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Abstract The paraoxonase (PON) gene family in humans
has three members, 

 

PON1

 

, 

 

PON2

 

, and 

 

PON3

 

. Their physio-
logical role(s) and natural substrates are uncertain. We de-
veloped a baculovirus-mediated expression system, suitable
for all three human PONs, and optimized procedures for
their purification. The recombinant PONs are glycosylated
with high-mannose-type sugars, which are important for
protein stability but are not essential for their enzymatic ac-
tivities. Enzymatic characterization of the purified PONs
has revealed them to be lactonases/lactonizing enzymes,
with some overlapping substrates (e.g., aromatic lactones),
but also to have distinctive substrate specificities. All three
PONs metabolized very efficiently 5-hydroxy-eicosatetraenoic
acid 1,5-lactone and 4-hydroxy-docosahexaenoic acid, which
are products of both enzymatic and nonenzymatic oxidation
of arachidonic acid and docosahexaenoic acid, respectively,
and may represent the PONs’ endogenous substrates. Orga-
nophosphates are hydrolyzed almost exclusively by PON1,
whereas bulky drug substrates such as lovastatin and spirono-
lactone are hydrolyzed only by PON3. Of special interest is
the ability of the human PONs, especially PON2, to hy-
drolyze and thereby inactivate 

 

N

 

-acyl-homoserine lactones,
which are quorum-sensing signals of pathogenic bacteria.
None of the recombinant PONs protected low density lipo-
protein against copper-induced oxidation in vitro.
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The paraoxonase (PON) gene family in humans has
three members, 

 

PON1

 

, 

 

PON2

 

, and 

 

PON3

 

, aligned next to
each other on the long arm of chromosome 7q21.3-22.1
(1). They show high similarity in their structural charac-

 

teristics and have 

 

�

 

65% identity at the amino acid level
(1). The three genes are well conserved in mammals,
sharing 79–95% identity at the amino acid level and 81–
95% identity at the nucleotide level between different spe-
cies (1–3). Phylogenetic analysis reveals PON2 to be the
oldest member of the family (3). All PON2 and PON3
cDNAs sequenced to date lack the three nucleotides of
codon 106, which are present in PON1 (1, 3). The latter is
by far the best studied member of the family. PON1 hydro-
lyzes the toxic oxon metabolites of a number of organo-
phosphorous insecticides such as parathion, diazinon,
and chlorpyrifos (4, 5) and even nerve agents such as
sarin and soman (5, 6). PON1 also hydrolyzes aromatic es-
ters, preferably those of acetic acid (4). Phenyl acetate is
one of the most commonly used substrates for following
PON1’s enzymatic activity in serum. More recently, PON1
has been shown to catalyze the hydrolysis of a variety of ar-
omatic and aliphatic lactones (7, 8) as well as the reverse
reaction, lactonization, of 

 

�

 

- and 

 

�

 

-hydroxycarboxylic ac-
ids (9). PON3s purified from rabbit serum, rat liver mi-
crosomes, and stably transfected HEK 293 cells all have
low arylesterase and almost no PON activities, but they
share some lactone substrates with PON1 (e.g., dihydro-
coumarin) (10–12). Dihydrocoumarin is the only sub-
strate reported to date for PON2 (12).

Human PON1 is synthesized in the liver and secreted
into the blood, where it is associated exclusively with
HDLs (13, 14). The secreted protein retains its hydropho-
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bic leader sequence, which is a structural requirement for
PON1’s association with HDL (14, 15). Similar to PON1,
PON3 is expressed mostly in the liver and at low levels in
the kidney (16). Rabbit and human PON3 are found in se-
rum associated with HDL (10, 16) but are 

 

�

 

2 orders of
magnitude less abundant than PON1 (10). PON3 mRNA
and protein have been identified in murine but not in hu-
man macrophages (12). PON2 is not detectable in serum,
although it is expressed in many tissues, including brain,
liver, kidney, and testis (17), and may have multiple mRNA
forms (18).

The physiological roles of the PONs are not known.
PON1’s association with HDL in serum led to the sugges-
tion by 

 

M

 

ackness (13) that the enzyme might have a role
in lipid metabolism and protect against the development
of atherosclerosis. HDL’s ability to prevent oxidative mod-
ifications of LDL has been attributed to PON1 (19–22), and
serum PON1 levels are inversely proportional to the risk
of coronary heart disease (23, 24). The antiatherogenic
role of PON1 is further supported by studies in transgenic
mice lacking or overexpressing the enzyme (25, 26). PON1-
knockout mice are more susceptible to developing athero-
sclerosis than are wild-type mice, and their HDL, in con-
trast to wild-type HDL, fails to prevent LDL oxidation in
cultured artery wall cells (25). Like PON1, both human
PON2 and PON3 have been shown to prevent cell-medi-
ated oxidative modification of LDL (16, 17). However, the
exact endogenous substrates and mechanism of the PONs’
protective activities remain to be elucidated.

Recently, human PON1 was expressed in insect cells and
the purified recombinant protein was shown to exhibit
similar kinetic properties to PON1 purified from serum
(27). Here, we describe a similar expression system for all
three human PONs in insect cells and optimized proce-
dures for their purification. We characterized the enzymatic
activities of the recombinant PONs with a wide range of or-
ganophosphate, aromatic ester, lactone, and hydroxycar-
boxylic acid substrates and tested their ability to protect
LDL against copper-induced oxidation.

