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a b s t r a c t

Paraoxonase (PON1) is working in vivo in a particular dynamic environment including HDL particles
and associated molecules. To decipher the respective and/or concomitant role of the different cofac-
tors involved in this molecular organization, an approach using multiple experimental techniques based
on capillary electrophoresis and classical kinetics or kinetics under high pressure was implemented.
The effects of calcium and phosphate as protein or plasma cofactor, of human phosphate binding protein
(HPBP) as enzyme chaperone, and of a PON1 inhibitor as an active site stabilizer, on the catalytic activities
and functional oligomerization of PON1 were scrutinized. PON1 displays two distinct catalytic behaviors,
one against esters and lactones, the other against organophosphorus compounds; its functional states
ligomerization
unctional stability
apillary electrophoresis

and catalytic activities against these substrates are differently modulated by the molecular environment;
PON1 exists under several active multimeric forms; the binding of HPBP amends the size of the oligomeric
states and exerts a stabilizing effect on the activities of PON1; PON1 functional properties are modulated
by HPBP, calcium and phosphate. This integrative approach using several optimized analytical techniques
allowed performing comparison of catalytic properties and oligomeric states of functional PON1 in differ-
ent enzyme preparations. Relevance of these data to understand in vivo physiological PON1 functioning

is mandatory.

. Introduction

Although there have been significant progress in the past 20
ears in medical countermeasures of poisoning by organophospho-
us compounds (OPs), classical pharmacological approaches suffer
rom certain deficiencies. As a naturally occurring enzyme present
n plasma, and playing a role in natural defense against OP, human
araoxonase-1 (PON1; EC 3.1.8.1) is the most promising catalytic

ioscavenger candidate for pretreatment and therapy of OP poi-
oning [1,2]. PON1 is an enzyme secreted into the blood where it
esides on cholesterol-carrying HDL particles (the “good choles-
erol”). The enzyme displays antiatherogenic and detoxification

Abbreviations: HPBP, human phosphate binding protein; 2-HQ, 2-hydroxyquin-
line; OP, organophosphorus compound; OPH, OP-hydrolase; PON1, paraoxonase 1.
� This paper is part of the special issue ‘Bioanalysis of Organophosphorus Toxicants
nd Corresponding Antidotes’, Harald John and Horst Thiermann (Guest Editors).
�� Presented at the 12th Medical Chemical Defence Conference, 22–23 April 2009,
unich, Germany.
∗ Corresponding author. Tel.: +33 4 7663 6964; fax: +33 4 7663 6962.

E-mail address: danielrochu@crssa.net (D. Rochu).

570-0232/$ – see front matter © 2009 Elsevier B.V. All rights reserved.
oi:10.1016/j.jchromb.2009.11.027
© 2009 Elsevier B.V. All rights reserved.

properties. Because of its implication in such a variety of pathways,
PON1 has generated clinical interest over half a century despite
lack of consensus on its precise biological role. Compounds that
can be hydrolyzed by PON1, e.g., organophosphates, chemical war-
fare agents, and aromatic esters are human-made chemicals. These
non-physiological functions of PON1 are considered as promiscu-
ous activities. The recently described lactonase activity of PON1 [3]
is suggested now to be the physiological activity of the enzyme [4].

Thorough characterization of PON1 has long been difficult
since the protein was insufficiently purified and highly unstable
in solution. Currently, converging data indicate that both activ-
ity and stability of PON1 are dramatically dependent on the HDL
components. The particular environment of multiple and vary-
ing interacting lipids and proteins may explain why study of
PON1 in solution was thorny. Thus, the determination of the
three-dimensional structure of human PON1 has been a desperate

challenge for more than a decade. Thanks to the crystal structure of
a recombinant hybrid mammalian PON1 variant (rPON1) obtained
by directed evolution, the protein was shown to have a six-bladed
�-propeller structure with a unique active site lid [5]. This structure
gave new impetus to understand PON1 mechanism and provided

http://www.sciencedirect.com/science/journal/15700232
http://www.elsevier.com/locate/chromb
mailto:danielrochu@crssa.net
dx.doi.org/10.1016/j.jchromb.2009.11.027
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model for PON1 anchoring onto HDL [6,7]. Due to the specific
equirements for purified PON1 to be functionally stabilized, the
ligomeric state of the human enzyme was very scarcely explored.
ndeed, in vitro studies on PON1 had to be performed in detergent-
ontaining solutions aimed to mimic the complex and dynamic in
ivo hydrophobic HDL environment, i.e., an extremely arduous task.
previous work reported globular dimers, trimers and tetramers

r a monomer–dimer reversible equilibrium, in nonmicellar or in
icellar solutions, respectively [8]. It was finally asserted that the

ffective stoichiometry of PON1 in vivo could not be definitively
stablished in this study.

