The Journal of Biological Chemistry

e

THE JOURNAL OF BIOLOGICAL CHEMISTRY VOL. 281, NO. 11, pp. 7657-7665, March 17, 2006
© 2006 by The American Society for Biochemistry and Molecular Biology, Inc. ~ Printed in the U.S.A.

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”

Received for publication, November 28, 2005, and in revised form, January 10,2006 Published, JBC Papers in Press, January 10, 2006, DOI 10.1074/jbc.M512595200

Mira Rosenblat”, Leonid Gaidukov®, Olga Khersonsky®, Jacob Vaya®, Roni Oren*, Dan S. Tawfik®, and Michael Aviram*'
From the *Lipid Research Laboratory, Technion Faculty of Medicine, and the Rambam Medical Center, Rappaport Family Institute
for Research in the Medical Sciences, Haifa 31096, Israel, the *Department of Biological Chemistry, Weizmann Institute of Science,
Rehovot 76100, Israel, and the “Laboratory of Natural Medicinal Compounds, Migal-Galilee Technological Center,

Kiryat-Shmona 11016, Israel

High density lipoprotein (HDL)-associated paraoxonase-1
(PON1) anti-atherogenic properties in macrophages, i.e. inhibition
of cell-mediated oxidation of low density lipoprotein (LDL) and
stimulation of cholesterol efflux, were studied using recombinant
variants of PON1 and apoA-I expressed in Escherichia coli and
reconstituted HDL (rHDL) particles composed of phosphatidylcho-
line/free cholesterol (PC/FC) and apoA-I. PON1 lactonase activity
is stimulated by apoA-I by ~7-fold relative to PC/FC particles.
Wild-type (WT) PON1 bound to rHDL inhibited macrophage-me-
diated LDL oxidation and stimulated cholesterol efflux from the
cells to 2.3- and 3.2-fold greater extents, respectively, compared
with WT PON1 bound to PC/FC particles without apoA-I. We also
tested PON1 catalytic histidine dyad mutants (H115Q and H134Q)
that are properly folded and that bind HDL in a similar mode com-
pared with WT PON1, but that exhibit almost no lactonase activity.
These could not inhibit macrophage-mediated LDL oxidation or
stimulate rHDL-mediated cholesterol efflux from the cells. Further-
more, whereas HDL-bound WT PONI1 induced the formation of
lysophosphatidylcholine (LPC) in macrophages, the His dyad
mutants did not, suggesting that the above anti-atherogenic prop-
erties of HDL-associated PON1 involve LPC release. Indeed,
enrichment of macrophages with increasing concentrations of LPC
resulted in inhibition of the cells’ capability to oxidize LDL and in
stimulation of HDL-mediated cholesterol efflux from the macro-
phages in an LPC dose-dependent manner. Thus, we provide the
first direct indication that the anti-atherogenic properties of PON1
are related to its lipolactonase activity and propose a model in which
PONI1 acts as a lipolactonase to break down oxidized lipids and to
generate LPC.

Serum paraoxonase-1 (PON1)?is associated mostly with high density
lipoprotein (HDL) and with low levels of chylomicrons and very low
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density protein, but not with low density protein (LDL) (1-4). ApoA-I,
the major protein in HDL, stabilizes PONT1 (1, 2, 5); binds it with very
high (nm) affinity; and selectively stimulates its lactonase activity by up
to 20-fold relative to the delipidated form, whereas the paraoxonase and
arylesterase activities are much less affected (only 2—5-fold) (5). Indeed,
despite its name, PON1 and other mammalian PONs have been recently
shown to be lactonases, with lipophilic lactones composing their pri-
mary substrates (5-7).

There is ample evidence linking PON1 with the prevention of ather-
osclerosis. PONT1 activity in serum is inversely related to the risk of
cardiovascular diseases (8, 9). Under pathological conditions such as
diabetes, PONT1 is dissociated from HDL to the lipoprotein-free serum
fraction, where PONT1 is less biologically active (10). The protective role
of PON1 against atherosclerosis development was also demonstrated in
studies using mice lacking PON1 (11-13) or mice overexpressing PON1
(14-16). PON1 was shown to protect against oxidative stress (12, 13,
15-22), a phenomenon that can be attributed to its ability to modulate
oxidized lipids in LDL and HDL (17, 19), in macrophages (13, 16, 20, 21),
and also in atherosclerotic lesions (22). Macrophage cholesterol accu-
mulation and foam cell formation are the hallmark of early atherogen-
esis (21, 23), and PON1 was shown to inhibit macrophage cholesterol
accumulation by several mechanisms, including the attenuation of cel-
lular uptake of oxidized LDL via the scavenger receptor CD36 (20). In
addition, PON1 was shown to cause inhibition of macrophage choles-
terol biosynthesis (24) and to stimulate macrophage cholesterol efflux
(25).

Despite the ample in vitro and ex vivo evidence for the anti-athero-
genic functions of PONI, the biochemical activity that mediates these
functions constitutes a mystery. Observations of PON1 phospholipase
A, activity (26) were later ascribed to other serum enzymes (27) and also
the peroxy reductase activities (28, 29). Moreover, despite obvious sim-
ilarities between PON1 and secreted phospholipase A, in both the cat-
alytic mechanism and interfacial activation (5, 30), PON1 is incapable of
efficiently hydrolyzing esters other than aryl esters and aliphatic esters
of secondary alcohols (6). The existence of an active site unrelated to the
8% plays a role) has also
been suggested (18). However, the recently solved crystal structure of
PONI indicates that this residue is completely buried in the hydropho-
bic core of the enzyme (30). Mutations of Cys*** therefore may have a
global effect on the stability and solubility of PON1 (30) and thereby
indirectly affect its anti-atherogenic functions. The realization that
PONI is an interfacial activated lactonase that exhibits high activity and
selectivity toward lipophilic lactones (5-7) and our current knowledge

paraoxonase/arylesterase activity (in which Cys
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of the structure and catalytic mechanism of PON1 (6, 30) lead to a better
understanding of the in vivo biochemical functions of PON1 and how
these functions may mediate its anti-atherogenic activities. The main
features of the PONT active site are a catalytic calcium ion and a histi-
dine dyad composed of His''® and His'** (30) that mediates the lacto-
nase activity of PON1 (as well as other mammalian PONS, e.g. PON3)
(31, 55). The promiscuous arylesterase activity is mediated by the same
dyad, but the paraoxonase activity is not (55).