MATERIALS AND METHODS

 

Materials

 

Enzymes for molecular biological procedures were purchased
from Promega and New England Biolabs. pcDNA3.1(

 

�

 

) and
pFastBac1(

 

�

 

) vectors, DH10Bac™ 

 

Escherichia coli

 

 cells, penicil-
lin-streptomycin (10,000 U/ml penicillin, 10 mg/ml streptomy-
cin), Geneticin

 

®

 

 (G-418 sulfate), Cellfectin

 

®

 

 reagent, Pluronic

 

®

 

 F-68,
Sf-900 II, and Grace’s insect media were obtained from Invitro-
gen. Insect Xpress™ medium and fetal bovine serum were pur-
chased from BioWhittaker, Inc. (Walkersville, MD). DEAE-Micro-
prep and low molecular weight prestained Precision Plus protein
standards were obtained from Bio-Rad. Concanavalin A-Sepha-
rose was purchased from Amersham. Chlorpyrifos oxon and
diazoxon were purchased from Chem Service, Inc. (

 

�

 

)4-hydroxy-
5

 

E

 

,7

 

Z

 

,10

 

Z

 

,13

 

Z

 

,16

 

Z

 

,19

 

Z

 

-docosahexaenoic acid (4-HDoHE), (

 

�

 

)5-
hydroxy-6

 

E

 

,8

 

Z

 

,11

 

Z

 

,14

 

Z

 

-eicosatetraenoic acid 1,5-lactone (5-HETEL),
and 2-thio platelet-activating factor (thio-PAF) were obtained
from Cayman Chemical (Ann Arbor, MI). Lovastatin was pro-

vided by Merck. All other chemicals were of analytical grade or
better and purchased from Sigma-Aldrich or Fisher.

 

Expression and purification of recombinant human PONs

 

The generation of recombinant baculoviruses and the purifi-
cation procedure for the individual PONs are described in detail
in the supplementary data online. Briefly, the recombinant PONs
were expressed in 

 

Trichoplusia ni

 

 High Five™ insect cells (Invitro-
gen) and extracted from the crude membrane fraction with a de-
tergent [

 

n

 

-dodecyl-

 

�

 

-

 

d

 

-maltoside (DDM)]. PON1 and PON2 were
purified to homogeneity using Microprep-DEAE and Concanava-
lin A-Sepharose chromatography, but for PON3 purification an
additional third step (Superdex 200) was necessary. Representa-
tive purifications of the recombinant human PONs are shown in
supplementary Figs. I–III and are summarized in 

 

Table 1

 

.

 

Native and denaturing PAGE, zymograms, and
Western blotting

 

Nondenaturing and SDS-PAGE were performed according to
Laemmli (28). The nondenaturing gels contained 0.05% DDM
and no SDS. The proteins were visualized by Coomassie Blue or
silver staining. For activity staining (zymogram), gels were im-
mersed in substrate solution, prepared by dissolving 80 mg of

 

�

 

-naphthyl acetate and 40 mg of Fast Blue RR salt in 20 ml of eth-
ylene glycol monomethyl ether and then diluted to 50 ml with 25
mM Tris-HCl, pH 8.0, and 5 mM CaCl

 

2

 

. Red bands representing
catalytically active protein developed within seconds. The gels
were fixed (20% isopropyl alcohol and 10% acetic acid), scanned,
and stained with Coomassie Blue. For Western blotting, gels run
under denaturing or nondenaturing conditions were transferred
to polyvinylidene difluoride membranes. The primary antibodies
used were as follows: for PON1, mouse monoclonal antibody
3C6.33 (3.3 mg/ml, affinity purified from ascites; University of
Michigan Hybridoma Core); for PON2, affinity-purified poly-
clonal rabbit antibody raised against human PON2-specific pep-
tide (HLKEEKPRARELRISRGFDLA); and for PON3, rabbit anti-
human PON3 serum (provided by Dr. S. T. Reddy, University of
California Los Angeles). Secondary antibodies coupled with alka-
line phosphatase (Sigma) were used at 1:5,000 dilutions.

The molecular masses of the native PONs were determined by
a Ferguson plot (29, 30) using BSA (monomer, 66 kDa; dimer,
132 kDa), alcohol dehydrogenase (150 kDa), and ferritin (443
kDa) as standards.

 

Enzymatic deglycosylation of the recombinant PONs

 

Purified recombinant PONs were enzymatically deglycosylated
with endoglycosidase H (EndoH) or peptide:

 

N

 

-glycosidase F ac-
cording to the manufacturer’s protocols (New England Biolabs,
Inc.). EndoH deglycosylation of the recombinant PONs under non-
denaturing conditions was carried out overnight at room temper-
ature in 50 mM sodium citrate buffer, pH 5.5, supplemented
with 50 mM CaCl

 

2

 

.