Our research took an unexpected turn as a novel protein, iso-
ated by co-purification with PON1 from human plasma [9], led to
he crystal structure of a protein termed human phosphate bind-
ng protein (HPBP) [10,11]. PON1 is a calcium-dependent enzyme
nd HPBP is a phosphate transporter, and their successful sepa-
ation is achievable by chromatography on hydroxyapatite (i.e., a
intered form of calcium phosphate) [12]. Because association of
ON1 with HPBP was found to be essential for preserving active
onformation(s) of the enzyme [13], a rational approach was to re-
nvestigate the behavior of stabilized PON1 oligomeric states in the
resence of HPBP, calcium and phosphate. PON1 functions in blood

n a very complex and dynamic HDL milieu, which include up to 90
ermanently or transitorily associated proteins [14]. No clear phys-

ological role was assigned to PON1 which was described as being
nvolved in multiple biological and enzymatic functions. Therefore,
n integrative approach, a molecular environment is needed to
nderstand PON1 in action. The time, as a dimension is also needed
o understand the dynamic properties of the enzyme.

In the present paper, we describe the examination of the asso-
iation of human PON1 with HPBP, in an in vitro system involving a
etergent to surrogate the natural HDL milieu, calcium as the cofac-
or essential for activity and stability of PON1, and phosphate as the
igand specifically transported by HPBP. An important challenge
s to find stable administrable PON1 preparations with enhanced
atalytic efficiency. Investigated parameters influencing stability
nd activity of PON1 are calcium and phosphate as intrinsic pro-
ein cofactors or as plasma cofactors, HPBP as a chaperone, and
-hydroxyquinoline (2-HQ), an inhibitor, as a possible active site
tabilizer. The relationships between the composition and the size
f multimeric states of PON1 are not well understood, and the effect
f HPBP on PON1 catalysis and stability is not clear. We previously
howed that PON1 alone or in PON1–HPBP complexes, display at
east two distinct oligomeric forms [15]. To determine oligomeric
tate(s) of functional PON1, and the type of their molecular asso-
iations with HPBP, the enzyme functional state(s) were explored
sing complementary methodologies. This approach included opti-
ized capillary electrophoresis (CE) to follow the behavior of PON1

opulated fractions, oligomers distribution, and analysis of activity
n the presence of several cofactors, and under perturbating con-
itions. The effect of pressure on structural stability and activity
f different PON1 preparations (PON1 free or in the presence of
PBP, rPON1) recently initiated [16], was expanded by describing

he pressure effects on the behavior and the HPBP-dependence of
ON1 lactonase, arylesterase and OPH activities. At the same time,
he catalytic and structural behaviors of a mammalian rPON1 was
ompared to that of the natural human enzyme, in order to deter-
ine whether this recombinant enzyme can be a convenient model

o mimic the physiological PON1 chaperoned by HPBP.

. Experimental
.1. Chemicals

DMF, used as the electroosmotic flow (EOF) marker, was
rom Pierce (Rockford, IL, U.S.A.). 2-Coumaranone (2-Coum) was
B 878 (2010) 1346–1355 1347

obtained from Aldrich (Stainheim, Germany). All other chemicals
were of analytical grade and were purchased from Sigma–Aldrich
Chimie (L’Isle-d’Abeau, France). Macrosep 30 concentrators were
obtained from Pall Life Science (Ann Arbor, MI). All buffer and wash
solutions were prepared with Millipore water (18 M� cm), filtered
through 0.45 �m filters (Schleicher & Schuell, Dassel, Germany) and
degassed before use.

2.2. Enzymes

Human PON1 was purified from pooled plasma (Établisse-
ment Français du Sang Rhône-Alpes, Beynost, France) as previously
described [12] to obtain either free PON1 or PON1 complexed to
HPBP (PON1/HPBP). Briefly, plasma was supplemented with CaCl2
to a final concentration of 10 mM at 25 ◦C to induce clotting of
fibrin. The filtrate was submitted to pseudo-affinity chromatogra-
phy on Cibacron Blue 3GA-agarose (type 3000-CL) (Sigma) using
50 mM Tris–HCl buffer, pH 8.0, supplemented with 1 mM CaCl2
and 3 M NaCl to avoid adsorption of albumin. Elution of hydropho-
bic proteins, was performed using 0.1% sodium deoxycholate and
0.1% Triton X-100 in the above-noted Tris buffer. PON1-containing
fractions were pooled and separated from the other HDL-bound
proteins by chromatography on DEAE Sepharose Fast Flow, Q
Sepharose Fast Flow or Mono Q (Amersham Biosciences) using
25 mM Tris buffer containing 0.1% Triton X-100 as starting buffer
with a NaCl gradient (0–0.35 M). Pure PON1 was obtained from
the above-mentioned PON1/HPBP preparations using a specific
hydroxyapatite chromatography step. The PON1/HPBP fractions
issued from ion exchange step were loaded on a glass column
(1 cm × 10 cm, Amersham) containing 2 ml Bio-Gel HTP hydroxyap-
atite (BioRad Laboratories, Munich, Germany). Hydroxyapatite was
equilibrated with 10 mM sodium phosphate pH 7.0 without Triton.
After washing, bound proteins were eluted by increasing linearly
the ionic strength of the buffer from 10 to 400 mM sodium phos-
phate (pH 7.0). Equilibration and elution buffers were calcium free.
HPBP was not retained on hydroxyapatite, and was collected in
the filtrate. On the contrary, PON1 was retained and subsequently
eluted by means of phosphate ions. Purified preparations were
stored in 25 mM Tris buffer pH 8.0, 1 mM CaCl2, containing 0.1% Tri-
ton. Two molar ratios of PON1 to HPBP (9:1 and 1:1) were selected.
The human enzyme preparations in 25 mM Tris–HCl, 1 mM CaCl2,
0.1% Triton X-100, at pH 8.0 were stored at −20 ◦C in aliquots of
500 �L. Protein concentration was determined by the bicinchoninic
acid protein assay (BCA kit from Interchim, Montluçon, France),
with BSA as a standard. The chimeric mammalian recombinant
PON1 (rPON1) dubbed G3C9-8His, obtained using directed evolu-
tion via gene shuffling of human, rabbit, rat and mouse PON1 genes
was a gift from Dr. Dan S. Tawfik (The Weizmann Institute of Sci-
ence, Rehovot, Israel). This evolved mammalian rPON1 was purified
as previously described [4], and stored at 4 ◦C in 50 mM Tris, 50 mM
NaCl, 1 mM CaCl2, 0.1% Tergitol, at pH 8.0.