In this study, we examined, for the first time, the biological functions
of PONT1 in a reconstituted in vitro system based entirely on purified
lipid components and recombinant PON1 (32) and apoA-I expressed in
Escherichia coli (5), thus ruling out the participation of any contaminat-
ing serum components. We have previously shown that recombinant
PONI, which exhibits catalytic properties that are essentially identical
to those of serum-purified human PON1 (32), also binds to HDL and is
stimulated by apoA-I (5). This stimulation increases PON1 stability by
well over 300-fold and its lipolactonase activity by <20-fold relative to
the delipidated form or by ~10-fold relative to the detergent-associated
form. We now show that, under these conditions, recombinant PON1
also inhibits copper ion-induced LDL oxidation and stimulates macro-
phage cholesterol efflux, two major anti-atherosclerotic activities. We
also show that the H115Q and H134Q mutants of PON1, which exhibit
diminished lactonase activity, also exhibit greatly reduced or even no
anti-atherogenic activities. These results therefore provide the first
direct evidence for the hypothesis that the anti-atherogenic functions of
PONI are mediated by its lipolactonase activity.

EXPERIMENTAL PROCEDURES
Recombinant PON1 Variants

A recombinant PON1 variant named G3C9 (WT PONI1) generated
by directed evolution for expression in E. coli was used in this study.
PON1 G3C9 is almost identical in sequence to rabbit PON1 (32) and
exhibits kinetic parameters and HDL binding properties that are essen-
tially identical to those of serum-purified rabbit and human PONT1 (5,
32). The preparation and characterization of recombinant PON1 G3C9
and its active-site histidine mutants have been described (5, 31, 55). The
histidines at positions 115 and 134 were substituted with glutamine
(H115Q and H134Q, respectively). The double histidine mutant used
was H115Q/H134Q. Purified PON1 mutants were stored in 50 mm Tris
(pH 8.0), 50 mm NaCl, 1 mm CaCl,, and 0.1% Tergitol supplemented
with 0.02% sodium azide and 10% glycerol. The PONI variants were
briefly dialyzed before use against activity buffer (50 mm Tris (pH 8.0)
and 1 mm CaCl,) to remove azide and glycerol, which interfere with the
oxidation assays and HDL binding.

Preparation of Reconstituted HDL (rHDL) and Phosphatidylcholine/
Free Cholesterol (PC/FC) Particles

Rabbit apoA-I containing an N-terminal His, tag was expressed in
E. coli and purified to homogeneity as described (5). Discoidal rHDL
containing apoA-I and PC/FC particles with no apolipoprotein compo-
nent were prepared by the cholate dialysis method as described previ-
ously (5) using an egg PC/FC/recombinant apoA-I starting molar ratio
of 100:5:1. The concentration of rHDL was determined on the basis of
apoA-I concentration, assuming an apoA-I/rHDL ratio of 2:1 (33, 34).
The homogeneity of the preparations was assessed by nondenaturing
gradient gel electrophoresis, which indicated the formation of ~10-nm
particles. rHDL particles were used without further purification.

Binding of PON1 Mutants to rHDL

Dialyzed PON1 samples were delipidated using Bio-Beads SM-2
(Bio-Rad) as described (5) to minimize the amount of detergent present
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in the protein samples. Delipidated proteins were diluted in activity
buffer (to 0.2 uM for enzyme assays and to 8 um for LDL oxidation and
cholesterol efflux studies) and incubated with rHDL (10 uMm) for 3 h at
37 °C.

PONT1 Enzyme Assays

The catalytic activities of recombinant PON1 and its histidine
mutants were determined in detergent-containing buffer or in the pres-
ence of rtHDL particles as described (5, 6). Briefly, wild-type (WT) PON1
and its mutants were diluted in activity buffer to 0.01-1 uMm or incubated
with a large excess (50-fold) of rHDL, and enzyme activities were
detected spectrophotometrically with various substrates at 0.4—1 mm:
paraoxon (1 mm), phenyl acetate (1 mm), 5-(thiobutyl)-butyrolactone
(0.4 mm), and y-nonanoic lactone (0.4 mm). Hydrolysis of paraoxon and
phenyl acetate was detected in activity buffer at 405 and 270 nm, respec-
tively. Hydrolysis of 5-(thiobutyl)butyrolactone was assayed in activity
buffer using 5,5'-dithiobis(2-nitrobenzoic acid) for product detection at
412 nm (35). Hydrolysis of y-nonanoic lactone was assayed in 2.5 mm
Bicine (pH 8.3), 0.2 M NaCl, and 1 mm CaCl, in the presence of 0.2 mm
of cresol purple indicator. Proton release by the carboxylic acid product
was detected at 577 nm (6).

Cells

J774A.1 murine macrophage cells were purchased from American
Type Culture Collection (Manassas, VA). The cells were grown in Dul-
becco’s modified Eagle’s medium containing 5% fetal calf serum.

Human LDL and HDL Preparation

LDL and HDL were prepared from the serum of fasted normolipi-
demic human volunteers by discontinuous density gradient ultracen-
trifugation (36). The HDLs were then dialyzed against 150 mm NaCland
1 mm CaCl, (pH 7.4), and their protein content was determined with the
Folin phenol reagent (37).