 

Enzymatic assays

 

Ultraviolet/visible spectrophotometric assays were performed
on a Cary 3 instrument (Varian) equipped with a temperature
block adjusted to 25

 

�

 

C. The initial rates were calculated from the
curve slopes using the Cary WinUV Bio software package. Sub-
strate stock solutions (100 mM) were prepared in methanol ex-
cept phenyl acetate and paraoxon (water suspensions of 20 and
4 mM, respectively) and unless specified otherwise were used at
1 mM final concentration (1% methanol final concentration in
the reaction mixture). Arylesterase activity with the substrates
phenyl acetate, 

 

p

 

-NO

 

2

 

-phenyl acetate, 

 

p

 

-NO

 

2

 

-phenyl propionate,
and 

 

p

 

-NO

 

2

 

-phenyl butyrate was measured in 50 mM Tris-HCl, pH
8.0, and 1 mM CaCl

 

2

 

 (31, 32). Organophosphatase activity with
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the substrates paraoxon, chlorpyrifos oxon (0.32 mM final con-
centration), and diazoxon was measured in 100 mM Tris-HCl
buffer, pH 8.5, 2 mM CaCl

 

2

 

, and 2 M NaCl (5, 33). Lactonase ac-
tivity with the substrates dihydrocoumarin, 2-coumaronone, and
homogentisic acid lactone was assayed in 50 mM Tris-HCl buffer,
pH 7.4, and 1 mM CaCl

 

2

 

 (10).
Lactonase activity with aliphatic lactones was determined by a

continuous pH-sensitive colorimetric assay modified from Bil-
lecke et al. (7) using a SPECTRAmax

 

®

 

 PLUS microplate reader
(Molecular Devices, Sunnyvale, CA). The reactions (200 

 

�

 

l final
volume) containing 2 mM HEPES, pH 8.0, 1 mM CaCl

 

2

 

, 0.004%
(w/v) Phenol Red, and 2–10 

 

�

 

l of purified enzyme were initiated
with 2 

 

�

 

l of 100 mM substrate solution in methanol and were car-
ried out at 37

 

�

 

C for 3–10 min. The rates were calculated from the
slopes of the absorbance decrease at 558 nm with correction at
475 nm (isosbestic point) using a rate factor (mOD/

 

�

 

mol H

 

�

 

)
estimated from a standard curve generated with known amounts
of HCl. The spontaneous hydrolysis of the lactones and acidifica-
tion by atmospheric CO

 

2

 

 were corrected for by carrying out par-
allel reactions with the same volume of storage buffer instead of
enzyme.

The lactonization of 4-HDoHE (10 

 

�

 

M) and coumaric acid
(100 

 

�

 

M) as well as the lactone hydrolysis of 5-HETEL (10 

 

�

 

M),
lovastatin, spironolactone, and canrenone (25 

 

�

 

M) at the final
substrate concentrations indicated in parentheses were analyzed
by HPLC using a Supelco Discovery C-18 column (250 

 

	

 

 4.6 mm,
5 

 

�

 

m particles) and a Beckman System Gold 126 equipped with a
Beckman 128 diode array detector as described (7, 9, 10).

The hydrolysis of acylhomoserine lactones (AHLs) was ana-
lyzed by HPLC on a Waters 2695 system equipped with Waters
2996 photodiode array detector set at 197 nm using a Supelco
Discovery C-18 column (250 

 

	

 

 4.6 mm, 5 

 

�

 

m particles). Enzy-
matic reactions were carried out at room temperature in 50 

 

�

 

l
volume of 25 mM Tris-HCl, pH 7.4, 1 mM CaCl

 

2

 

, 25 

 

�

 

M AHL
(from 2 mM stock solution in methanol, except for 3-oxo-hex-
anoyl homoserine lactone, which was 25 mM stock and 250 

 

�

 

M
final), and 2–5 

 

�

 

l of purified enzyme. Reactions were stopped

with 50 

 

�

 

l of acetonitrile (ACN) and centrifuged to remove the
protein. Supernatants (40 

 

�

 

l) were loaded onto the HPLC system
and eluted isocratically with 85% ACN/0.2% acetic acid (tetradeca-
homoserine lactone), 75% ACN/0.2% acetic acid (dodeca-homo-
serine lactone), 50% ACN/0.2% acetic acid (hepta-homoserine
lactone), or 20% ACN/0.2% acetic acid (3-oxo-hexanoyl homo-
serine lactone). The retention times for the open acid forms and
the lactones under these conditions were as follows: 5.8/7.5 min
for tetradeca-homoserine lactone, 4.9/6.9 min for dodeca-homo-
serine lactone, 3.6/4.8 min for hepta-homoserine lactone, and
4.1/5.6 min for 3-oxo-hexanoyl homoserine lactone.

The hydrolysis of thio-PAF was measured on 96-well plates ac-
cording to the manufacturer’s protocol (Cayman PAF-AH assay
kit, catalog number 760901). All enzymatic activities are expressed
in units per milligram of purified protein where 1 U is defined as
1 

 

�

 

mol of substrate metabolized per minute.

 

Transient expression of PONs in HEK 293T cells

 

HEK 293T cells were grown on six-well plates and transfected
at 

 

�

 

70% confluence by the calcium phosphate precipitation
method (34) with empty pcDNA3.1 vector (mock) or pcDNA3.1
vector containing human PON1, PON2, or PON3 cDNA (2 

 

�

 

g
DNA/well). Two days after transfection, cells were collected and
sonicated in 0.5 ml of 25 mM Tris-HCl buffer, pH 7.4, containing
1 mM CaCl

 

2

 

. The membrane fraction was isolated by centrifuga-
tion at 16,000 

 

g

 

 for 15 min and resuspended in the same buffer.

