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ABSTRACT: Serum paraoxonase (PON1) is an anti-atherogenic interfacially activated lipo-lactonase that was
shown to selectively bind high-density lipoprotein (HDL) carrying apolipoprotein A-I (apoA-I). ApoA-I
binding occurs with nanomolar affinity and induces a dramatic increase in enzyme stability and lactonase
activity. This study examined the association of PON1 with reconstituted HDL (rHDL) carrying apolipo-
protein E, and its consequences on the stability and enzymatic activity of PON1, and on its anti-atherogenic
potential. The results indicate that reconstituted HDL particles prepared with two most common isoforms of
apoE (apoE3 and apoE4) associate with rePON1 in a manner and affinity similar to those of apoA-I. Binding
to apoE-HDL stimulates the lactonase activity and stabilizes the enzyme, although the latter occurs to a>10-fold
lesser extent compared to apoA-I-HDL particles. The anti-atherogenic potential of PON1, measured by
inhibition of LDL oxidation and stimulation of macrophage cholesterol efflux, was also stimulated by apoE-
HDL, at levels of 40-96% compared to apoA-I-HDL. Overall, reconstituted apoE-HDL exhibits properties
similar to those of apoA-I-HDL, but with a lower capacity to stabilize PON1 and to induce its anti-atherogenic
functions. ApoE, apoA-I, and to a lesser degree apoA-IV show distinct structural and functional similarities
but little sequence homology. That these apolipoproteins, but not apoA-II, bind PON1 with high affinity and
stimulate its activity suggests that PON1-HDL recognition is based primarily on surface properties of the
apolipoproteins and that specific protein-protein interactions may play only a secondary role.

Human serum paraoxonases (PONs) are HDL-associated
enzymes with a wide range of hydrolytic activities such as
lactonase, arylesterase, and organophosphate hydrolase. The
PON family consists of three genes, PON1,1 PON2, and
PON3, with ∼65% identity at the amino acid level. PON1, and
to a lesser degree PON3, are expressed in the liver and are
primarily found bound to plasma HDL (1, 2). PON1 has been
isolated fromhumanplasma in associationwithHDL-containing
apolipoproteins A-I, A-II, and J (3-5). Indeed, apoA-I is the
major protein constituent ofHDL, andPON1 in associationwith
apoA-I-containing HDL exhibits various anti-atherogenic
effects (6, 7). In vivo, there is a positive correlation between the
association of PON1 with apoA-I and its enzymatic activities.
The arylesterase activity of PON was reported to be associated
mostly with either apoA-I or apoE containing HDL (8). Indeed,
in vitro, PON1was shown to bind apoA-I-HDLwith nanomolar

affinity. Binding to apoA-I-HDL significantly stabilizes PON1
and stimulates the lactonase activity that is presumed to be
the primary enzymatic function of PON1 (9, 10). PON1 incor-
porated into apoA-I-HDL also inhibits LDL oxidation and
increases the HDL-mediated cholesterol efflux (11). These poten-
tially anti-atherogenic functions of PON1 appear to be media-
ted by the lipolactonase activity of the enzyme (12) which in
in vitro and ex vivo assays was shown to be selectively stimulated
by apoA-I-HDL, and not by other apolipoproteins such as
apoA-II (13).

In contrast to the in vitro results, PON1 has also been shown to
be associated with serum HDL particles isolated from human
plasma containing both apoA-I and apoA-II, with higher
stability of PON1 and stronger resistance to inactivation by
oxidation (5). Thus, the complexity ofHDLcomposition, and the
range of effects exerted by various apolipoproteins, considerably
complicate the analysis of plasma particles. Indeed, HDLs are
heterogeneous in size and density and are subject to substantial
compositional variations under both normal and pathological
conditions (14, 15). In addition to apoA-I and A-II, apoEs
comprise another type of soluble apolipoproteins that appear
in plasma HDLs at a fraction of ∼10% (16, 17). There are three
common isoforms of apoE (apoE2, apoE3, and apoE4) that
differ by cysteine and arginine content at positions 112 and
158 (18, 19). ApoE3 (Cys112, Arg158) is the most common
isoform of apoE and is primarily found on smaller HDLs,
whereas apoE4 (Arg112, Arg158) preferentially binds to large
LDL particles (20). ApoE participates in the clearance of
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lipoprotein remnants of intestinal or hepatic origin by the
liver (21-23). ApoE was shown to promote cholesterol efflux
ex vivo and maintains lipid homeostasis and thus may exhibit
anti-atherogenic functions (24-28). In contrast to the proposed
protective role of apoE3, apoE4 is known to be associated with a
higher risk of cardiovascular disease and of neurodegenerative
disease in particular. Although or perhaps because it comprises
only aminor constituent ofHDL under physiological conditions,
apoE is also a candidate for therapeutical interventions because
of its anti-atherogenic potential (29).

As opposed to apoA-I, very little is known about apoE and its
association with PON1, and how the latter could affect the anti-
atherogenic potential. In this study, we analyzed the association
of reconstituted HDL particles carrying anti- or pro-atherogenic
variants of apoE (apoE3 or -E4, respectively) with PON1, and
the effects of apoE-rHDL binding on the stability, enzymatic
activity, and anti-atherogenic potential of PON1.