LDL Oxidation Studies

Cell-free System—LDL (100 ug/ml protein) in phosphate-buffered
saline was preincubated with no addition (control LDL) or with the
above PONT1 preparations for 15 min at room temperature. Then, 5 uM
CuSO, was added to all test tubes for further incubation for 1.5 h at
37 °C. The extent of LDL oxidation was measured by the thiobarbituric
acid-reactive substance (TBARS) assay (38) and by the lipid peroxide
assay (39).

Macrophage-mediated Oxidation of LDL—Before oxidation, LDL (1
mg/ml protein) was dialyzed against phosphate-buffered saline. LDL
(100 wg/ml protein) in RPMI 1640 medium (without phenol red) was
incubated without cells or with J774A.1 cells (2 X 10°) in the presence of
2.5 um CuSO, for 5 h at 37 °C or 100 ng/ml phorbol 12-myristate 13-ac-
etate (PMA) for 24 h. WT PON1 and its histidine mutants (either in free
form or bound to rHDL or PC/FC) were added to the incubation
medium of LDL with the cells. The extent of cell-mediated oxidation
was then determined by the TBARS assay (38).

Cholesterol Efflux from Macrophages

The cells (1 X 10°/ml) were washed and incubated with [*H]choles-
terol for 1 h at 37 °C. After washing, the cells were further incubated
with no addition, with human HDL (100 pg/ml protein), or with human
HDL that was preincubated with WT PONI1 or its mutants (20 ug/ml).
In the experiments with recombinant PON1 bound to rHDL or PC/FC,
the cells were incubated with rHDL or PC/FC (1.3 ug/ml cholesterol).
Aftera 3-h incubation at 37 °C, 500 ul of the medium was collected. The

VOLUME 281+NUMBER 11+MARCH 17, 2006

9002 ‘6 1SNBNY U0 82U3I0S JO SINNISU| UUBWZISAA Te 610 0q[- MMM Wol) papeojumod


http://www.jbc.org

The Journal of Biological Chemis

e

PONT1 Hydrolytic Activity and Anti-atherogenic Functions

cells were washed three times with phosphate-buffered saline, and 0.1 N
NaOH was added. Cellular and medium *H labels were quantitated, and
the percentage of cholesterol efflux was calculated as the ratio of (*H
label in the medium X 100) to (*H label in the medium + *H label in the
cells) (25). HDL- or PC/FC-mediated cholesterol efflux is the value
obtained in the presence of HDL or PC/FC minus the value obtained in
cells incubated without HDL or PC/FC. The extent of cholesterol efflux
with no addition of HDL or PC/FC was ~5%.

Macrophage Lysophosphatidylcholine (LPC) Content

J774A.1 macrophages (6 X 10°) were incubated for 3 h at 37 °C with
control rHDL (1.3 ug/ml cholesterol) or with rHDL preincubated with
WT PONI or its mutants. The cells were then washed and lipid-ex-
tracted with hexane/isopropyl alcohol (3:2, v/v). The hexane phase was
collected and dried under nitrogen. The identification and quantitative
determination of LPC were performed by liquid chromatography-mass
spectrometry (Micromass Quattro Ultima mass spectrometer) using a
direct injection method at positive mode electrospray ionization. The
identification of LPC was based on the characteristic mass spectra of
standard LPC constructed from a 2:1 mixture of palmitate/stearate
esters (25).

Statistics

Statistical analysis was performed using Student’s paired ¢ test when
comparing the mean of two groups. Analysis of variance was used when
more than two groups were compared, and the results are given as the
means * S.D.

RESULTS
Catalytic Activities of PON1 and Its His''® and His"** Mutants

PONI1 exhibits a wide range of hydrolytic activities that can be
broadly defined under three categories: lactonase (which is the primary
native function of mammalian PONSs, including PON1), arylesterase,
and phosphotriesterase. We have found that the first two activities are
mediated by a His dyad composed of His'** and His'®*, in which His''®
acts as a general base to deprotonate a water molecule and to prompt the
attack of the lactone or aryl ester carbonyl, and His'** acts as a proton
shuttle to increase the basicity of His''” (55). Consequently, even the
most conserved mutation of His''® (H115Q) reduced PONT1 lactonase
and arylesterase activities by 45-500-fold in terms of k_,/K,, and by
30-110-fold at substrate concentrations =K, (Table 1). The H134Q
mutation had a milder effect (6 —20-fold decrease), consistent with its
auxiliary role. The double mutant H115Q/H134Q exhibited almost no
lactonase or arylesterase activity (100-fold lower compared with WT
PONI). In contrast, the phosphotriesterase activity of all three mutants
was barely affected (2-fold decrease for H115Q and ~2-fold increase for
H134Q and the double mutant) (Table 1).

We have previously demonstrated that binding of PON1 to HDL in
the presence of apoA-I dramatically stabilizes PON1 and stimulates its
lactonase activity by <20-fold relative to the delipidated form in buffer
(5). In the presence of saturating concentrations of HDL and apoA-I, the
His mutants described above showed essentially identical stability com-
pared with WT PONT1, indicating that their ability to bind HDL has not
been compromised (data not shown). However, as expected, removal of
the His dyad residues that mediate the catalysis of lactone hydrolysis
reduced the stimulation of the lactonase activity (2—3-fold stimulation
for the mutants relative to 8.5-fold for WT PON1 under the same con-
ditions) (Table 1). Thus, when bound to HDL in the presence of apoA-1,
the His mutants showed a further decrease in their lactonase activity
relative to WT PON1 (~100-fold for H115Q and 1000-fold for the
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TABLE 1