 

LDL oxidation assays

 

LDL oxidation reactions were performed on 96-well plates in
PBS at a final volume of 0.2 ml and contained 100 

 

�

 

g LDL pro-
tein/ml (Intracel, Frederick, MD) as described previously (35).
The reactions were initiated by adding 20 

 

�

 

l of copper sulfate in
distilled water (5 

 

�

 

M final concentration) and run at 37

 

�

 

C. The
absorbance was monitored continuously at 234 nm, and lag times
were calculated from the kinetic profiles. Lipid peroxides and
thiobarbituric acid-reactive substances were determined as de-
scribed (35).

 

TABLE 1. Summary of the purification of recombinant human PONs from HiFive insect cells

 

 PON Volume Protein Activity Specific Activity Yield Fold Purification

 

ml mg units U/mg % n

 

 Human PON1 Phenyl acetate hydrolysis
Cell homogenate 100 234.2 9,000 38.4 1.0
Solubilized membranes 20 54.6 11,600 212.3 100 5.6
100,000 

 

g

 

 supernatant 19 38.0 10,925 287.5 94 7.5
DEAE pool 12 5.9 6,070 1021.0 52 26.6
Concanavalin A pool 7 1.8 2,230 1225.0 19 31.9

Human PON2 4-HDoHE lactonization 
Cell homogenate 80 148.0 1.043 0.007 1.0
Solubilized membranes 20 100.0 1.316 0.013 1.9
100,000 

 

g

 

 supernatant 18 31.7 1.437 0.045 100 6.5
DEAE pool 6 0.9 0.411 0.466 29 65.6
Concanavalin A pool 4 0.4 0.212 0.530 13 75.7

Human PON3 Lovastatin hydrolysis 
Cell homogenate 100 123.0 0.418 0.003 1.0
Solubilized membranes 20 80.2 0.618 0.008 2.3
100,000 

 

g

 

 supernatant 19 36.2 0.724 0.020 100 5.9
DEAE pool 10 4.5 0.219 0.049 30 14.4
Concanavalin A pool 6 1.0 0.065 0.065 9 19.0
Superdex 200 pool 3.5 0.2 0.054 0.270 7.5 79.4

4-HDoHE, (

 

�

 

)4-hydroxy-5

 

E

 

,7

 

Z

 

,10

 

Z

 

,13

 

Z

 

,16

 

Z

 

,19

 

Z

 

-docosahexaenoic acid; PON, paraoxonase. Results are given
for typical purifications. The enzymatic activities were measured as described in Materials and Methods. Yield 

 




 

(activity of the fractions combined for the next step)/(activity of the solubilized membranes or the 100,000 

 

g

 

 su-
pernatant) 

 

	

 

 100 and does not include all of the activity actually recovered. One unit of enzymatic activity is de-
fined as 1 

 

�

 

mol of substrate metabolized per minute.
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RESULTS

 

Characterization of the purified PONs

 

The purified PON1 appeared as a double band of 39
and 42 kDa on SDS-PAGE, whereas PON2 and PON3 ap-
peared as single 39 kDa bands (

 

Fig. 1A

 

). Purified recombi-
nant PONs were electrophoresed on 7.5% nondenaturing
PAGE and stained for enzymatic activity with 

 

�

 

-naphthyl
acetate/RR Fast Blue (Fig. 1B). The enzymatically active
form of the proteins accounted for more than 90–95% of
the total PON mass in these preparations, as judged from
Western blot analysis (data not shown). We examined the
migration of the recombinant human PONs on a set of
gels of various polyacrylamide concentrations and ana-
lyzed the data graphically using Ferguson plots (see sup-
plementary Fig. IV). The estimated molecular masses for
the native PONs were 91.9, 95.6, 127.5, and 94.9 kDa for
serum PON1, recombinant PON1, PON2, and PON3, re-
spectively, with 

 

�

 

10% error in the estimation for the indi-
vidual PONs. Given that the PON monomers have a mo-
lecular mass of 

 

�

 

40 kDa, the expected size of the PON
dimers would be 

 

�

 

80 kDa, and 120 kDa for trimeric com-
plexes. Thus, it was concluded that in the presence of
DDM above its critical micelle mass, the native enzymati-
cally active forms of the purified PON1 and PON3 are
probably dimers, but PON2 forms a trimer.

Next, we examined whether the differences in the
PONs are attributable to different extents and types of gly-
cosylation of the recombinant proteins. All three human
PONs expressed in HiFive cells were deglycosylated by En-
doH, suggesting glycosylation with high-mannose-type
sugars (

 

Fig. 2

 

). In contrast, PON1 and PON3 from human
serum were deglycosylated only by peptide:

 

N

 

-glycosidase
F, indicating a complex type of sugar in the secreted se-

rum PONs. The extent of glycosylation seems to account
for the differences in the migration on SDS-PAGE of the
recombinant PON1 and PON3 and the PONs purified
from human serum.

The difference in glycosylation between the recombi-
nant and serum PON1 and PON3 does not seem to alter
their substrate specificity or to be required for their enzy-
matic activities. In contrast to Brushia et al. (27), we did
not find a significant loss of PON1’s hydrolytic activity
after deglycosylation with EndoH under nondenaturing
conditions (data not shown). Under acidic conditions,
PON1 has lower affinity for Ca

 

2

 

�

 

 (9, 36); therefore, we
supplemented the reaction buffer with 50 mM CaCl

 

2

 

 to
preserve PON1’s activity. Similarly, EndoH deglycosylation
of the recombinant PON2 and PON3 did not abolish their
enzymatic activities. However, the type and extent of gly-
cosylation of the recombinant PONs may be responsible
for their reduced stability, compared with the PONs puri-
fied from serum or transfected HEK 293 cells. Purified re-
combinant PON1 preparations typically lost 

 

�

 

20% of their
arylesterase activity within the first month after purifica-
tion when stored at 4

 

�

 

C, compared with less than 10% loss
for the enzyme purified from serum. There was no further
significant loss of the PON1 activity afterward, suggesting
the existence of two pools in the purified PON1, a labile
one and a stable one. Recombinant PON2 and PON3
seem to be more stable than PON1. There was less than
15% loss in their activities over 6 months of storage at 4

 

�

 

C.