2.3. Capillary electrophoresis

CE analyses were performed using a Beckman Coulter P/ACE
5510 system (Beckman Gagny, France) equipped with a diode
array detector, and a P/ACE Station 1.21 software for system con-
trol, data collection and data analysis. This system was modified
for strict temperature control, as previously described [17]. The
improvement allowed both efficient control, with temperature
fluctuations lower than 0.05 ◦C, and accurate measurement of the

temperature (±0.1 ◦C) in close proximity to the outer capillary
wall. Bare fused-silica capillaries (50 �m i.d. × 67 cm) were used.
Sequential electrophoretic migrations at 30 ◦C, were performed
with the usual polarity conditions, at a constant voltage. The capil-
lary was conditioned before each series of analysis with 1N sodium
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ydroxide (10 min), followed by distilled water (10 min) and a
nal 5 min equilibrium with running buffer (borate 250 mM pH
.0). Prior each sample injection, the capillary was flushed with
he same successive solutions for 2, 2 and 5 min, respectively.
hese washings were intended to provide convenient reproducibil-
ty of the EOF and thus, that of the migration time. The protein
amples (1 mg/ml) complemented with DMF (0.01% v/v final con-
entration) as the EOF marker, were injected hydrodynamically
y overpressure (3.45 kPa). Acquisition of absorbance data in the
ange 195–300 nm was performed at 2 Hz using the diode array
evice. Electropherograms were obtained at a single wavelength
200 nm). The mass detection limit is ∼10−13–10−16 moles, and the
oncentration detection limit is ∼10−5–10−8 M [18]. The mobility of
roteins (�) was calculated through the software from the apparent
igration times, as follows:

= �app − �eo = LtLd

V

(
1

tapp
− 1

teo

)
(1)

hereas �, �app and �eo are the electrophoretic, apparent and
lectroosmotic mobility (cm2 V−1 s−1), respectively. Lt is the total
ength of the capillary and Ld the length of the capillary from inlet
o detection window; V is for the applied voltage, tapp the apparent

igration time and teo the migration time of the EOF marker. Sur-
aces of overlapping peaks were fitted after deconvolution (using
eakFit v4 software, SPSS Science, Chicago, IL) with the Symmetric
ouble Gaussian Cumulative function.

.4. Determination of enzymatic activities

The experimental apparatus for kinetic measurements under
ressure (P) was made of a hand screw pump (TOP Industrie, Vaulx

e Penil, France) and an optical pressure vessel equipped with sap-
hire windows (SOFOP, Olemps, France). This vessel was interfaced
o a Cary I (Varian, Les Ulis, France) spectrophotometer and can
perate up to 500 MPa. Arylesterase, lactonase and OPH activi-
ies were assayed at 25 ◦C in 50 mM Tris, 1 mM CaCl2, pH 8.0 for
ydrolyses of phenyl acetate (PhA), 2-coumaranone (2-Coum) and
araoxon (PO), respectively. Enzymatic parameters (kcat, Km and/or
cat/Km) with PhA and PO were determined by Michaelis–Menten
nalysis of steady-state kinetics. Kinetic data with 2-Coum were
tted to the linear portion of the Michaelis–Menten plot ([S] � Km)
s well as for hydrolysis of the three substrates by PON1/HPBP
1:1). The final substrate concentrations were 0.1–7 mM for PhA,
.1–2 mM for 2-Coum and 0.5–7 mM for PO in the presence of 7,
.5, and 3% isopropanol, respectively.