Catalytic activities of PON1 and its His dyad mutants in the lipid-poor form, in micellar detergent solution, or in apoA-I-containing HDL particles
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120 | A.TBARS

FIGURE 1. Effect of WT PON1 and its His'"> and
His'3* mutants on LDL oxidation. A and B, LDL
(100 wg/ml protein) was incubated for 15 min with 90 4
Tris buffer (without glycerol) alone (control LDL) or
with increasing concentrations (5, 10, and 20
ng/ml) of WT PONT or its histidine mutants. A sim-
ilar volume of PON buffer was present in all test
tubes. Then, 5 um CuSO, was added to initiate oxi-
dation, followed by a 5-h incubation at 37 °C. The
extent of LDL oxidation was determined by the
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H115Q (H115GIn), or H134Q (H134GIn). The above
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double mutant (Table 1). However, as observed in detergent buffer
(Table 1), their paraoxonase activity was hardly affected (~3-fold
decrease for the double mutant) (Table 1). Thus, we have provided clear
indications that these mutants are properly folded and capable of bind-
ing HDL and, apart from the mutated His''*-His"** dyad, have an intact
active site.

LDL Oxidation Studies

Effect of WT PONI and Its His'"® and His"** Mutants on LDL
Owxidation—We first analyzed the possible role of PON1 His''® and
His'**, which mediate the lactonase activity of PON1, in the protection
of LDL against copper ion-induced oxidation using HDL-free PONT1 in
a cell-free system. The addition of increasing concentrations (0-20
png/ml) of WT PONI1 to LDL significantly inhibited LDL oxidation
induced by 5 um CuSO,, in a PON1 dose-dependent manner (Fig. 1, A
and B); LDL oxidation measured by the TBARS assay was reduced by up
to 46% (Fig. 1A), and lipid peroxide analysis revealed up to a 60%
decrease in LDL oxidation (Fig. 1B). The PON1 mutants H134Q and
H115Q also inhibited LDL oxidation in a dose-dependent manner,
although to a much lesser extent than observed with WT PON1. The
TBARS level in LDL was reduced by the H134Q mutant by up to 18%
(Fig. 1A), and the lipid peroxide content was decreased by up to 21%
(Fig. 1B). H115Q at a concentration of up to 10 ug/ml had no inhibitory
effect at all on LDL oxidation (Fig. 1, A and B), and at 20 ug/ml, it
reduced the TBARS level by only 10% (Fig. 14) and the lipid peroxide
content by only 14% (Fig. 1B). These results suggest that both PON1
His'"® and His'** are required for the PON1-induced decrease in LDL
oxidation, with His''® being more important for this PON1 biological
activity.

As in vivo LDL is oxidized by arterial wall cells, including macro-
phages (21), we next determined the effect of the PON1 His''® and
His'** in a more physiological system ie. LDL oxidation by macro-
phages. Because metal ions are present in the arterial wall (40) and
because arterial “activated macrophages” oxidize LDL at enhanced rates
(41), we performed the macrophage-mediated LDL oxidation studies in
the presence of copper ions (Fig. 1C) or the macrophage activator PMA
(Fig. 1D).
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Cultured J774A.1 macrophages were incubated with LDL (100 pg/ml
protein) in the presence of 2.5 um CuSO, for 5 h at 37 °C with no
addition (control LDL) or with WT PON1 or its His'*® and His'**
mutants (20 pug/ml). This incubation time was chosen based on prelim-
inary experiments performed to obtain significant LDL oxidation by the
cells above the levels obtained following LDL incubation under similar
conditions in a cell-free system (data not shown). Although WT PON1
significantly inhibited cell-mediated LDL oxidation (as measured by the
TBARS levels) by 62%, H115Q and H134Q inhibited LDL oxidation by
only 19 and 35%, respectively (Fig. 1C). Similar results were observed
after macrophage incubation with LDL in the presence of the PON1
samples and 100 ng/ml PMA for 24 h (Fig. 1D). WT PONI significantly
reduced macrophage-mediated LDL oxidation by 65%, whereas H115Q
and H134Q reduced cell-mediated LDL oxidation by only 22 and 37%,
respectively (Fig. 1D). These results further indicate the importance of
both PON1 His''® and His'** in PON1 protection against macrophage-
mediated LDL oxidation, with His''® being more important in this
respect.

Effect of rHDL-bound WT PON1 and Its His""® and His"** Mutants on
PONI1 Protection of LDL from Oxidation—As PONI is associated
mostly with HDL (1, 2), we next studied the ability of recombinant
PONI to protect LDL from oxidation when bound to HDL. For this
purpose, we used rHDL composed of PC/FC and recombinant apoA-L
WT PONI1 and its double mutant H115Q/H134Q were first bound to
rHDL. LDL (50 ug/ml protein) was oxidized by J774A.1 macrophages
for 5 h at 37 °C in the presence of 2.5 um CuSO, (control). The addition
of rHDL (50 pg/ml protein), which contains no PON]1, to the incubation
medium, which contained LDL, resulted in a significant 39% inhibition
of the amount of TBARS formed, whereas rHDL with WT PON1
decreased LDL oxidation by 76% compared with the control and by 60%
(p <0.01) compared with rHDL alone (no PON1) (Fig. 2A4). In contrast,
the rHDL-bound H115Q mutant inhibited LDL oxidation by the cells by
only 12% compared with rHDL alone, and the rHDL-bound H115Q/
H134Q double mutant had no significant additional inhibitory effect
above that of rHDL alone (with no PON1) (Fig. 2A). These results dem-
onstrate that the association of PON1 with HDL substantially contrib-
utes to PON1 inhibition of macrophage-mediated oxidation of LDL and
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FIGURE 2. Contribution of PON1 His''> and His'** and of apoA-l when present in
rHDL to ability of PON1 to protect LDL from oxidation. rHDL at 16 ug/ml cholesterol
(A) or PC/FC at a similar cholesterol concentration (B) was preincubated for 3 h at 37 °C
with 100 wg/ml WT PON1, H115Q (H115GlIn), or H115Q/H134Q (H115GIn-H134GIn) or
with a similar volume of Tris buffer (rtHDL or PC/FC). LDL (100 ng/ml protein) was incu-
bated with J774A.1 macrophages for 5 h at 37 °C with no addition (Control) or with rHDL
samples at 3.3 pg/ml cholesterol (A) or PC/FC samples (B) in the presence of 2.5 um
CuSO,. The extent of cell-mediated oxidation of LDL was measured by the TBARS assay.
The results are expressed as the means =+ S.D. of three different experiments. *, p < 0.01
versus the control.