 

Enzymatic activities of the purified recombinant
human PONs

 

The enzymatic activities of the purified recombinant
PONs were studied over a range of organophosphate and
aromatic esters, lactones, and hydroxycarboxylic acids (

 

Ta-

Fig. 1. Denaturing and nondenaturing electrophoresis of the purified recombinant paraoxonases (PONs).
A: Purified PONs were electrophoresed on 12% SDS-PAGE and stained with Coomassie Blue as described in
Materials and Methods. B: Nondenaturing electrophoresis was performed on a 7.5% polyacrylamide gel con-
taining 0.05% n-dodecyl-�-d-maltoside and no SDS. Staining for enzymatic activity with �-naphthyl acetate/
Fast Blue RR salt (left panel) and for protein with Coomassie Blue (right panel) was performed as described
in Materials and Methods. Four micrograms (A) or 10 �g (B) of protein was loaded per lane: purified serum
PON1 (serP1), recombinant PON1 (recP1), PON2 (P2), PON3 (P3), alcohol dehydrogenase (AlcD; the up-
per band is 150 kDa), BSA (monomer, 66 kDa; dimer, 132 kDa), and nondenaturing PAGE protein standards
mix (Std) containing 2.5 �g of carbonic anhydrase (29 kDa), BSA, alcohol dehydrogenase, apoferritin (443
kDa), and thyroglobulin (669 kDa).
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ble 2

 

). Organophosphatase activity was limited to PON1;
PON3 had very low PON activity and did not hydrolyze di-
azoxon and chlorpyrifos oxon. All three PONs hydrolyzed
aromatic esters, but with some noticeable differences. Phe-
nyl acetate is one of the best substrates for PON1 but was
hydrolyzed at a modest rate by PON3 and very slowly by
PON2. Introduction of a nitro group in the 

 

para

 

 position
dramatically decreased PON1 activity while increasing
PON2 and PON3 activities. The rate of 

 

p

 

-NO

 

2

 

-phenol es-
ter hydrolysis decreased from acetate 

 

�

 

 butyrate 

 

�

 

 propi-
onate for PON1 and PON3 but increased in that order for
PON2. Dihydrocoumarin and 2-coumaronone were very
good substrates for PON1 and PON3 and were hydrolyzed
by PON2 also, although less efficiently. Interestingly, the
hydroxyl group in homogentisic acid lactone seemed to
promote PON1’s lactonase activity but abolished it for
PON2 and PON3. We studied PON lactonase activity over
a series of aliphatic five- and six-member ring lactones. In
general, PON1 and PON3 activities increased as the length
of the substituent in the 

 

�

 

 or 

 

�

 

 position increased. The
rate of 

 

�

 

-valerolactone hydrolysis by PON1 was an excep-
tion. The presence of a double bond within the lactone
ring (

 

�

 

-angelica lactone) increased the rate of hydrolysis
by PON1 and PON3. 

 

�

 

-Phenyl-

 

�

 

-butyrolactone was hydro-
lyzed by all three PONs. Six-member ring lactones were
hydrolyzed more efficiently than their five-member ring
analogs. None of the aliphatic lactones was hydrolyzed by
PON2 under these assay conditions (up to 10 min at 37

 

�

 

C).
The limited solubility of the more hydrophobic sub-

strates required analysis at low micromolar concentrations

and HPLC quantitation of the reaction products. At 10

 

�

 

M substrate concentration, 5-HETEL is probably the best
substrate we have identified for each of the PONs, but the
limitations of its solubility precluded further kinetic ex-
periments. Bulky drug substrates such as lovastatin, spirono-
lactone, and canrenone were hydrolyzed only by PON3. All
three human PONs catalyzed the lactonization of 4-HDoHE,
but only PON1 and PON3 were able to lactonize coumaric
acid.

The acyl-homoserine lactones, except 3-oxo-hexanoyl ho-
moserine lactone, were assayed at a concentration of 25

 

�

 

M, which is in the range produced by laboratory bacte-
rial cultures (37). Because of the lower sensitivity of the
HPLC assay for 3-oxo-hexanoyl homoserine lactone, we
used a higher substrate concentration (250 

 

�

 

M) to accu-
rately quantitate its hydrolysis. Interestingly, all of the AHLs
were preferably hydrolyzed by PON2. The hydrolysis was
stereoselective; after allowing the reaction to proceed un-
til completion, only half of the 

 

dl

 

-AHLs were hydrolyzed.
The only 

 

l

 

-form we had available was 

 

l

 

-3-oxo-hexanoyl ho-
moserine lactone, and it was hydrolyzed completely by
PON2. No AHL hydrolysis was observed in the presence of
5 mM EDTA (data not shown).