The hydrolysis kinetics were followed in the pressure range
.1–250 MPa, by recording the increase in absorbance at 270, 274
nd 412 nm, for hydrolysis of PhA, 2-Coum and PO, using 3439, 1715
nd 13,486 M−1 cm−1, respectively, as the molar extinction coeffi-
ient, ε. The ε of chromogenic substrates does not significantly vary
n the pressure range used. Tris buffer was chosen because its pH is
ressure-invariant. For all studied PON1s, no spontaneous hydroly-
is of PhA and PO was observed. Rates of spontaneous hydrolysis of
-Coum at atmospheric pressure (Patm), increasing under pressure,
ere subtracted from all measurements. Apparent steady-state

elocities were recorded after 5 min reaction, a delay dictated by
xperimental constraints. Pressure-induced changes in catalytic
ctivity were followed by plotting reaction rates as a function of
ubstrate concentrations at each pressure. For kinetics carried out
t low [S], i.e., [S] � Km, the activation volume associated with bind-
ng and kinetic step (�V /= ), was determined from the pressure
kcat/Km

ependence of kcat/Km, [19] according to the equation:

∂ ln kcat/Km

∂P

)
T

= −
�V /=

kcat/Km

RT
(2)
B 878 (2010) 1346–1355

whereas R is the gas constant (82 ml × atm × K−1) and T, the tem-
perature in Kelvin.

When kinetics were carried out over a wide substrate range up
to saturation, the activation volume (�V /=

kcat
) and the binding vol-

ume change (�Vb), were determined (�Vb = −�Vkm because Km

can be regarded as a dissociation constant). Thus, volume changes
upon binding and activation volume were determined from the
pressure dependence of Km and kcat, respectively according to the
following equations:(

∂ ln Km

∂P

)
T

= −�VKm

RT
(3)

and(
∂ ln kcat

∂P

)
T

= −
�V /=

kcat

RT
(4)

3. Results and discussion

3.1. Cofactors for in vitro stabilization of active PON1

In this study are reported some results of our integrative
approach, including spatial and temporal parameters to better
understand the mechanisms of action of PON1 in a complex
medium. Our attempt deals with several cofactors (e.g., ions, pro-
tein, and inhibitor). Calcium and phosphate ions were investigated
as intrinsic or extrinsic protein cofactors. Indeed, two calcium ions
are present in PON1. One is solvent-exposed (the catalytic calcium)
and located at the top of the central tunnel of the six-bladed �-
propeller structure. The second Ca+2 is buried at the center of the
tunnel and predicted to maintain the overall structure of the pro-
tein. A phosphate ion is found bound to the catalytic calcium in
the structure of crystallized rPON1 G2E6. This phosphate coming
from the mother liquor of the crystal may mimic the binding of
the phosphate group of the phosphotriester substrates. Calcium
and phosphate ions can also act as extrinsic cofactors present in
blood. The concentration of calcium in plasma is 2.25–2.65 mmol/L,
suggesting that PON1 should be fully active in vivo. The concentra-
tion of phosphate in plasma is 0.8–1.5 mmol/L. The second player
is HPBP, considered as a possible transient chaperone. Finally, an
inhibitor of PON1, 2-hydroxyquinoline (2-HQ) was investigated as
a possible active site stabilizer (as several stabilizing ligands were
shown for cholinesterases [20,21]). For investigating the effects of
these factors on stability and activity of PON1, we used different
approaches, including kinetics under high pressure, and analysis of
oligomeric states by CE.

3.2. High pressure for analyzing the protein
environment-dependence of PON1 activities

The functional stability of PON1s at Patm was first investigated
by kinetic analysis of the catalytic efficiency (kcat/Km), using PhA,
2-Coum and PO as the substrates (Table 1). The arylesterase kcat/Km

was of the same order (∼106 min−1 M−1) for all PON1 preparations.
The lactonase and OPH activities of free PON1 were very low and
not detectable. All catalytic activities were stabilized by the pres-
ence of 10% HPBP. The kcat/Km value of rPON1 was of the same
order for both arylesterase and lactonase activities and lower for
OPH activity. The catalytic behavior of rPON1 is similar to that of
various PON1/HPBP preparations, but kcat/Km values were higher.

These data confirmed previous statement that the enzyme needs a
chaperone (in the case of PON1 [13,24]) or to be mutated to favor
solubility/stability (in the case of rPON1 [4]), for catalytic activi-
ties. These experiments provided evidence that: (i) the arylesterase
activity of PON1 was more resistant to structural instability than
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Table 1
Catalytic efficiency (kcat/Km in min−1 M−1) of arylesterase, lactonase, and OP-hydrolase activities, for the different PON1 formulations at atmospheric pressure.

Activity Substrate PON1 PON1/HPBP (9:1) PON1/HPBP (1:1) rPON1

Arylesterase Phenyl acetate 3.2 ± 0.4 × 106 6 ± 0.3 × 106 4 ± 0.3 × 106 8. ± 0.5 × 106

Lactonase 2-Coumaranone NDa 0.8 ± 0.1 × 106 4.4 ± 0.4 × 106 7.9 ± 0.4 × 106
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OP-hydrolase Paraoxon NDa

ctivity assays were performed in 50 mM Tris/1 mM NaCl, pH 8.0 at 25 ◦C. kcat/Km v
a ND: non-detectable, due to instability of free PON1.

he other two activities; (ii) that HPBP binding allowed restoring
actonase and OPH activities; and (iii) rPON1 is more stable than
he other enzyme preparations. The first result brings an additional
roof that the active sites responsible for PON1 activities do not
verlap [5,6,25]. The second result suggests further investigation
o understand the stoichiometry of PON1/HPBP relationships. The
hird observation suggests reservations about the validity of hybrid

ammalian rPON1s to reflect the conformational and functional
ehaviors of the human enzyme. A recent work showing dramatic
ifferences in OPH activity between human PON1 and chimeric
ammalian rPON1 [26], confirmed our opinion that hybrid rPON1s

oes not mimic perfectly human PON1 catalytic behavior [16].