MATERIALS AND METHODS

Preparation of rHDL Particles. Recombinant PON1 var-
iant rePON1-G3C9 (gi 40850544) and its variant that lacks the
N-terminal helix (Δ20-rePON1) were used in this study. rePON1-
G3C9 has an intact N-terminus that is essentially identical in
sequence and length to rabbit and human PON1s. Both G3C9
and the truncated version carry an eight-His tag at the
C-terminus. This tag has no effect on PON1’s enzymatic activity
and HDL binding. The rePON1 variants were expressed and
purified as described previously (13). The human apoA-I expres-
sion plasmid kindly provided by M. Oda (Oakland Research
Institute, Oakland, CA) (30) was expressed in Escherichia coli as
described previously (13). rHDL-apoA-I particles were prepared
by the cholate dialysis method as previously described (13).
Human apoE was expressed from the pET20b vector kindly
provided by V. I. Zannis (Boston University School ofMedicine,
Boston, MA) (31) and subsequently purified as described pre-
viously (32). Discoidal rHDL particles containing 1-palmitoyl-
2-oleoylphosphatidylcholine (POPC), free cholesterol (FC), and
apolipoprotein (apoA-I, apoE3, or apoE4), at a starting molar
ratio of 100/5/1, were prepared by the cholate dialysis method as
previously described (13). The final apolipoprotein concentration
was 0.5 mg/mL, and the rePON1 concentration was 0.2 mg/mL.
ELISA. The binding of rePON1 to rHDLwas analyzed by an

enzyme-linked immunosorbent assay (ELISA). Briefly, 96-well
plates (NuncMaxiSorp) were coated via incubation of 10 μg/mL
apoA-I-, apoE3-, apoE4-, or POPC/FC-rHDL for 3 h at
room temperature, followed by blocking with 10 mg/mL bovine
serum albumin (BSA) in phosphate-buffered saline (PBS; BSA/
PBS). rePON1 was diluted in PBS and added at different
concentrations, and plates were incubated at 37 �C for 3 h. After
the plates had beenwashedwith 0.1%CHAPS inBSA/PBS, anti-
PON1 polyclonal serum (1:4000 in BSA/PBS) was added,
followed by peroxidase-linked goat anti-mouse antibody. Plates
were developed using 3,30,5,50-tetramethylbenzidine (TMB) sub-
strate chromogen (Dako). The reaction was stopped by addition
of 1 M H2SO4, and the optical density was measured at 450 nm.
Stimulation of rePON1 Activity by rHDL. PON1 enzy-

matic stimulation by rHDL was assayed with freshly delipidated
rePON1 as described previously (33). Briefly, rePON1 (0.1 μM)
was delipidated using Bio-Beads SM-2 (Bio-Rad) and incubated
with rHDLs (10 μM) at 37 �C for 3 h. The esterase and lactonase
activities were assayed using phenyl acetate and 5-thiobutyl

butyrolactone (TBBL), respectively, and compared to the activity
of the same concentration of delipidated rePON1 in buffer.
Inactivation of rePON1 by Calcium Chelation. Freshly

delipidated rePON1 (0.1 μM) was incubated with rHDL samples
(10 μM) for 2 h at 37 �C in TBS [10 mM Tris (pH 8.0) and
150 mM NaCl] supplemented with 1 mM CaCl2. An equal
volume of inactivation buffer [3 mM EDTA with 6 mM
β-mercaptoethanol in 50 mM Tris (pH 8.0)] was added to the
enzyme samples. Aliquots of these inactivation reaction mixtures
were taken at different time points, and the residual PON1
activity was determined with 2 mM phenyl acetate as described
previously (13, 33).
Human LDL and HDL Preparation. LDL and HDLwere

prepared from human serum of fasted normolipidemic volun-
teers by discontinuous density gradient ultracentrifugation (34).
The HDLs were then dialyzed against 150 mMNaCl with 1 mM
CaCl2 (pH 7.4), and their protein content was determined with
the Folin phenol reagent.
Copper Ion-Induced LDLOxidation. LDL (1mg/mL) was

dialyzed against PBS prior to the oxidation studies. J774A.1
macrophages were incubated with LDL (100 μg of protein/mL)
in the absence (control LDL) or presence of 50 μg of rHDL
(based on protein determination) composed of apoA-I, apoE3,
apoE4, or POPC/FC only, in the absence or presence of rePON1
(20 μg) in a total volume of 0.5 mL of RPMI (without phenol
red) (11). A similar volume was used for the POPC/FC-rePON1
sample. To initiate oxidation, 5 μM CuSO4 was added to the
LDL samples, and the samples were further incubated for 2.5 h at
37 �C. Samples were incubated under the same conditions in a
cell-free system. At the end of the incubation period, the extent of
LDL oxidation was determined by the thiobarbituric acid-
reactive substance (TBARS) assay (35).
HDL-Mediated Cholesterol Efflux from J774A.1

Macrophages. J774A.1 cells (1� 106 per milliliter) were labeled
with [3H]cholesterol for 1 h at 37 �C (11). The cells were washed
and further incubated with no addition, or with the addition of
rHDL (50 μg of protein/mL) composed of apoA-I, apoE3,
apoE4, or POPC/FC only, in the absence or presence of rePON1
(20 μg/mL). Cellular and medium 3H labels were quantified, and
HDL-mediated cholesterol efflux was calculated as the ratio of
the 3H label in the medium to the sum of the 3H label in the
medium and the 3H label in the cells.

RESULTS

Interaction of PON1 with ApoE-rHDL. The association
of reconstituted HDL particles containing POPC, free chole-
sterol, and apoE3 (the most common apoE isoform) or apoE4
(the rare form) with rePON1 was analyzed with an ELISA. In
this experiment, and all the experiments described below, we used
recombinant apolipoproteins and a recombinant form of PON1.
The latter (rePON1) was engineered for bacterial expression and
is highly homologous in sequence to rabbit and human
PON1s (36). Its enzymatic and HDL binding properties and
anti-atherogenic properties were also shown to reproduce those
of human PON1 (10, 11, 13).