Highly purified serum PON1 was reported to possess
phospholipase A

 

2

 

 (PLA

 

2

 

) activity (38, 39). We used thio-
PAF as a surrogate substrate to test the recombinant PONs
for PLA

 

2

 

 activity. None of the PONs hydrolyzed thio-PAF
(detection limit, 10 nmol/min). Serum PON1 purified by
the method used to purify the recombinant PONs also did
not have thio-PAF hydrolyzing activity (35) and did not re-
duce or hydrolyze phospholipids oxidized with peroxyni-
trite (40). Marathe, Zimmerman, and McIntyre (41) were
also able to separate a PAF-acetyl hydrolase-like PLA

 

2

 

 ac-
tivity from PON1.

To test whether the substrate specificity of the PONs de-
scribed above for the recombinant proteins is maintained
under cellular conditions, we overexpressed each of the
human PONs in HEK 293T cells by transient transfections
and measured the enzymatic activities of the membrane
fractions with representative substrates (

 

Table 3

 

). The
substrate specificity of the PON-transfected cells was in ac-
cordance with the data obtained with the purified pro-
teins overexpressed in HiFive insect cells. Approximately
60% of the total arylesterase and lactonase activity of PON1-
transfected cells was secreted into the medium, whereas
only 

 

�

 

10% of the total lactonase activity of PON3-trans-
fected cells was secreted. The lactonase activity of PON2-
transfected cells remained cell-associated (data not shown).
Data from the transient transfections indicate that organ-
ophosphates and phenyl acetate can be used as specific
substrates for PON1, acyl-homoserine lactones can be
used as relatively specific substrates for PON2, and lova-
statin and spironolactone can be used for PON3.

 

Recombinant human PONs do not protect LDL against 
copper ion-induced oxidation

 

Monitoring the rate and extent of LDL oxidation in-
duced in vitro by metal ions or free radical generators is a
method commonly used to assess the mechanistics and in-

Fig. 2. Enzymatic deglycosylation of the recombinant human PONs.
Purified recombinant PON1 (A), PON2 (B), and PON3 (C) were de-
glycosylated with endoglycosidase H (EndoH) or peptide:N-glycosi-
dase F (PNGaseF) as described in Materials and Methods. The di-
gests were run on 12% SDS-PAGE, transferred to a polyvinylidene
difluoride membrane, and Western blotted as described in Materi-
als and Methods. For comparison with mammalian processing, pu-
rified PON1 and PON3 from human serum (A, C) or PON2 (B)
from HEK 293 membranes were used.
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hibitory capacity of antioxidants. Numerous studies have
shown that purified serum PON1 can inhibit LDL oxida-
tion after initiation with copper or 2,2

 



 

-azobis-2-amidino-
propane hydrochloride (19–21). Therefore, we tested the
purified recombinant PONs but found that they failed to
protect human LDL against copper-induced oxidation as-

sayed by monitoring of the conjugated diene formation
(

 

Fig. 3

 

). Also, there were no significant differences in the
amount of lipid peroxides and thiobarbituric acid-reactive
substances generated up to 6.5 h after initiation of LDL
oxidation. No antioxidant activity copurified with any of
the PONs (data for recombinant PON1 are shown in sup-
plementary Fig. V). This concurs with our recent study
(35), which demonstrated that purified human serum
PON1 does not have antioxidant activity in this in vitro as-
say. We conclude that copper-induced in vitro LDL oxida-
tion is an inappropriate method to study the antioxidant
properties of highly purified PONs.

DISCUSSION

The three PON genes, 

 

PON1

 

, 

 

PON2

 

, and 

 

PON3

 

, are highly
conserved in mammals, suggesting an important physio-
logical role(s) for them. PON-like proteins can be found

 

TABLE 2. Specific enzymatic activities of the purified recombinant human PONs

 

Substrate PON1 PON2 PON3

 

Organophosphatase activity (U/mg)
Paraoxon 1.94 

 

�

 

 0.11 ND 0.205 

 

�

 

 0.05
Chlorpyrifos oxon (0.32 mM) 40.9 

 

�

 

 0.9 ND ND
Diazoxon 113 

 

�

 

 5 ND ND
Arylesterase activity (U/mg)

Phenyl acetate 1,120 

 

�

 

 50 0.086 

 

�

 

 0.0013 4.1 

 

�

 

 0.3

 

p

 

-NO

 

2

 

-acetate 15.0 

 

�

 

 0.03 0.7 

 

�

 

 0.07 39.0 

 

�

 

 4.1

 

p

 

-NO

 

2

 

-propionate 13.6 

 

�

 

 0.04 0.96 

 

�

 

 0.06 20.7 

 

�

 

 3.2

 

p

 

-NO

 

2

 

-butyrate 1.3 � 0.015 1.4 � 0.03 11.4 � 0.7
Lactonase activity (U/mg)