that both PON1 His''® and His'** are required to maintain this inhibi-
tory effect.

Contribution of ApoA-I to Ability of rHDL-associated PON1 to Protect
LDL from Oxidation—To determine the contribution of apoA-I in
rHDL to the inhibitory effect of PON1 on macrophage-mediated LDL
oxidation, we compared the effect of PC/FC particles (no apoA-I pres-
ent) with that of rHDL containing PC/FC and also recombinant apoA-I
(Fig. 2). In contrast to rHDL (Fig. 24), PC/FC particles did not inhibit
LDL oxidation by the cells (Fig. 2B). The addition of WT PON1 to rHDL
reduced cell-mediated LDL oxidation by 60% versus rHDL with no
PONI, whereas the addition of WT PONI to PC/FC particles resulted
in a 26% decrease in LDL-associated TBARS levels compared with the
effect of PC/FC particles with no PON1 (Fig. 2, A versus B). The addition
of the PON1 double histidine mutant to rHDL (Fig. 24) or to PC/FC
particles (Fig. 2B) had no inhibitory effect on macrophage-mediated
LDL oxidation compared with the effect of WT PON1 bound to rHDL
or PC/FC particles. Similar results were observed in a cell-free LDL
oxidation system (data not shown). These results suggest that apoA-Iin
HDL significantly contributes to PON1 protection against macrophage-
mediated oxidation of LDL.
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FIGURE 3. Effect of PON1 His''® and His'** mutants on human HDL-mediated
macrophage cholesterol efflux. A, human HDL (100 ug/ml protein) was preincubated
with increasing concentrations (0-20 g/ml) of WT PON1 for 3 h at 37 °C. B, human HDL
(100 wg/ml protein) was incubated with Tris buffer (Control) or with 20 pg/ml WT PON1,
H115Q (H115GIn), or H134Q (H134GIn). HDL-mediated macrophage cholesterol efflux
was determined after 3 h of incubation with cells that were prelabeled with [*H]choles-
terol as described under “Experimental Procedures.” The results are expressed as the
means * S.D. of three different experiments. & p < 0.01 versus 0 concentration; *, p <
0.01 versus the control.

Macrophage Cholesterol Efflux Studies

Effect of PON1 and Its His"'"* and His"** Mutants on Human HDL-
mediated Macrophage Cholesterol Efflux—In addition to its protection
against oxidized LDL accumulation, another important anti-athero-
genic property of PON1 is its ability to stimulate cholesterol efflux from
macrophages (25). Enrichment of human HDL (100 ug/ml protein)
with increasing concentrations (0—20 ug/ml) of WT PONTI resulted in
a significant stimulation of HDL-mediated cholesterol efflux from
J774A.1 macrophages of up to 41% in a PON1 dose-dependent manner
(Fig. 3A). We next compared the extent of macrophage cholesterol
efflux stimulation by human HDL enriched with H115Q and H134Q
versus WT PONI1 (Fig. 3B). Although enrichment of human HDL with
WT PONT at 20 ug/ml significantly increased human HDL (100 ug/ml
protein)-mediated cholesterol efflux from J774A.1 macrophages by
41%, H134Q increased it by only 23%, and H115Q showed only a 6%
stimulatory effect (Fig. 3B). These results suggest that both these histi-
dine residues are required also for PON1 stimulation of macrophage
cholesterol efflux, with His''® being again more important in this bio-
logical effect.

Effect of rHDL-bound WT PON1 and Its His"'® and His"** Mutants on
Ability of PONI to Stimulate Macrophage Cholesterol Efflux—W'T
PONI1 associated with rHDL substantially stimulated cholesterol efflux
from J774A.1 macrophages by 45% compared with cholesterol efflux
induced by rHDL alone, with no PON1 (Fig. 44). In contrast, H115Q
and H115Q/H134Q had no stimulatory effect at all compared with
rHDL alone, with no PONT1 (Fig. 44). The addition of the PON1 inhib-
itor 2-hydroxyquinoline (200 um) (6, 25) to rHDL containing W'T
PONI1 completely abolished the rHDL-bound PON1 stimulatory effect
on macrophage cholesterol efflux (Fig. 44). These results clearly indi-
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FIGURE 4. Contribution of PON1 His''> and His'** and of apoA-l when present in
rHDL to ability of PON1 to stimulate macrophage cholesterol efflux. rHDL at 16
ng/ml cholesterol (A) or PC/FC at a similar cholesterol concentration (B) was preincu-
bated for 3 h at 37 °C with 100 wg/ml WT PON1, H115Q (H175GlIn), or H115Q/H134Q
(H115GIn-H134GlIn); with a similar volume of Tris buffer (rtHDL or PC/FC); or with WT PON1
and 200 um 2-hydroxyquinoline (PONT1 inhibitor). Then, rHDL at 1.3 wg/ml cholesterol (A)
or PC/FC (B) was added to J774A.1 macrophages that were prelabeled with [*H]choles-
terol. The extent of rHDL-mediated (A) or PC/FC-mediated (B) macrophage cholesterol
efflux was measured as described under “Experimental Procedures.” The results are
expressed as the means = S.D. of three different experiments. *, p < 0.01 versus rHDL;
#,p < 0.01 versus PC/FC.

cate that His''® is required for the rHDL-bound PON1 stimulatory
effect on macrophage cholesterol efflux.