The results indicated that HDLparticles carrying either apoE3
or E4 bind rePON1 with an affinity that is much stronger than
that of POPC/FC with no apolipoprotein. Further, the binding
affinity is comparable to that of apoA-I-rHDL (Figure 1). The
ELISA results indicate 50% binding to apoA-I-rHDL at∼1 nM
PON1 and are therefore in agreement with surface plasmon
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resonance binding studies that showed PON1 binds apoA-
I-rHDL particles with an affinity of e0.75 nM (13). The ELISA
results also indicate that removal of the N-terminus of PON1
reduces the binding affinity byg100-fold, as previously observed
for apoA-I-rHDL (the measured affinity for Δ20-rePON1 bind-
ing to apoA-I-rHDL is 1.0 � 10-7 M) (13, 33). The same degree
of reduction in binding upon removal of the N-terminus is
observed for apoEs, suggesting that the binding affinity and
mode of binding are the same as for apoA-I.
Stimulation of Enzymatic Activity. The effect of various

rHDL preparations on the lactonase and arylesterase activities of
PON1 was analyzed by incubating the delipidated enzyme with
varying concentrations of rHDL (Figure 2A,B). The association
of rePON1 with apoE3- and apoE4-rHDL stimulated both the
lactonase and esterase activities of rePON1, by 11.4- and 12.5-
fold for apoE3 and 12.3- and 11.7-fold for apoE4, respectively.
The stimulation effect is specific to the apolipoproteins and
significantly greater than that observed with POPC/FC (by
1.9- and 1.75-fold, respectively), in a manner similar to that of
apoA-I-rHDL (13).
Stability of PON1-HDLComplexes. PON1 is a calcium-

dependent enzyme that possesses a high-affinity structural cal-
cium and a low-affinity catalytic calcium. The removal of the
structural calcium ion by chelators irreversibly denatures the
enzyme. Previous studies from this lab have established that
PON1 undergoes rapid inactivation in the presence of EDTA,
whereas slow inactivation was observed when the enzyme was
incorporated into rHDL particles containing apoA-I (13, 33).
The association of rePON1 with rHDL containing different
apolipoproteins was therefore tested by monitoring its inactiva-
tion rate in the presence of EDTA (Figure 3). As previously
reported, apoA-I-rHDL-associated PON1 exhibited a mono-
exponential curve corresponding to a single form of a tightly
bound and stable PON1-HDL complex.Delipidated rePON1 in
the absence of HDL behaved like POPC/FC-bound PON1 and
exhibited a large fraction [∼50% (Table 1)] of a loosely bound,
unstable form that exhibits a rapid inactivation rate (13, 33).
Complexes of PON1with apoE3- or apoE4-rHDL also exhibited
two inactivation phases indicating a mixture of the two

forms, with 33 or 20% of the loosely bound, unstable form,
respectively.

The rate of PON1 inactivation therefore provides ameasure of
the effect of HDL binding on the enzyme’s configurational
stability. The double-exponential pattern obtained with saturat-
ing concentrations of the apoE variants indicates the presence of
the loosely bound unstable form of the enzyme along with the
more stable form (Table 1). The tightly bound, stable form of
PON1 (slow inactivation phase) was significantly larger in
apoE4-HDL (80%) as compared to apoE3-HDL (67%), but
much lower than for apoA-I-HDL (∼100%).
Anti-Atherogenic Functions. We performed two ex vivo

tests aimed at assessing the anti-atherogenic potential of
PON1-rHDL complexes containing apoEs and comparing them
to the routinely tested apoA-I-rHDL. As a control, we also tested
the anti-atherogenic activity of rHDL composed of apoA-I,
apoEs, or no apolipoprotein (POPC/FC), in the absence of
PON1. The first test examined the inhibition of copper ion-
induced LDL oxidation (Figure 4). The addition of POPC/FC to
LDL resulted in a very mild inhibition of its oxidation (∼5%).
Slightly greater inhibition (4.5%) was observed when rePON1
was added to POPC/FC (Figure 4). The extent of LDL oxidation
inhibition increased to ∼10% with apoE4-rHDL and to ∼15%

FIGURE 1: Binding of PON1 to HDL. ELISA measurements of the
association of rePON1 and the truncated Δ20-rePON1 variant with
rHDL composed of apoA-I, apoE3, apoE4, or no apolipoprotein
(POPC/FC). Plates were coated with various HDL samples, and
rePON1 and Δ20-rePON1 were added at different concentrations.
Binding was detected with polyclonal anti-PON1 sera. Each binding
curve represents the mean ( SD of at least three independent
experiments.

FIGURE 2: Stimulation of the enzymatic activity of PON1 by HDL.
Delipidated rePON1was incubatedwith increasing concentrations of
different rHDLs at rHDL/rePON1 molar ratios of 2.5-250. The
initial rates of esterase and lactonase hydrolysis were measured with
phenyl acetate (A) and TBBL (B), respectively (using substrate
concentrations of 1 mM). Activity is presented as the percentage of
the initial activity relative to the delipidated enzyme assigned as
100%. Data were fitted to Langmuir saturation curve, and the
activation factor (Vmax) and apparent Kd values were derived (13).
Each curve represents the mean of at least three independent experi-
ments. Standard deviations were less than 10% of the parameter
values.

http://pubs.acs.org/action/showImage?doi=10.1021/bi9013227&iName=master.img-000.png&w=191&h=159
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with apoA-I or apoE3-rHDL. However, when PON1 was added
to apoA-I-rHDL, the extent of inhibition of LDL oxidation was
further increased by 20% as compared to that with apoA-
I-rHDL alone. The addition of PON1 to apoE3-rHDL or
apoE4-rHDL resulted in a 13.5 or 14.5% increase in the level
of inhibition of oxidation, respectively, relative to the same HDL
particles with no PON1 (Figure 4).