.3. Pressure-withstanding of catalytic parameters of PON1s

The pressure dependence of PON1s’ catalytic activity was inves-
igated by analyzing the pressure dependence of ln(kcat/Km) for
rylesterase, lactonase and OPH activities of different PON1 prepa-
ations in the range 1–250 MPa. Plots were biphasic for both
rylesterase and lactonase activities, leading to two apparent acti-
ation volumes (�V /= ), depending on the pressure range (i.e.,
elow and above the pressure break, Pt) (Fig. 1). Biphasic plots
howed that for P up to Pt, catalysis of PON1, PON1/HPBP (9:1),
nd rPON1 was somewhat unaffected (�V /= ≈ 0). On the con-
rary, above Pt, a pressure-induced inhibition of both activities
or the three PON1s was observed, and �V# were positive. Unlike
he other preparations, the arylesterase and lactonase activities of
ON1/HPBP (1:1) were favored by P up to Pt and slightly disfavored
y P above Pt. In this PON1 formulation, lactonase and arylesterase
ctivities were constant up to 150 and 250 MPa, respectively (data
ot shown). The pressure dependence of ln(kcat/Km) for OPH activ-

ty of rPON1 and PON1/HPBP (9:1 and 1:1) differed considerably.

he biphasic catalytic behavior of rPON1 showed that reaction
as slightly modulated up to 250 MPa (data not shown), the reac-

ion being rather favored by P below Pt (at 100 MPa) and slightly
isfavored by P above Pt. On the contrary, the pressure depen-
ence of ln(kcat/Km) for OPH activity of PON1/HPBP preparations

ig. 1. Pressure dependence of the catalytic efficiency of PON1 preparations: activation
actonase and OPH activities (from left to right) for PON1, PON1/HPBP (9/1), PON1/HPBP
nd above Pt , the pressure breaks, are shown as light and dark symbols, respectively.
± 0.2 × 103 1.3 ± 0.3 × 103 92 ± 7 × 103

are mean ± SD from at least three experiments.

was linear up to 200 MPa (data not shown). The observed negative
�V /= indicated that reaction is favored by pressure (≈5-fold more
active at 200 MPa than at Patm). Volume changes upon substrate
binding (�Vb = −�Vkm ) and activation volumes �V /=

kcat
, associated

with hydrolysis of different substrates under pressure were deter-
mined. Experimental constraints allowed their determination only
for PhA and PO hydrolysis by rPON1 and PON1/HPBP (9:1) and
PhA hydrolysis by PON1. The plots ln kcat vs. P were linear up to
150 MPa regardless the enzyme substrate The plot for OPH activ-
ity of rPON1 was biphasic, with a negative activation volume up
to Pt (at 150 MPa), followed by a slightly positive activation vol-
ume (Supplemental Fig. S1). Likewise, the plots ln Km vs. P were
different for arylesterase and OPH activities. Binding of PhA was
insensitive to P up to Pt at 125 MPa for both rPON1 and PON1/HPBP
(9:1), and at 175 MPa for PON1, respectively (Supplemental Fig. S2).
For this substrate, all plots were biphasic and Km increased with P
above Pt. Negative �VKm indicates that the binding step was disfa-
vored, whatever the PON1 preparation. Under similar conditions,
the pressure dependence of Km for the OP substrate was different
for rPON1 and PON1/HPBP (9:1). At P < Pt, �VKm (associated with
the binding of PO to rPON1) was negative and at P > Pt a relatively
invariant Km was observed. This pressure break suggests that a new
active conformation appears beyond Pt (at150 MPa). The Km value
for hydrolysis of PO by PON1/HPBP (9:1) decreased linearly with P,
indicating that affinity for this substrate was favored by P (�Vb < 0).
Finally, the present work shows that pressure enhances the activ-
ity and/or modulates the specificity of PON1, whatever the catalytic
mechanism, regardless the type of substrate.