Contribution of ApoA-I to Ability of rHDL-associated PONI to Stim-
ulate Macrophage Cholesterol Efflux—We next compared the effect of
WT PONT1 bound to PC/FC particles (with no apoA-I) with that of WT
PONI1 bound to rHDL (containing recombinant apoA-I) on macro-
phage cholesterol efflux. The extent of macrophage cholesterol efflux
stimulation by PC/FC particles was significantly (p < 0.01) lower by 37%
compared with the effect of rHDL (Fig. 4, B versus A). Although WT
PONT1 in rHDL significantly stimulated macrophage cholesterol efflux
by 45% versus rtHDL with no PON1 (Fig. 44), WT PONI1 in PC/FC
particles increased the extent of cholesterol efflux from the cells by only
10% compared with PC/FC particles with no PON1 (Fig. 4B). In con-
trast, rHDL- or PC/FC-associated H115Q and H115Q/H134Q had no
stimulatory effect on macrophage cholesterol efflux (p < 0.01) com-
pared with rHDL- or PC/FC-associated WT PON1 (Fig. 4). The addi-
tion of the PONT1 inhibitor to rtHDL or PC/FC particles containing W'T
PONI1 completely abolished (p < 0.01) the stimulatory effect of rHDL-
or PC/FC-associated WT PON1 on macrophage cholesterol efflux (Fig.
4). These data further demonstrate that PON1 His''® is essential for
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FIGURE 5. Effect of rHDL-associated apoA-l and of PON1 His"'® and His"3* on ability
of PONT1 to induce LPC formation in macrophages. rHDL (16 ug/ml cholesterol) was
preincubated for 3 h at 37 °C with 100 ug/ml WT PON1 or H115Q/H134Q (H115GIn-
H134GlIn), with a similar volume of Tris buffer (rHDL), or with WT PON1 and 200 um
2-hydroxyquinoline (PONT1 inhibitor). PC/FC particles at a similar cholesterol concentra-
tion were also incubated with 100 ug/ml WT PON1. J774A.1 macrophages were incu-
bated with medium alone (control) or with the above samples (1.3 pg/ml cholesterol) for
2 h at 37 °C. At the end of the incubation period, cellular LPC levels were determined by
liquid chromatography-mass spectrometry as described under “Experimental Proce-
dures.” The results are expressed as the means * S.D. of three different experiments.
*,p < 0.01 versus rHDL.

PONI1-induced stimulation of cholesterol efflux from macrophages and
that apoA-I contributes to this stimulatory effect of rHDL-associated
PONI.

Possible Mechanism for PON1 Anti-atherogenicity in Macrophages

Effect of rHDL-bound WT PON1 and Its His"'® and His"** Mutants on
Ability of PON1 to Induce LPC Formation in Macrophages—We have
previously shown that free PON1 and HDL-associated PON1 induce
the formation of LPC in macrophages (21, 25). Thus, we next ques-
tioned the possible role of PON1 His''® and His"** (in its active site) in
PON1-induced macrophage LPC formation. Incubation of J774A.1
macrophages with rHDL-associated WT PONI increased cellular LPC
content by 184% compared with the levels observed in control cells that
were incubated with medium alone (Fig. 5). In contrast, H115Q/H134Q
in rHDL did not significantly affect cellular LPC levels compared with
rHDL alone (Fig. 5). Similarly, the addition of the PONT1 inhibitor to
rHDL-associated WT PON1 completely abolished (p < 0.01) the stim-
ulatory effect of rHDL-associated PON1 (Fig. 5). These results suggest
that the PONT1 active-site residues His''® and His'** are required for
PON1-induced macrophage LPC formation.

The addition of WT PONT1 in association with PC/FC particles (no
apoA-I) to the cells did not induce LPC formation compared with the
effect of WT PONI in association with rHDL (Fig. 5). These results
indicate that apoA-I stimulates not only PON1 lactonase activity and
anti-atherogenic functions, but also the ability of the enzyme to induce
the formation of LPC in macrophages.

Direct Effect of Macrophage LPC on Cell-mediated LDL Oxidation
and rHDL-mediated Cholesterol Efflux—We finally analyzed the direct
effect of macrophage LPC accumulation on cell-mediated oxidation of
LDL. Incubation of J774A.1 macrophages for 2 h at 37 °C with increas-
ing concentrations (0-20 uMm) of LPC, followed by a cell wash and an
additional incubation with LDL (100 ug/ml protein) in the presence of
2.5 uM CuSO, for 5 h, resulted in a decreased capability of these cells to
oxidize LDL of up to 27% in a cellular LPC dose-dependent manner (Fig.
6A).
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FIGURE 6. Direct effect of LPC accumulation in macrophages on cell-mediated oxi-
dation of LDL and cholesterol efflux from the cells. A, J774A.1 macrophages were
incubated for 2 h at 37 °C with increasing concentrations (0-20 um) of LPC. After a cell
wash, the cells were further incubated with LDL (100 ug/ml protein) for 5 h at 37 °Cin the
presence of 2.5 um CuSO,. The extent of LDL oxidation was determined by the TBARS
assay. B, J774A.1 macrophages were incubated for 2 h at 37 °C with increasing concen-
trations (0-20 um) of LPC. The cells were then washed and labeled with [*H]cholesterol
for 1 h.rHDL (1.3 ug/ml cholesterol) was added to the cells for 3 h at 37 °C. The extent of
rHDL-mediated cholesterol efflux was determined as described under “Experimental
Procedures.” The results are expressed as the means =+ S.D. of three different experi-
ments. *, p < 0.01 versus 0 concentration.