Dihydrocoumarin 129.9 � 8.30 3.1 � 0.2 126.1 � 12
2-Coumaronone 135.7 � 10.3 10.9 � 0.4 40.7 � 3.8
Homogentisic acid lactone 329.5 � 13.1 ND ND
�-Butyrolactone 32.1 � 2.73 ND 0.81 � 0.1
�-Valerolactone 45.0 � 3.7 ND 6.2 � 0.4
�-Hexalactone 51.7 � 4.2 ND 23.9 � 3.2
�-Heptalactone 57.2 � 2.3 ND 27.7 � 2.7
�-Octalactone 69.2 � 4.3 ND 25.6 � 3.2
�-Nonalactone 144.7 � 11.3 ND 30.9 � 2.7
�-Decanolactone 173.8 � 14.7 ND 45.6 � 3.6
�-Undecanolactone 127.6 � 10.5 ND 71.4 � 3.1
�-Angelica lactone 183.0 � 16 ND 20.7 � 3.2
�-Phenyl-�-butyrolactone (0.5 mM) 63.0 � 3.1 0.68 � 0.08 11.4 � 0.7
�-Valerolactone 671 � 14 ND 14.5 � 0.7
�-Hexalactone 72 � 2.3 ND 11.7 � 1.2
�-Nonalactone 150 � 12.3 ND 11.1 � 0.9
�-Decanolactone 251 � 13 ND 44.3 � 3.2
�-Undecanolactone 287 � 17 ND 84.4 � 2.7
�-Tetradecanolactone (0.5 mM) 154 � 24 ND 22.7 � 2.2
5-HETEL (10 �M) 75.4 � 8.36 1.83 � 0.08 27.5 � 3.6
dl-3-Oxo-hexanoyl-HSL (250 �M) 0.0334 � 0.0031 0.2683 � 0.0384 ND
l-3-Oxo-hexanoyl-HSL (250 �M) 0.5080 � 0.0661
dl-Heptanoyl-HSL (25 �M) 0.0036 � 0.0004 0.0311 � 0.0026 0.0049 � 0.0023
dl-Dodecanoyl-HSL (25 �M) 0.0167 � 0.0005 0.4588 � 0.0371 0.0877 � 0.0014
dl-Tetradecanoyl-HSL (25 �M) 0.0035 � 0.0013 0.4239 � 0.0204 0.0255 � 0.0003
Lovastatin (25 �M) ND ND 0.266 � 0.022
Spironolactone (25 �M) ND ND 0.011 � 0.001
Canrenone (25 �M) ND ND 0.013 � 0.001

Lactonizing activity (U/mg)
Coumaric acid (100 �M) 0.047 � 0.004 ND 0.013 � 0.0007
4-HDoHE (10 �M) 1.51 � 0.16 0.52 � 0.03 13.7 � 2.0

5-HETEL, (�)5-hydroxy-6E,8Z,11Z,14Z-eicosatetraenoic acid 1,5-lactone; HSL, homoserine lactone; ND, not
detectable under these assay conditions. Data are averages from two to four measurements � SD or range. One
unit 
 1 �mol of substrate metabolized per minute. All substrates were at 1 mM final concentration unless indi-
cated otherwise.

TABLE 3. Enzymatic activities of the membrane fraction isolated 
from HEK 293T cells transiently transfected with human PONs

Substrate Mock PON1 PON2 PON3

Phenyl acetate 0.07 � 0.05 3,266 � 666 0.23 � 0.11 48.2 � 10.5
5-HETEL 2.38 � 0.57 249 � 60 20.7 � 0.9 161 � 5.9
dl-Tetradecanoyl-

HSL
ND ND 0.46 � 0.05 ND

Lovastatin ND ND ND 0.27 � 0.06

HSL, homoserine lactone; ND, not detectable under these assay
conditions. Activities are expressed in nanomoles per minute per milli-
gram of protein and are averages � SD from three samples assayed in
duplicate.
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in all animal species (1–3), and even in fungi and bacte-
ria. Lactone hydrolase from Fusarium oxysporum shares ar-
omatic lactone substrates with the human PONs, but it
does not have PON activity (42). Based on the evolution-
ary relationships (3, 42) and the substrate specificity of
the human PONs described here, we proposed that the
PON proteins are primarily lactonases/lactonizing enzymes.
Noteworthy, 5-HETEL and 4-HDoHE, which are products
of both enzymatic and nonenzymatic oxidation of arachi-
donic acid and docosahexaenoic acid, respectively, are
metabolized by all three PONs with very high efficiency.
5-HETEL formation has been described in cell systems
from human intrauterine tissue (43) and B-lymphocytes
stimulated with a calcium ionophore (44). 5-HETEL was
more effective than the open acid, (�)5-hydroxy-6E,8Z,11Z,
14Z-eicosatetraenoic acid, in inhibiting 5-lipoxygenase
(45, 46) and in thromboxanes and prostaglandin E2 syn-
thesis in peritoneal macrophages (47), which was attrib-
uted to the more favorable binding conformation of the
lactone. (�)5-Hydroxy-6E,8Z,11Z,14Z-eicosatetraenoic acid,
but not 5-HETEL, was shown to be a specific PLA2 inhibi-
tor (48). Therefore, the presence of 5-HETEL in vivo may
have an effect on cells that use PLA2, 5-lipoxygenase, and/
or cyclooxygenases, and its hydrolysis by the PONs may
modulate this effect. Of the three human PONs, only PON2
is expressed in the above-mentioned cells and tissues, but
its role in in vivo 5-HETEL metabolism remains to be
demonstrated. There are many oxidized metabolites of
polyunsaturated fatty acids with distinct biological activi-
ties that are structurally similar to 5-HETEL and 4-DHoHA,
including iodolactones (49), resolvins (50), and lipoxins
(51). Based on our findings, it is likely that at least some of
these are PON substrates. One example is 5,6-dihydroxy-

trienoic acid 1,5-lactone (5,6-DHTL), which is a product
of the spontaneous intramolecular rearrangement of 5,6-
epoxyeicosatrienoic acid (5,6-EET), a cytochrome P450-
derived arachidonic acid metabolite (52). 5,6-DHTL pro-
duced extremely potent vasodilation in canine coronary
arterioles via activation of KCa channels with a mean effec-
tive dose of �13.1 log[M] (53). We have studied the con-
version of 5,6-EET to the dihydroxy acid (5,6-dihydroxy-
trienoic acid) in the presence of purified PON enzymes
from human and rabbit plasma (PON1 and PON3), a re-
action otherwise catalyzed by epoxide hydrolases. We have
found that PONs did not influence the rate of 5,6-EET
conversion to the lactone but rapidly hydrolyzed the latter
to 5,6-dihydroxytrienoic acid (P. Stetson, D. Draganov, and
B.N. La Du, unpublished results).