Pressure is known to induce changes in size of protein cavities,
alteration in protein hydration [27–29], and changes in catalytic
behavior of enzymes [19]. Such pressure-induced effects were
expected for PON1. Although incomplete, due to the lack of large

amounts and/or instability of enzyme preparations, this study
allowed dissecting the destabilization of the three enzyme activ-
ities for different PON1 preparations. The activation volumes and
volume change below and beyond the pressure breaks (Pt), associ-
ated with catalytic efficiency (�V /= kcat/Km), catalytic step (�V /=

kcat
)

volume associated with binding and kinetic step (�V /= kcat/Km) for arylesterase,
(1/1) and rPON1. The values of activation volume (in ml × mol) determined below
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Fig. 2. CE electropherograms to decipher time-scale oligomerization changes of
PON1 (A) CE pattern of PON1/HPBP (1:1) (grey, middle curve) and of PON1/HPBP
(9:1) after 0 min (dark, upper curve) and 15 days (light grey, lower curve) of incu-
bation with 100 �M phosphate. Migration was carried out at 30 ◦C in a 50 �m
i.d. × 67 cm fused-silica capillary, constant voltage 16 kV, and 200 nm detection, in
a 250 mM borate buffer pH 9.0. Analysis of PON1 oligomeric state (B) deconvolu-
tion of the PON1 peak obtained for CE migration of PON1/HPBP (9:1) after 0 min
of incubation with 100 �M phosphate showed three distinct molecular populations
(R2

deconvol = 1) whose relative areas were 24.0, 34.3 and 41.7%, respectively (from left
350 F. Renault et al. / J. Chrom

nd substrate binding step (�Vb), for arylesterase, lactonase and
PH activities is the first description of the pressure effects on
ON1 catalytic activities. Again, results strengthen the fact that
ON1 displays two distinct catalytic behaviors, i.e., an arylesterase
nd lactonase activities, and an OPH activity. It was postulated
single active site could be responsible for hydrolysis of several

ubstrates, the differences being likely due to the mode of bind-
ng [30]. Human PON1 and bacterially expressed chimeric rPON1s
G2E6 which provided crystal structure, and G3C9) differ by multi-
le amino acids, none of which being in the putative enzyme active
ite. At the moment, there is no catalytic mechanism described for
uman PON1. A reaction mechanism was approached for rPON1s
5–7], and using a structural model of human PON1 based on the
rystal structure of the rPON1 G2E6 [31]. A mechanism study for
he OPH activity of the diisopropyl fluorophosphatase (DFPase)
rom the squid Loligo vulgaris having a six-bladed �-propeller scaf-
old resembling the rPON1, suggested that D269 may function as

nucleophile in PON1 [32]. Since DFPase has no helices at the
op of the propeller forming a close active site, this assumption
as to be regarded cautiously. H115 was proposed to be a residue

nvolved in binding of OP substrates [25]. Indeed, H115W muta-
ion altered the capacity of certain OPs to occupy the active site in
roper position. Esters and lactones may bind to another subsite
han OPs. Recently, in silico studies of substrate interactions with
ON1, suggested the existence of two distinct binding regions, one
ite (involving a part of helix H2 and residues R/Q192, Y71, H115
nd H134) for arylesters/lactones and the other (involving a part of
elix H3, and residues F292, D269) for phosphotriesters [31] (addi-
ional information is provided in Supplemental Fig. S3). Our results
rom high pressure kinetic study, showing that human PON1 dis-
lays two distinct catalytic behaviors for OP or esters and lactones,
gree with this hypothesis.

.4. CE for analyzing the oligomeric state-dependence of PON1
tability and activity

.4.1. Size heterogeneity of PON1
CE is considered as a high resolution analytical technique that

an routinely provide 105–5 × 105 theoretical plates for proteins.
he reproducibility of mobility measurements expressed in terms
f relative standard deviation (RSD) was less than 0.5%. The repro-
ucibility of migration time is typically 0.5–1%. Accordingly, CE

s a pertinent tool for investigating the heterogeneity of proteins.
ecause of the use of high electric fields in CE and much differ-
nce in pI between PON1 and HPBP (∼5 and ∼8, respectively), a
lear separation of both proteins in PON1 preparations containing
PBP was possible. As it was previously shown [13], CE showed that
ON1 preparations displayed heterogeneous pattern with at least
wo oligomeric states. In order to facilitate interpretation of the
ffects of cofactors on PON1 oligomerization, CE conditions were
creened to provide parameters allowing optimal analysis of PON1
eaks. For example, high buffer concentration (250 mM borate) and
lkaline buffer (pH 9.0) favored sensitivity by reducing wall interac-
ions, capillary dimensions, electric field and temperature control
revent excessive Joule effect and provided valuable determination
f peak mobility and peak area. This optimization provided elec-
ropherograms allowing deconvolution of PON1 peaks issued from
E runs after different incubation times. Then, we used the Offord
odel (Eq. (5)) that correlates electrophoretic mobility with the

harge-to-size parameter [22]:

= Aq/M2/3 (5)
ep

hereas � is the electrophoretic mobility, q the charge and M the
olar mass.
An example of this analysis is shown in Fig. 2; a heterogeneous

ON1 fraction is regularly seen in capillary electropherograms
to right). Determination of oligomer size (C) plots of electrophoretic mobility � to
the ratio q/M2/3 for the three PON1 samples described in (A) allowed characterizing
the three molecular populations as being tetramers, trimers and dimers (from left
to right).

(Fig. 2A). Peak deconvolution showed that this fraction contained
three oligomeric forms (Fig. 2B). Using the Offord relation (Fig. 2C),

we showed that these oligomeric forms correspond to dimers,
trimers and tetramers, in decreasing order of apparent mobility
(and subsequently in increasing order of electrophoretic mobility).