We have previously shown that macrophage LPC accumulation stim-
ulates human HDL-mediated cholesterol efflux from the cells (25). To
find out whether cellular LPC stimulates also rHDL-mediated macro-
phage cholesterol efflux, we incubated J774A.1 macrophages with
increasing concentrations (0—20 um) of LPC for 2 h at 37 °C and then
determined the extent of rHDL-mediated macrophage cholesterol
efflux (Fig. 6B). Incubation of the cells with LPC resulted in an LPC
dose-dependent stimulatory effect on rHDL-mediated macrophage
cholesterol efflux of up to 35% (Fig. 6B). These results thus suggest that
cellular LPC formed by PONI1 could have contributed to the PON1
anti-atherogenic effects.

DISCUSSION

This study has demonstrated, for the first time, that the hydrolytic
active site of PON1 mediates at least two of its major anti-atherogenic
functions, ie. protection of LDL from oxidation and stimulation of
HDL-mediated macrophage cholesterol efflux. We also show that
apoA-I in HDL stimulates PONT1 lactonase activity and the above anti-
atherogenic functions. It therefore appears that the anti-atherogenic
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effects of PON1 on macrophages could have resulted from its lactonase
action on macrophage phospholipids, producing LPC in these cells.
Previous studies of PON1 were performed with enzymes and/or HDL
particles purified from human sera and yielded conflicting results (26,
27). In contrast, in this study, we used recombinant PON1 and apoA-I
that were expressed in and purified from E. coli, and the HDL particles
were reconstituted from pure lipids (5). Recombinant WT PON1
appears to preserve both the enzymatic properties of native PON1 (6,
32) as well as its HDL binding properties (5), thus making it a useful tool
for mechanistic and structural studies of PON1 (5, 6, 31, 32). By ruling
out contamination of serum components that are co-purified with
PONI or the HDL particles, this study assigns anti-atherogenic func-
tions to PON]1, including the protection of LDL from oxidation (in a
cell-free system as well as by macrophages) and the stimulation of
macrophage cholesterol efflux, in an unambiguous manner.

Our results also indicate that these two key anti-atherogenic proper-
ties of PON1, when present either in its free form and, more so, when
present in the more physiological system, i.e. bound to apoA-I-contain-
ing HDL, are mediated by the PON1 hydrolytic active site and appear to
stem from its lipolactonase activity. The key evidence for this is that
impairment of the lactonase activity through mutations of His''® and
His'** (Table 1), which compose the catalytic dyad that mediates the
lactonase activity in PON1 and other mammalian PONs (30, 31, 55), has
a parallel effect on PONI protection of LDL from oxidation (Figs. 1 and
2) and on PONT1 stimulation of macrophage cholesterol efflux (Figs. 3
and 4).

There are several indications that the PON1 His''® and His'** muta-
tions are indeed local and restricted to the catalytic dyad. (i) The effect of
a range of mutations of these residues has been studied, and mutations
to Gln were found to be the least impairing (55). (ii) The undiminished
paraoxonase activity of these mutants (Table 1), which takes place at the
same active site (6), indicates that, apart from the His dyad, the hydro-
lytic active site is essentially intact. (iii) These mutants have the ability to
bind to and to be stabilized by apoA-Iin HDL. It is also notable that the
effect of these mutations on the lactonase activity indicates that His"**
serves to assist His''® (Table 1) (55). The PONI1 effect on the biological
functions (Figs. 1-4) is in accordance; namely, the H134Q mutant is
partially active, whereas the H115Q mutant shows almost no activity,
and once His''® is knocked out, mutation of His*3* has little additional
effect (i.e. the H115Q/H134Q double mutant is as inactive as the H115Q
mutant). We ascribe the loss of anti-atherosclerotic functions in the His
mutants (and in the presence of the active-site inhibitor 2-hydroxyquin-
oline) (Fig. 4) to the loss of lactonase activity. Although the H115Q and
H134Q mutants are also defective in their arylesterase activity (Table 1),
it is highly unlikely that the arylesterase activity mediates the anti-ath-
erosclerotic functions. PONT1 is incapable of efficiently hydrolyzing ali-
phatic esters and, in particular, aliphatic esters derived from secondary
alcohols that resemble phospholipase A, substrates (6) or phospho-
lipase A, substrates themselves (27). Yet if PON1 has no phospholipase
A, activity, how can the increased levels of LPC and other hydrolytic
products of lipids (42) consistently observed upon cell incubation with
PONI (21, 25) be explained? We suggest a model in which PON1 lac-
tonase activity could be responsible for the hydrolysis of oxidized lipids
in macrophages, leading to the formation of LPC in cells. Our results
clearly indicate that, when bound to rHDL (with apoA-I), recombinant
PONI induces significant LPC formation in macrophages and that cel-
lular LPC further stimulates HDL-mediated macrophage cholesterol
efflux (Fig. 6). Furthermore, knocking out the His dyad and the use of
the PONT active-site inhibitor 2-hydroxyquinoline (6, 25) clearly dem-
onstrate that LPC formation and stimulation of macrophage cholesterol
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FIGURE 7. Hypothesized mechanism for hydrolysis of oxidized lipids in macro-
phages by PON1 to yield LPC. Oxidized lipids with hydroxyl groups at the 5’-position or
related derivatives could be lactonized by PON1 to yield LPC and the respective d-valero-
lactone products. The latter can be hydrolyzed by PON1 to yield the corresponding
5-hydroxycarboxylic acid or remain intact, depending on the pH and water content of
the environment (44).

efflux are indeed linked (Figs. 4 and 5). The compound 2-hydroxyquin-
oline belongs to a group of lactams that are isosteric forms of lactones in
which the ring oxygen is replaced with nitrogen (43). 2-Hydroxyquino-
line is not hydrolyzed by PON1, but rather inhibits the enzyme (43). It
was shown to be a competitive inhibitor of PON1 substrates such as
phosphotriesters, esters, and lactones, suggesting that these substrates
are hydrolyzed by the same enzyme active site (6). 2-Hydroquinoline
addition to the LDL oxidation system (without PON1) did not inhibit
copper ion-induced oxidation (data not shown).