The second test measured the HDL-mediated cholesterol
efflux from J774A.1 macrophages. POPC/FC particles with no
apolipoprotein increased the cholesterol efflux from macro-
phages by ∼2-fold as compared to the levels of cholesterol efflux
in cells incubated with medium only (Figure 5). PON1 bound to
POPC/FC particles increased the cholesterol efflux by an addi-
tional 12%. rHDL particles composed of apoA-I and apoE3
increased the macrophage cholesterol efflux by ∼4-fold as
compared to that of cells incubated in medium, and apoE4-
rHDL increased the cholesterol efflux by∼3-fold.When rePON1
was added to apoA-I-rHDL, the extent of cholesterol efflux was

further increased by 58% as compared to that of apoA-I-rHDL.
The addition of rePON1 to apoE3-rHDL or apoE4-rHDL
resulted in an additional increase of 24 or 56%, respectively,
relative to the same rHDL samples without PON1. In compari-
son to the effect of the apoA-I-rHDL-PON1 complex, there was
a reduction of 17 or 27% in the stimulation of cholesterol efflux
upon using the apoE3-rHDL-PON1 or apoE4-rHDL-PON1
complex, respectively. The similar cholesterol efflux efficiency of
the apoE3- and apoE4-rHDL-PON1 complexes is not surpris-
ing as apoE isoforms show similar binding for ABCA1 and
exhibit identical kinetics in their abilities to induce ABCA1-
dependent cholesterol efflux (37).

DISCUSSION

The anti-atherogenic properties of PON1 have been primarily
associated with apoA-I-HDL (38-42). Indeed, the antioxidative
and anti-atherogenic activities of HDL are largely attributed to
apoA-I (15, 41, 43). ApoA-I promotes cellular cholesterol efflux,
as opposed to apoA-II, for example (44). Nonetheless, plasma
HDL particles contain a variety of apolipoproteins with anti-
atherogenic potentials that could also stimulate the action of
PON1. ApoE, for example, may protect against atherosclerosis
by mediating the clearance of lipoproteins via the LDL recep-
tor (45, 46), or via binding to cell surface heparan sulfate
proteoglycans (47). This study indicates that PON1 binds to
apoE3- and apoE4-HDL particles with affinities and modes
similar to those of apoA-I-HDL. However, our results also
indicate that these apoEs show a significantly lower capacity to
stabilize PON1 and to induce its anti-atherogenic potential
(as indicated by the inhibition of LDL oxidation and induction
of cholesterol efflux from macrophages).

A recent report on the mechanism of apoE binding to
lipoproteins indicated differences in the ability to be accommo-
dated on the lipoprotein surface (48). ApoE4 requires more
interfacial area and favors VLDL, whereas apoE3 is primarily
accommodated by small HDL3 particles. Further, although
apoE3 renders protection against cardiovascular risks, the apoE4
isoform is associated with the risks for atherosclerosis and
Alzheimer’s disease (46). However, our studies showed no
substantial or consistent differences in the mode and effects of
interactions of PON1 with these two forms. We also tried to
include the rarest allelic formof apoE, apoE2, yet for reasons that
remain unclear at present, we failed to express and purify this
isoform in E. coli. Future studies might indicate whether PON1’s
interaction with apoE2 resembles the interactions with apoE3
and apoE4, as expected by their similar lipoprotein binding
preferences (46).

Our results also shed some light on the mode of interaction
of PON1 with HDL. Structural and biochemical studies
indicated that HDL anchoring of PON1 is mediated by the
N-terminal helix H1, and an additional amphipathic helix H2
that comprises part of the active site (49). The interface of
PON1 with HDL is thought to involve an aromatic belt rich in
tryptophan and tyrosine side chains and a lysine side chain on
H1 (49). Clearly, the composition of HDL with respect to
phospholipids influences the level of PON1 activity associated
with HDL (50), and large differences in the ability of various
apolipoproteins to stabilize and catalytically stimulate PON1
have been observed in vitro (13). However, why different
apolipoproteins exhibit different effects on PON1 is at present
unknown. The similar properties of apoA-I and apoE may,

FIGURE 3: Rates of PON1 inactivation in the presence of different
HDL types. Delipidated rePON1 was incubated with a 100-fold
excess of rHDL composed of apoA-I, apoE3, apoE4, or POPC/FC
only, or inTBSbuffer, and subjected to inactivation in the presence of
EDTA (3 mM) and β-mercaptoethanol (6 mM) at 37 �C. Residual
activity at various time points was determined by initial rates of
phenyl acetate hydrolysis (2 mM) and plotted as a percentage of the
activity at time zero. Data were fitted to a double-exponential curve,
from which the amplitudes of the two phases were derived
(Table 1) (13). Each curve represents the mean and SD of at least
three independent experiments.

Table 1: Inactivation Parameters of rePON1 in Buffer and on rHDL

Particlesa

sample A1 (fast phase)

delipidated rePON1 0.5

POPC/FC-rePON1 0.54

apoA-I-rHDL-rePON1 0.02

apoE3-rHDL-rePON1 0.33

apoE4-rHDL-rePON1 0.20

aAmplitudes of the first [fast (A1)] and second [slow (A2)] inactivation
phases were derived by fitting the kinetics of rePON1 inactivation by the
calcium chelator EDTA to a double-exponential curve (Figure 3).A1 andA2

correspond to the loosely-bound unstable form and tightly-bound stable
form of PON1, respectively (A1þ A2 = 1). Each value represents the mean
of three independent experiments. Standard deviations were less then 10%
of parameter values.