Only a few substrates have been found for human PON2,
and its enzymatic activities, except for the AHLs, are much
lower than those of PON1 and PON3. PON2 is considered
the oldest member in the PON family (2, 3) and thus may
have only the core enzymatic activities for the PON family.
Degradation AHLs could represent an important physio-
logical role for the PONs, and especially for human PON2.
AHLs are now recognized as important quorum-sensing
mediators in bacteria with major roles in the virulence of a
number of pathogens; thus, AHL-degrading enzymes could
be important for host defense (54). Apart from regulating
the expression of virulence factors, homoserine lactones
themselves may function as virulence determinants and
modulate immune responses and other eukaryotic cell func-
tions (55, 56). An enzyme-mediated inactivation of Pseudomo-
nas aeruginosa quorum-sensing signal was described recently
in human airway epithelia and some cultured mammalian
cell lines (57). AHL degradation could proceed through

Fig. 3. Purified recombinant human PONs do not protect LDL against copper ion-induced oxidation.
LDL oxidation reactions were performed on 96-well plates in PBS at a final volume of 0.2 ml and contained
100 �g LDL protein/ml and 10 �g of recombinant protein purified through a concanavalin A column
(PON1, circles; PON2, diamonds; PON3, triangles). The reactions were initiated with 5 �M copper sulfate
and run at 37�C. The figure shows a typical profile of conjugated diene formation monitored at 234 nm; con-
trol (squares) was a flow-through fraction from the concanavalin A chromatography with similar protein con-
centration and no PON activity. Inset: Average and standard deviations of the lag times from three LDL oxi-
dation experiments, each performed in duplicate. mOD, miliOD units.
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opening of the lactone ring or by cleavage of the acyl side
chain from the lactone ring, and it is not clear which of
the two (or both) activities is responsible for the AHL in-
activation described by Chun et al. (57). However, the au-
thors provide evidence for the cell membrane association
of the AHL inactivator. The enzymatic activities of PON2
described here and its membrane localization (17) make
us suggest a role for PON2 in the inactivation of long-
chain homoserine lactones and thus in the disruption of
quorum sensing in pathogenic bacteria. Moreover, PON2
expression is upregulated under oxidative stress, accompa-
nying the infectious process, and during the monocyte
maturation to macrophages (12), which may represent an
important innate immune response.

PON1 has been shown to protect mice against athero-
sclerosis (25, 26), and this protection has been attributed
to its ability to protect LDL against oxidation and/or to at-
tenuate the biological activity of oxidized LDL (19–22).
Recently, we demonstrated that PON1 purified from hu-
man serum does not protect LDL against oxidation in
vitro (35). In that report, we showed also that the antioxi-
dant activity copurifies with, but can be separated from,
serum PON1 and is actually attributable to a low molecu-
lar mass contaminant (�3 kDa) as well as to the detergent
present in the preparations. None of the recombinant
PONs was able to protect LDL against copper-induced ox-
idation in vitro, suggesting either that PONs do not have
antioxidant activity (e.g., scavenging or destroying lipid
peroxides) or they may need a specific phospholipid and/
or protein environment to exert such activity. A directly
evolved form of PON1 was crystallized very recently, and a
model for PON1 association with HDL has been proposed
(58). According to this model, the N-terminal domain of
PON1 forms a unique active site lid that is also involved in
HDL binding and orients the active site toward the HDL
hydrophobic interior. We would expect similar orienta-
tion of PON2 and PON3 toward the membrane phospho-
lipids. This is supported by the hydrophobic nature of
most PON substrates. Thus, to study the “true” substrate
specificity and enzymatic kinetics of the PONs, they may
need to be reconstituted in an appropriate lipid/lipopro-
tein environment, similar to other membrane enzymes,
such as cytochrome P450 family members.

In conclusion, we demonstrate that PON enzymes are
lactonases and that certain lactones/hydroxy acids may
represent their endogenous substrates. We propose that
the physiological role of the PONs is the metabolism of
lipid mediators arising from oxidation of polyunsaturated
fatty acids, resulting in modulation of the local anti-inflam-
matory response.

NOTE IN PROOF

In a recent paper, O. Khersonsky and D. S. Tawfik have
examined PON1 activity with more than 50 substrates be-
longing to three different classes: esters, phosphotriesters,
and lactones (Khersonsky, O., and D. S. Tawfik. 2005. Struc-
ture-reactivity studies of serum paraoxonase PON1 suggest

that its native activity is lactonase. Biochemistry. Epub ahead
of print. March 26, 2005; doi:10.1021/bi047440d). Their
results suggest that PON1 is not an esterase or a phospho-
triesterase, but rather a lactonase.
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Grant DAMD17-01-1-0741 to Dr. Robert Haley (University of
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Institutes of Health Grant ES-08365 (to Y.O.).
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