Inhibition of LDL oxidation by recombinant WT PONT1 in the cell-
free system (Fig. 1) is the result of an increase in the lag phase and also a
decrease in the slope and plateau phase (17, 18). PONI1 hydrolyzes
“seeded” lipid peroxides in LDL and those formed during the oxidation
period (17,19, 21, 42), and while doing so, the enzyme is inactivated (44;).
Inhibition of macrophage-mediated oxidation of LDL by PON1 could
have resulted not only from the hydrolytic activity of PON1 on LDL
oxidized lipids, but also from PON1 action on the cells. We have previ-
ously demonstrated that PON1 can hydrolyze oxidized lipids in macro-
phages (13, 16, 20, 21), resulting in a decrease in the cells” ability to
oxidize LDL (13, 16, 21). Furthermore, PON1-induced LPC formation
can lead to a significant reduction in cell-mediated oxidation of LDL.
We therefore propose a mechanism for PON1-induced LPC formation
based on the proven lactonizing (lactone formation) (43) and lactonase
(lactone hydrolysis) activities of PON1 (6, 7, 45), by which PON1 can
hydrolyze certain oxidized lipids in macrophages to yield LPC (Fig. 7).
The mechanism by which PON1 lactonase activity inhibits copper ion-
induced LDL oxidation in both the cell-free system and the macrophage
system involves the hydrolysis of oxidized fatty acid lactones (7) as well
as the hydrolysis of oxidized phospholipids in LDL and/or in cells, as
shown previously (42) and as suggested in this study (Fig. 7).

Inhibition of copper ion-induced LDL oxidation by WT PONI is not
the result of PON1 copper ion chelating properties because a similar
inhibitory effect of WT PON1 was observed upon LDL oxidation by
PMA-activated macrophages (with no copper ions present) (Fig. 1D).
There is also the possibility that the free hydroxy fatty acids formed by
the lactonase activity can form an insoluble soap with the copper ions.
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Our studies comparing the anti-atherogenic effects of WT PON1
bound to rHDL (composed of PC/FC and apoA-I) and bound to PC/FC
particles (without apoA-I) clearly indicate that the interaction of PON1
with apoA-I contributes to the anti-atherogenic effects. ApoA-I is the
major structural protein in HDL, and it has a role in determining the
structure and composition of HDL (46, 47). The structure of PON1
implies that HDL anchoring can modify its active site, and its enzymol-
ogy clearly indicates that it is an interfacial activated enzyme (5). ApoA-I
stabilizes PONI (1, 2, 5), stimulates its hydrolytic activities and its lac-
tonase activity in particular (5), and provides an optimal environment
for the interaction of PON1 with its natural substrates. Several lines of
evidence demonstrate the preferential association of PON1 with apoA-
I-containing HDL particles in vivo and in vitro (5, 48). PON1 co-purifies
with apoA-I (49), and immunoassays of sera have shown that PONL1 is
found mainly in association with apoA-I-containing HDL particles (50).
Finally, both native and reconstituted HDL particles carrying apoA-I
promote the release of PON1 from cells, stabilize it, and increase its
lactonase activity (1, 5, 51). In this study, we have demonstrated that, in
the presence of apoA-I in HDL, PON1 protects LDL from oxidation by
macrophages and stimulates macrophage cholesterol efflux to a signif-
icantly higher degree than in the presence of PC/FC particles (with no
apoA-I), and these results are in accordance with LPC formation (Fig. 5).
It should also be noted that complete binding of PON1 to HDL requires
a =50-fold molar excess of HDL (5), as applied, for example, in the
kinetic assays (Table 1). However, because of technical limitations, the
anti-atherogenic functions were assayed at approximately equal molar
ratios of PON1 to HDL (8 um PON1 and 10 um HDL). The observed
effects are therefore the result of a mixture of free and HDL-bound
PONI. The actual or maximal effect of HDL on PON1 anti-atherogenic
activity may therefore be much higher than that observed in the above
atherogenic assays. It should also be noted that rHDL (but not PC/FC
particles), with no PON1, also inhibited macrophage-mediated oxida-
tion of LDL, indicating that apoA-I by itself is an inhibitor of LDL oxi-
dation. Indeed, it has been shown that injection of apoA-I into mice,
infusion of apoA-I into humans, or administration of D4F (apoA-I-
mimetic) to mice and monkeys renders their LDL resistant to oxidation
(52, 53). Moreover, treatment of human artery wall cells with apoA-I
reduces the cells” ability to oxidize LDL (54).

In conclusion, we have provided the first unambiguous evidence for
the role of the PON1 hydrolytic active site in mediating two major
anti-atherogenic functions, i.e. inhibition of LDL oxidation and stimu-
lation of cholesterol efflux from macrophages. Although the possibility
of an alternative active site of PON1 cannot be completely ruled out, it
seems unlikely in view of the kinetic analysis of the His''® and His"**
mutants, which clearly indicates that it is PON1 lipolactonase activ-
ity that mediates these anti-atherogenic functions. However, the pre-
cise identity of PON1 substrates, their mode of processing by PONI,
and the resulting effects on macrophage atherogenicity remain to be
determined.
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