http://pubs.acs.org/action/showImage?doi=10.1021/bi9013227&iName=master.img-002.png&w=189&h=183
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however, provide a clue regarding the mode of interaction.
Exchangeable apolipoproteins including apoA-I and apoE are
members of the same multigene family (51). ApoA-I and apoE
adopt similar conformations in which the amino- and carboxyl-
terminal regions form separate domains (52). The carboxyl-
terminal domain is composed of a series of proline-punctuated
amphipathic R-helical repeats and is primarily responsible for
lipid binding. In both apolipoproteins, the lipid-free form is a
helix bundle, and lipid binding involves a conformational
change whereby the hydrophobic faces of the helixes that are
buried in the bundle become accessible to interactions with the
lipids (53-55). That both apoA-I and apoE induce high-
affinity binding of PON1 suggests that, despite the relatively
high affinity (e1 nM), recognition is not based on specific
protein-protein interactions between PON1 and the protein
component of HDL but, rather, on certain surface properties
of the particles. These properties might be similar as both
apolipoproteins wrap around HDL particles via amphipathic
R-helices. The divergence in sequence of the two apolipopro-
teins may account for the differences seen in PON1 stability
and anti-atherogenic potential.

The hypothesis described above is also supported by the
previous findings showing that apoA-IV-HDL binds PON1 with
nanomolar affinity similar to that of apoA-I-HDL, although its
ability to stimulate the lactonase activity of PON1 was signifi-
cantly weaker than that of apoA-I-HDL, and not much stronger
than that of POPC/FC particles with no apolipoprotein (13).
Similar to apoA-I and apoE, apoA-IV contains multiple
22-amino acid repeats punctuated by proline residues that are
predicted to form amphipathic R-helices (52, 56). ApoA-IV also
exhibits a large helix bundle domain that is similar to the
N-terminal helix bundle domain of apoA-I and apoE (56).
Indeed, apoA-IV can mimic certain roles of apoA-I, including
inhibition of LDL oxidation, mediation of cholesterol efflux, and
activation of lecithin cholesterol acyltransferase (LCAT) (15, 52,
57). Further, PON1 activity in the apoA-I deficient mice was
associated with the VHDL fractions that contain, among other
apolipoproteins, apoA-IV (58), suggesting that these particles
can act as secondary PON1 carriers (59).

In contrast to these apolipoproteins, the structure of apoA-II
and its contribution to lipid metabolism are considerably
different. The highly hydrophobic nature of apoA-II and its

FIGURE 4: Inhibition of cell-mediated LDLoxidation. J774A.1macrophages were incubated with LDL in the absence (control LDL) or presence
of rHDL samples composed of apoA-I, apoE3, apoE4, or POPC/FC only, with or without rePON1. LDL oxidation was induced byCuSO4. The
extent of LDL oxidation was determined after 2.5 h. Each bar represents the mean and SD of three independent experiments. Arrows above the
bars designate the increase in activity observed in the rHDL-rePON1 samples relative to the same rHDL particles without rePON1.

FIGURE 5: Stimulation of macrophage cholesterol efflux. J774A.1 macrophages, prelabeled with [3H]cholesterol, were incubated with rHDL
samples composed of apoA-I, apoE3, apoE4, or POPC/FC only with or without rePON1. The extent of rHDL-mediated cholesterol efflux was
determined after incubation for 3 h at 37 �C. Each bar represents the mean and SD of three independent experiments. Arrows above the bars
designate the increase in activity observed in the rHDL-rePON1 samples relative to the same rHDL particles without rePON1.

http://pubs.acs.org/action/showImage?doi=10.1021/bi9013227&iName=master.img-003.jpg&w=360&h=169
http://pubs.acs.org/action/showImage?doi=10.1021/bi9013227&iName=master.img-004.jpg&w=360&h=174
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association with smaller HDL particles probably cause a dra-
matic reduction in the binding affinity of PON1 (g60-fold), and
in the stimulation of its lactonase activity (13). Interestingly,
PON1 is present in vivo in both apoA-I-containing and apoA-
I- and apoA-II-containing subfractions of HDL with no detri-
mental effects of apoA-II on PON1 activity and stability (5).
Thus, while apoA-II alone has a negative impact on PON1, it
may complement the stabilizing effect of apoA-I if not present at
excess levels, probably through its ability to stabilize HDL
structure (60).

On the basis of the comparison given above of the effects of
different apolipoproteins on PON1 binding to HDL and the
comparison of its biochemical properties, it can be hypothesized
that the presence of amphipathic R-helices of approximately 22
amino acids is the key structural feature that enables HDL
particles to tightly bind, stabilize, and enzymatically stimulate
PON1. It can be suggested that other apolipoproteins or peptide
mimetics having similar amphipathic structure and mode of
interaction with lipids will also generate HDL particles with high
PON1 affinity. Indeed, apoA-I and apoJ (clusterin) mimetics
composed of short amphipathic peptides taken from apo-
lipoprotein sequences promote the formation of HDL particles
with increased PON1 activity (61). Yet, despite the similarly high
binding affinity of various apolipoprotein-containing HDL
particles, the most efficient PON1 stabilization and enzymatic
stimulation is generated by apoA-I-HDL, with which PON1 is
mainly associated in vivo. The effects of apoA-I are also
manifested in a higher anti-atherogenic potential as indicated
by the ex vivo tests.

ACKNOWLEDGMENT

We are very thankful to Dr. Michael Oda (Oakland Research
Institute) andDr. Vassilis I. Zannis (Boston University School of
Medicine) for providing human apoA-I and apoE expression
plasmids, respectively.

REFERENCES

1. Mackness, M. I., Mackness, B., Durrington, P. N., Connelly, P. W.,
and Hegele, R. A. (1996) Paraoxonase: Biochemistry, genetics and
relationship to plasma lipoproteins. Curr. Opin. Lipidol. 7, 69–76.