No clear characterization of the oligomeric state of human PON1
has been reported so far. CE was used for separation of PON1’s
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ative state(s) either in the presence or absence of stabilizing com-
ounds. By itself, CE is not meant to provide an estimation of protein
olecular size. However, deconvolution of PON1 peaks showed

hat in all PON1 preparations, three oligomeric forms were present.
he percentage of these forms varied with the molecular environ-
ent and with time. Besides, it was possible to assign dimeric,

rimeric and tetrameric states to the three Gaussian peaks pop-
lated after deconvolution. Polydispersity in apparent Mr of PON1
ay have several origins. Detergent and buffer composition were

hown to affect the oligomeric state of PON1 [8]. Different bio-
hysical techniques confirmed PON1 heterogeneity in preparations
ontaining non-micellar concentrations of detergents, but reported
r estimations show discrepancies. The experimental impedi-
ents and difficulties in data analysis of HDL-associated proteins,

ogether with the strong association of PON1 with HPBP may have
ontributed to such discrepancies. Size-exclusion chromatography
nalysis suggested monomer–dimer equilibrium in the presence
f 0.6 mM C12-maltoside for rPON1 [4], whereas it showed dimer
nd tetramer, but provided no evidence for trimer (Elias et al.,
npublished results). Ferguson plot analysis, with activity-staining,
howed no active monomer. This indicates that the dimer is the first
tate of oligomeriazion for active PON1 [16]. A similar analysis for
uman rPON2 in the presence of 0.05% n-dodecyl-�-d-maltoside
howed an active trimer [33]. Our approach, using optimized CE
onditions, showed three PON1 oligomeric forms differing in size;
ne of them being likely a trimer.

.4.2. Modulation of oligomerization and activity by calcium and
hosphate

The analytical strategy described above was incremented for
tudying the effects of ionic cofactors on the oligomeric state and
ctivity of PON1 as a function of time. The changes in oligomeric
tates of a PON1 formulation in the presence of 100, 250, and
00 �M PO4

3− (sodium phosphate) were monitored by perform-
ng CE runs after different incubation times. At the same time,
nzyme activity was assayed in corresponding samples. Fig. 3,
howing electropherograms for different incubation times of PON1
amples containing phosphate at different concentrations illus-
rates the modulating effect of phosphate ion on oligomerization of
he enzyme. 100 �M phosphate (Fig. 3A) first modified the initial
ligomeric equilibrium and progressively favored dissociation of
eavy forms into dimers. Similar patterns were observed with 250

nd 500 �M phosphate (Fig. 3B and C). The overall effect of phos-
hate ion was a propensity to slowly promote dissociation of heavy
ligomeric forms of PON1. A similar study was conducted with a
ON1 preparation in the presence of 500, 750 and 900 �M Ca2+

Fig. 4). While the two former concentrations provided patterns

ig. 3. Electropherograms for the time-course of PON1 supplemented with phosphate: (
nd submitted to CE migrations after different reaction times. The 1st ( ), 2nd (�) and 3r
ample buffer) and PON1, respectively.
B 878 (2010) 1346–1355 1351

similar to those observed with phosphate (Fig. 4A and B), i.e., a reg-
ular dissociation of heavy oligomers, the later failed to cause a clear
change in the oligomeric distribution (Fig. 4C). Finally, both ionic
effectors were shown to modulate the oligomerization of PON1 in
the same way.

In order to estimate the possible effect of phosphate and calcium
ions, on the catalytic activity of the enzyme, a preliminary approach
was opened by following the time-course of arylesterase, lactonase
and OPH activities of PON1 in the presence of 100 �M phosphate
(Fig. 5). Both lactonase and OPH activities are maintained by phos-
phate. Arylesterase activity is also preserved with considerable
fluctuations. All activities were preserved after 1-month storage
at 4 ◦C.

Phosphate and calcium concentrations were chosen to provide
enzyme/ionic cofactor ratios below, within and above their phys-
iological plasma concentrations, according to PON1 concentration
in our assays. This provided evidence that PON1 oligomerization
was affected by phosphate and calcium ions and that the observed
changes in oligomers distribution varied with time, with a com-
mon propensity to dissociation of heavy forms into dimers, except
at the highest concentration (900 �M) of calcium. Ca2+, the nat-
ural structural and catalytic cofactor of PON1 active site appears
to favor the presumed naturally occurring PON1 oligomer state,
i.e., the dimer. Phosphate is an extrinsic PON1 cofactor, but may
bind to the catalytic Ca2+ as a mimic of the phosphyl-moiety of OP
substrates. Binding of phosphate shifted the oligomer equilibrium
towards dimers. This possible stabilizing effect on “natural”-like
PON1 oligomer state fits with the frequent conformational sta-
bilization of enzymes active site by ligands. At the same time,
we followed the time-course of arylesterase, lactonase and OPH
activities of PON1, in the presence of 100 �M phosphate. After
initial fluctuations in the first time period (0–300 min), correspond-
ing to that analyzed by CE, all activities were maintained for a
month, with persistent fluctuations of arylesterase activity. This
suggests that phosphate ion affected differently arylesterase and
lactonase/OPH activities. This result strengthens the hypothesis of
non-overlapping active sites of PON1 (see Section 3.3).

