl

Lys23 DLATVYVDVLKDSGR + 1Ka bk

Lys94 DLEEVKAK + 1Ka *

Lys96 AKVQPYLDDFQK + 1Ka bkl
Lys118 QKVEPLR + 1Ka *
Lys133 AELQEGARQK + 1MA *
Lys226 QGLLPVLESFKVSFLSALEEYTK + 1Ka Frx
Lys226 QGLLPVLESFKVSFLSALEEYTK + 1MA *

Ka = ketoamide adduct
MA = Michael adduct

*represents detection in a single experiment; ***represents consistent detection in triplicate experiments
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Figure Legends

Figure 1. Formation of ONE from the per oxidation of arachidonic or linoleic acid and itsadduction
to proteins.

Figure 2. ONE-protein adductsareincreased in HDL isolated from plasma of patientswith familial
hyper cholesterolemia (FH). Plasma was isolated from the blood of FH patients (n=7) and healthy volun-
teers (n=8) and subjected to FPLC to isolate the HDL. Levels of ONE-lysine ketoamide adducts were de-

termined by LC/MS/MS. Values are shown as mean + SD. Statistical significance was calculated by Stu-

dent’s t-test. *P<0.05.

Figure 3. ONE crossiinks HDL proteins beginning at 0.1 molar eq. to apoA-I. Crosslinking of HDL
proteins by ONE was determined by (A) Coomassie blue staining and (B-D) immunoblotting (IB) against
apoA-I1, apoA-I11, and apoA-1V. HDL isolated from normal healthy subjects by density gradient ultracen-
trifugation was subjected to ex vivo modification of ONE. SDS-PAGE and Western blots are representa-
tive of experiments performed three times.

Figure 4. ONE does not significantly alter HDL size or distribution asindicated by A) size exclusion
chromatography and by B) native PAGE gel electrophoresis. HDL was subjected to ex vivo modifica-
tion of ONE under aqueous conditions 37°C overnight. HDL was subjected to FPLC using the Superdex
200 column using A280 monitoring. Protein concentration of fractions was assessed using the Bradford
assay. Values are represented as mean + SD. Statistical significance was calculated by 2-way ANOVA
with Dunnett’s multiple comparisons test compared to HDL. *represents statistical significance between
HDL and IsoLG-HDL, while # represents significance between HDL and ONE-HDL. #P<0.05,
**P<0.01, ***P<0.005, ****P<0.001. Native PAGE gel electrophoresis was run under standard condi-
tions and gel was stained with Coommassie G250 to visualize particles.

Figure 5. M odification of HDL by ONE inhibits the exchangeability of apoA-I on HDL. HDL-ApoA-
I exchange was analyzed by electron paramagnetic resonance as described in Methods. Reactions were
performed at a constant apoA-I concentration of 1 mg/ml. Samples were assayed in triplicate. Results are
plotted as mean + SD. Statistical significance was calculated by one-way ANOVA with Dunnett’s multi-
ple comparisons compared to unmodified HDL (control). *P<0.05; ****P<0.0001.

Figure 6. Modification of HDL by ONE does not affect cholester ol efflux from apoE deficient mu-
rine macrophages. HDL isolated from normal healthy subjects by DGUC was subjected to ex vivo mod-
ification of ONE. Macrophage cholesterol efflux was assessed using thioglycollate-induced macrophages
harvested from the peritoneum of apoE deficient mice, and loaded with *H cholesterol and acetylated
LDL. Vehicle denotes cell culture media with no HDL added to the cells. Efflux of ®H to unmodified and
modified HDL was calculated based on radioactive counts in the supernatant after 4 h and normalized to
HDL control. Results from three individual experiments with replicate wells per treatment are plotted as
mean = SD.

Figure 7. Modification of HDL by ONE rendersHDL nolonger protective against L PS-stimulated
inflammatory cytokine expression. HDL isolated from normal healthy subjects by DGUC was subjected
to ex vivo modification of ONE. Thioglycollate-elicited peritoneal macrophages were treated with LPS
along with ONE modified HDL for 4 hours. Experiments were performed independently three times with
three wells per treatment. Results from three individual experiments with 3-4 wells per treatment are plot-
ted as mean £ SD. Statistical significance was determined by one-way ANOVA with Dunnett’s multiple
comparisons compared to LPS+HDL (control). *P<0.05; **P<0.01.
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Figure 8. Representative M S/M Sidentification of the apoA-I peptide AKVQPYLDDFQK with a
ONE ketoamide adduct on Lys 97. The spectrum shows the MS/MS spectrum with b+ and y+ series
ions highlighted in red and labeled in blue. The table shows the identified ions bolded in red.

Figure 9. Effect of salicylamine analoguesin scavenging ONE. (A) Molecular structures of
salicylamine and various analogues (fluoro-salicylamine, F-SAM; chloro-salicylamine, CI-SAM;
pentylpyridoxamine, PPM). (B) Effect of analogues in preventing ONE-induced HDL protein crosslink-
ing as shown by Commassie G250 stained SDS-PAGE gel of unmodified and 1 eq. ONE-modified HDL.
(C) Demonstration of PPM (10 eq) preventing ONE-induced HDL dysfunction in protecting against LPS-
stimulated Tnfo expression in thioglycollate-elicited peritoneal macrophages while its inactive analogue,
PPO, did not. Statistical significance was determined by one-way ANOVA with Dunnett’s multiple com-
parisons compared to LPS+1 eq. ONE+HDL. Results from three individual experiments with 3 wells per
treatment are plotted as mean + SD. *P<0.05; **P<0.01.

Figure 10. Superimposed ONE targeted lysines onto the published crystal structure of an apoA-I
dimer that has been reported to bear strong similaritiesto thelipid-bound form.

Table 1. Summary of all theidentified peptides and ONE adducts resulting from three independent
experiments. The identified residues include ketoamide adducts (+154.0994 amu) on Lys12, 23, 96, and
226 in human apoA-I in triplicate experiments. One of the three experiments also identified ketoamide
adducts on Lys 94 and 118, while another experiment identified Michael adducts (+156.1200 amu) on
Lys 133 and 226.

Supplementary Figure 1. Dose-response of ONE modification to generate ONE-lysine ketoamide
adductsin HDL. Control HDL isolated from healthy control volunteers was purified using density gradi-
ent ultracentrifugation and was subjected to ONE modification in aqueous conditions for 37°C overnight.
Levels of ONE-protein adducts were determined by LC/MS/MS. Results from three individual experi-
ments are plotted as mean + SD.
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