2. Reddy, S. T., Wadleigh, D. J., Grijalva, V., Ng, C., Hama, S.,
Gangopadhyay, A., Shih, D. M., Lusis, A. J., Navab, M., and
Fogelman,A.M. (2001)Human paraoxonase-3 is anHDL-associated
enzymewith biological activity similar to paraoxonase-1 protein but is
not regulated by oxidized lipids. Arterioscler. Thromb. Vasc. Biol. 21,
542–547.

3. Blatter, M. C., James, R.W., Messmer, S., Barja, F., and Pometta, D.
(1993) Identification of a distinct human high-density lipoprotein
subspecies defined by a lipoprotein-associated protein, K-45. Identity
of K-45 with paraoxonase. Eur. J. Biochem. 211, 871–879.

4. Kelso, G. J., Stuart, W. D., Richter, R. J., Furlong, C. E., Jordan-
Starck, T. C., and Harmony, J. A. (1994) Apolipoprotein J is
associated with paraoxonase in human plasma. Biochemistry 33,
832–839.

5. Moren, X., Deakin, S., Liu,M. L., Taskinen,M.R., and James, R.W.
(2008) HDL subfraction distribution of paraoxonase-1 and its rele-
vance to enzyme activity and resistance to oxidative stress. J. Lipid
Res. 49, 1246–1253.

6. Ng, C. J., Shih, D.M., Hama, S. Y., Villa, N., Navab,M., andReddy,
S. T. (2005) The paraoxonase gene family and atherosclerosis. Free
Radical Biol. Med. 38, 153–163.

7. Mackness, B., Durrington, P., McElduff, P., Yarnell, J., Azam, N.,
Watt, M., and Mackness, M. (2003) Low paraoxonase activity
predicts coronary events in the Caerphilly Prospective Study.Circula-
tion 107, 2775–2779.

8. Cabana, V. G., Reardon, C. A., Feng, N., Neath, S., Lukens, J., and
Getz, G. S. (2003) Serum paraoxonase: Effect of the apolipoprotein

composition of HDL and the acute phase response. J. Lipid Res. 44,
780–792.

9. Draganov, D. I., Teiber, J. F., Speelman, A., Osawa, Y., Sunahara,
R., and La Du, B. N. (2005) Human paraoxonases (PON1, PON2,
and PON3) are lactonases with overlapping and distinct substrate
specificities. J. Lipid Res. 46, 1239–1247.

10. Khersonsky, O., and Tawfik, D. S. (2005) Structure-reactivity studies
of serum paraoxonase PON1 suggest that its native activity is
lactonase. Biochemistry 44, 6371–6382.

11. Rosenblat, M., Gaidukov, L., Khersonsky, O., Vaya, J., Oren, R.,
Tawfik, D. S., and Aviram, M. (2006) The catalytic histidine dyad of
high density lipoprotein-associated serum paraoxonase-1 (PON1) is
essential for PON1-mediated inhibition of low density lipoprotein
oxidation and stimulation of macrophage cholesterol efflux. J. Biol.
Chem. 281, 7657–7665.

12. Khersonsky, O., and Tawfik, D. S. (2006) The histidine 115-histidine
134 dyad mediates the lactonase activity of mammalian serum para-
oxonases. J. Biol. Chem. 281, 7649–7656.

13. Gaidukov, L., and Tawfik, D. S. (2005) High affinity, stability, and
lactonase activity of serum paraoxonase PON1 anchored on HDL
with ApoA-I. Biochemistry 44, 11843–11854.

14. Lund-Katz, S., Liu, L., Thuahnai, S. T., and Phillips, M. C. (2003)
High density lipoprotein structure. Front. Biosci. 8, d1044–d1054.

15. Kontush, A., andChapman,M. J. (2006) Functionally defective high-
density lipoprotein: A new therapeutic target at the crossroads of
dyslipidemia, inflammation, and atherosclerosis. Pharmacol. Rev. 58,
342–374.

16. Krimbou, L., Marcil, M., Chiba, H., and Genest, J., Jr. (2003)
Structural and functional properties of human plasma high density-
sized lipoprotein containing only apoE particles. J. Lipid Res. 44, 884–
892.

17. Asztalos, B. F., Horvath, K. V., Kajinami, K., Nartsupha, C., Cox,
C. E., Batista, M., Schaefer, E. J., Inazu, A., and Mabuchi, H. (2004)
Apolipoprotein composition of HDL in cholesteryl ester transfer
protein deficiency. J. Lipid Res. 45, 448–455.

18. Rall, S. C., Jr., Weisgraber, K. H., and Mahley, R. W. (1982) Human
apolipoprotein E. The complete amino acid sequence. J. Biol. Chem.
257, 4171–4178.

19. Weisgraber, K. H., Rall, S. C., Jr., and Mahley, R. W. (1981) Human
E apoprotein heterogeneity. Cysteine-arginine interchanges in the
amino acid sequence of the apo-E isoforms. J. Biol. Chem. 256,
9077–9083.

20. Weisgraber, K. H. (1990) Apolipoprotein E distribution among
human plasma lipoproteins: Role of the cysteine-arginine interchange
at residue 112. J. Lipid Res. 31, 1503–1511.

21. Plump, A. S., Smith, J. D., Hayek, T., Aalto-Setala, K., Walsh, A.,
Verstuyft, J. G., Rubin, E. M., and Breslow, J. L. (1992) Severe
hypercholesterolemia and atherosclerosis in apolipoprotein E-defi-
cient mice created by homologous recombination in ES cells. Cell 71,
343–353.

22. Schaefer, E. J., Gregg, R. E., Ghiselli, G., Forte, T. M., Ordovas,
J. M., Zech, L. A., and Brewer, H. B., Jr. (1986) Familial apolipo-
protein E deficiency. J. Clin. Invest. 78, 1206–1219.

23. Kypreos, K. E., and Zannis, V. I. (2006) LDL receptor deficiency or
apoE mutations prevent remnant clearance and induce hypertrigly-
ceridemia in mice. J. Lipid Res. 47, 521–529.

24. Thorngate, F. E., Rudel, L. L., Walzem, R. L., and Williams, D. L.
(2000) Low levels of extrahepatic nonmacrophage ApoE inhibit
atherosclerosis without correcting hypercholesterolemia in ApoE-
deficient mice. Arterioscler. Thromb. Vasc. Biol. 20, 1939–1945.

25. Tsukamoto, K., Tangirala, R., Chun, S. H., Pure, E., andRader, D. J.
(1999) Rapid regression of atherosclerosis induced by liver-directed
gene transfer of ApoE in ApoE-deficient mice. Arterioscler. Thromb.
Vasc. Biol. 19, 2162–2170.

26. Raffai, R. L., Loeb, S. M., and Weisgraber, K. H. (2005) Apolipo-
protein E promotes the regression of atherosclerosis independently of
lowering plasma cholesterol levels. Arterioscler. Thromb. Vasc. Biol.
25, 436–441.

27. Remaley, A. T., Stonik, J. A., Demosky, S. J., Neufeld, E. B.,
Bocharov, A. V., Vishnyakova, T. G., Eggerman, T. L., Patterson,
A. P., Duverger, N. J., Santamarina-Fojo, S., and Brewer, H. B., Jr.
(2001) Apolipoprotein specificity for lipid efflux by the human
ABCAI transporter. Biochem. Biophys. Res. Commun. 280, 818–823.

28. Tsukamoto, K., Tangirala, R. K., Chun, S., Usher, D., Pure, E., and
Rader, D. J. (2000) Hepatic expression of apolipoprotein E inhibits
progression of atherosclerosis without reducing cholesterol levels in
LDL receptor-deficient mice. Mol. Ther. 1, 189–194.

29. Bennet, A. M., Di Angelantonio, E., Ye, Z., Wensley, F., Dahlin, A.,
Ahlbom, A., Keavney, B., Collins, R., Wiman, B., de Faire, U., and



538 Biochemistry, Vol. 49, No. 3, 2010 Gaidukov et al.

Danesh, J. (2007) Association of apolipoprotein E genotypes with
lipid levels and coronary risk. JAMA, J. Am. Med. Assoc. 298, 1300–
1311.

30. Ryan, R. O., Forte, T.M., andOda,M.N. (2003) Optimized bacterial
expression of human apolipoproteinA-I.Protein ExpressionPurif. 27,
98–103.

31. Li, X., Kypreos, K., Zanni, E. E., and Zannis, V. (2003) Domains of
apoE required for binding to apoE receptor 2 and to phospholipids:
Implications for the functions of apoE in the brain. Biochemistry 42,
10406–10417.

32. Morrow, J. A., Arnold, K. S., and Weisgraber, K. H. (1999) Func-
tional characterization of apolipoprotein E isoforms overexpressed in
Escherichia coli. Protein Expression Purif. 16, 224–230.

33. Gaidukov, L., Rosenblat, M., Aviram, M., and Tawfik, D. S. (2006)
The 192R/Q polymorphs of serum paraoxonase PON1 differ in HDL
binding, lipolactonase stimulation, and cholesterol efflux. J. Lipid
Res. 47, 2492–2502.

34. Aviram, M. (1983) Plasma lipoprotein separation by discontinuous
density gradient ultracentrifugation in hyperlipoproteinemic patients.
Biochem. Med. 30, 111–118.

35. Buege, J. A., and Aust, S. D. (1978) Microsomal lipid peroxidation.
Methods Enzymol. 52, 302–310.

36. Aharoni, A., Gaidukov, L., Yagur, S., Toker, L., Silman, I., and
Tawfik, D. S. (2004) Directed evolution of mammalian paraoxonases
PON1 and PON3 for bacterial expression and catalytic specialization.
Proc. Natl. Acad. Sci. U.S.A. 101, 482–487.

37. Krimbou, L., Denis, M., Haidar, B., Carrier, M., Marcil, M., and
Genest, J., Jr. (2004) Molecular interactions between apoE and
ABCA1: Impact on apoE lipidation. J. Lipid Res. 45, 839–848.

38. Durrington, P. N., Mackness, B., and Mackness, M. I. (2001) Para-
oxonase and atherosclerosis. Arterioscler. Thromb. Vasc. Biol. 21,
473–480.

39. Costa, L. G., Cole, T. B., Jarvik, G. P., and Furlong, C. E. (2003)
Functional genomic of the paraoxonase (PON1) polymorphisms:
Effects on pesticide sensitivity, cardiovascular disease, and drug
metabolism. Annu. Rev. Med. 54, 371–392.

40. Shih, D. M., Gu, L., Xia, Y. R., Navab, M., Li, W. F., Hama, S.,
Castellani, L.W., Furlong, C. E., Costa, L. G., Fogelman, A.M., and
Lusis, A. J. (1998) Mice lacking serum paraoxonase are susceptible to
organophosphate toxicity and atherosclerosis. Nature 394, 284–287.

41. Lusis, A. J. (2000) Atherosclerosis. Nature 407, 233–241.
42. Aviram, M., Hardak, E., Vaya, J., Mahmood, S., Milo, S., Hoffman,

A., Billicke, S., Draganov, D., and Rosenblat, M. (2000) Human
serum paraoxonases (PON1) Q and R selectively decrease lipid
peroxides in human coronary and carotid atherosclerotic lesions:
PON1 esterase and peroxidase-like activities. Circulation 101, 2510–
2517.

43. Navab, M., Ananthramaiah, G. M., Reddy, S. T., Van Lenten, B. J.,
Ansell, B. J., Fonarow, G. C., Vahabzadeh, K., Hama, S., Hough, G.,
Kamranpour, N., Berliner, J. A., Lusis, A. J., and Fogelman, A. M.
(2004) The oxidation hypothesis of atherogenesis: The role of oxidized
phospholipids and HDL. J. Lipid Res. 45, 993–1007.

44. Lagrost, L., Dengremont, C., Athias, A., de Geitere, C., Fruchart,
J. C., Lallemant, C., Gambert, P., and Castro, G. (1995) Modulation
of cholesterol efflux from Fu5AH hepatoma cells by the apolipopro-
tein content of high density lipoprotein particles. Particles containing
various proportions of apolipoproteins A-I and A-II. J. Biol. Chem.
270, 13004–13009.

45. Mahley, R.W., andRall, S. C., Jr. (2000) Apolipoprotein E: Farmore
than a lipid transport protein. Annu. Rev. Genomics Hum. Genet. 1,
507–537.

46. Hatters, D. M., Peters-Libeu, C. A., and Weisgraber, K. H. (2006)
Apolipoprotein E structure: Insights into function. Trends Biochem.
Sci. 31, 445–454.

47. Mahley, R.W., and Ji, Z. S. (1999) Remnant lipoprotein metabolism:
Key pathways involving cell-surface heparan sulfate proteoglycans
and apolipoprotein E. J. Lipid Res. 40, 1–16.

48. Nguyen, D., Dhanasekaran, P., Phillips, M. C., and Lund-Katz, S.
(2009) Molecular mechanism of apolipoprotein E binding to lipopro-
tein particles. Biochemistry 48, 3025–3032.

49. Harel, M., Aharoni, A., Gaidukov, L., Brumshtein, B., Khersonsky,
O., Meged, R., Dvir, H., Ravelli, R. B., McCarthy, A., Toker, L.,
Silman, I., Sussman, J. L., and Tawfik, D. S. (2004) Structure and
evolution of the serum paraoxonase family of detoxifying and anti-
atherosclerotic enzymes. Nat. Struct. Mol. Biol. 11, 412–419.

50. Deakin, S., Leviev, I., Gomaraschi, M., Calabresi, L., Franceschini,
G., and James, R. W. (2002) Enzymatically active paraoxonase-1 is
located at the external membrane of producing cells and released by a
high affinity, saturable, desorption mechanism. J. Biol. Chem. 277,
4301–4308.

51. Li, W. H., Tanimura, M., Luo, C. C., Datta, S., and Chan, L. (1988)
The apolipoprotein multigene family: Biosynthesis, structure, struc-
ture-function relationships, and evolution. J. Lipid Res. 29, 245–271.

52. Saito, H., Lund-Katz, S., and Phillips, M. C. (2004) Contributions of
domain structure and lipid interaction to the functionality of ex-
changeable human apolipoproteins. Prog. Lipid Res. 43, 350–380.

53. Segrest, J. P., Jones,M.K., Klon, A. E., Sheldahl, C. J., Hellinger,M.,
De Loof,H., andHarvey, S. C. (1999)Adetailedmolecular beltmodel
for apolipoprotein A-I in discoidal high density lipoprotein. J. Biol.
Chem. 274, 31755–31758.

54. Narayanaswami, V., Maiorano, J. N., Dhanasekaran, P., Ryan,
R. O., Phillips,M. C., Lund-Katz, S., andDavidson,W. S. (2004)Helix
orientation of the functional domains in apolipoprotein E in discoidal
high density lipoprotein particles. J. Biol. Chem. 279, 14273–14279.

55. Wu, Z., Wagner, M. A., Zheng, L., Parks, J. S., Shy, J. M., III, Smith,
J. D., Gogonea, V., and Hazen, S. L. (2007) The refined structure of
nascent HDL reveals a key functional domain for particle maturation
and dysfunction. Nat. Struct. Mol. Biol. 14, 861–868.

56. Tubb, M. R., Silva, R. A., Fang, J., Tso, P., and Davidson, W. S.
(2008) A three-dimensional homology model of lipid-free apolipo-
protein A-IV using cross-linking and mass spectrometry. J. Biol.
Chem. 283, 17314–17323.

57. Wong,W.M., Gerry, A. B., Putt, W., Roberts, J. L., Weinberg, R. B.,
Humphries, S. E., Leake, D. S., and Talmud, P. J. (2007) Common
variants of apolipoprotein A-IV differ in their ability to inhibit low
density lipoprotein oxidation. Atherosclerosis 192, 266–274.

58. Plump, A. S., Azrolan, N., Odaka, H., Wu, L., Jiang, X., Tall, A.,
Eisenberg, S., and Breslow, J. L. (1997) ApoA-I knockout mice:
Characterization of HDLmetabolism in homozygotes and identifica-
tion of a post-RNA mechanism of apoA-I up-regulation in hetero-
zygotes. J. Lipid Res. 38, 1033–1047.

59. Deakin, S., Moren, X., and James, R. W. (2005) Very low density
lipoproteins provide a vector for secretion of paraoxonase-1 from
cells. Atherosclerosis 179, 17–25.

60. Boucher, J., Ramsamy, T. A., Braschi, S., Sahoo, D., Neville, T. A.,
and Sparks, D. L. (2004) ApolipoproteinA-II regulatesHDL stability
and affects hepatic lipase association and activity. J. Lipid Res. 45,
849–858.

61. Navab,M., Anantharamaiah, G.M., Reddy, S. T., Van Lenten, B. J.,
Datta, G., Garber, D., and Fogelman, A. M. (2006) Potential clinical
utility of high-density lipoprotein-mimetic peptides. Curr. Opin.
Lipidol. 17, 440–444.