3.4.3. Modulation of oligomerization and activity by HPBP in the
presence of phosphate

The changes in oligomeric states and of enzyme activity of a
PON1 preparation in the presence of HPBP at two molar ratios, i.e.,

9:1 and 1:1, were monitored by performing CE migrations after
different incubation times (Fig. 6A), and by measuring arylesterase
activity of corresponding samples (Fig. 6B). While PON1/HPBP (9:1)
was unable to prevent phosphate-induced dissociation of heavy
PON1 oligomers, the equimolecular 1:1 ratio provided stabiliza-

A) 100 �M, (B) 250 �M and (C) 500 �M of sodium phosphate were added to PON1,
d ( ) (broad) peaks correspond to DMF (the EOF marker), Tris (present in the
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ig. 4. Electropherograms for the time-course of PON1 supplemented with calciu
ubmitted to CE after different reaction times. The 1st ( ), 2nd (�) and 3rd (
nd PON1, respectively.

ion of the initial oligomer equilibrium. Measurements of residual
rylesterase activity in corresponding aliquots showed that the
quimolecular ratio also prevented the early negative effect of
hosphate on activity. Finally, HPBP is needed for structural and
unctional stabilization of PON1 preparations.

The scrutiny of PON1 oligomerization by exploitation of CE data,
ith concomitant exploration of catalytic activity was applied to

stimate the influence of the PON1/HPBP ratio on the modulating
ffect of 100 �M phosphate. Compared to the oligomers pattern
n the absence of phosphate, the PON1/HPBP (9:1) preparation
howed no significant change with time for the dimer proportion
≈42%, as estimated by deconvolution), but a tendency to disfa-
or tetramer proportion. Examination of the oligomers pattern of
ON1/HPBP (1:1) showed a clear increase and stabilization of dimer
roportion at ≈50%, at the expense of trimers (data not shown). Sta-
ilization of PON1 by equimolecular concentration of HPBP under
imeric form was also illustrated by the arylesterase activity that

s maintained at a level close to the maximum. This confirmed that
tabilization of PON1 requires HPBP as a chaperone, and that the
referred oligomeric state of the enzyme is the dimer. Because CE
eparates PON1 from HPBP due to their much different pI, the func-
ional dimers characterized in the present study are homodimers.

.4.4. Modulation by phosphate and calcium ions of the
nhibitory effect of 2-HQ
Because calcium and phosphate are deeply associated to PON1
ctive site, and since 2-HQ was shown to interact at the entrance
f the enzyme active site [23], an additional approach for under-
tanding the mechanism(s) of oligomerization/activity modulation
y the phosphate and calcium cofactors was developed, by using

Fig. 5. Stability of arylesterase ( ), lactonase (♦) and OPH (�) activities o
500 �M, (B) 750 �M and (C) 900 �M calcium chloride were added to PON1, and
ad) peak correspond to DMF (the EOF marker), Tris (present in the sample buffer)

the reversible active site inhibitor 2-HQ. The time-course of the
ionic cofactors (at one concentration) effect on PON1 inhibition by
2-HQ was investigated, by estimating oligomer distribution, and
measuring the arylesterase activity. The study was performed using
PON1/HPBP (1:1) preparation. Whereas direct visual examination
of electropherograms suggested minute changes in oligomeriza-
tion, peak deconvolution provided evidence for distinct effects.
2-HQ had no clear effect on oligomer distribution in the pres-
ence of phosphate (Fig. 7A). On the contrary, calcium was shown
to favor formation of PON1 dimers (Fig. 7B). Inhibition of PON1
arylesterase activity was also differently affected by phosphate−

and calcium (Fig. 7C). Phosphate had no immediate effect, allowing
∼70% inhibition of the enzyme activity. Then, full activity was grad-
ually recovered as a function of time. In contrast, calcium allowed
quasi instantaneous recovery of total enzyme activity.

To complete the scrutiny of the effects of cofactors on activity
and stability of PON1, we explored the role of 2-HQ. The ratio-
nale is that: (i) 2-HQ is a selective competitive inhibitor of PON1’s
activities [3,30,34] and (ii) HQs are lactams, i.e., isosteric forms of
lactones in which nitrogen replaces the ring oxygen. Thus, HQs are
not hydrolyzed by PON1 but inhibit it. On the other hand, reversible
active site inhibitors were described as being able to stabilize con-
formation of enzymes [20,21]. The observed inhibition by 2-HQ of
arylesterase activity of purified PON1 (>70%), was similar to that
determined in HDL (60 and 70% for arylesterase and OPH activity,
respectively [35,36]) or in crude serum (83–95% [34]). The effect of

calcium and phosphate ions on inhibition by 2-HQ carried out on
PON1/HPBP (1:1) formulation supposedly able to provide maximal
stabilization of the enzyme. Calcium or phosphate ions failed to
induce visible changes in oligomer distribution of PON1 inhibited

f PON1 in the presence of 100 �M phosphate, during storage at 4 ◦C.
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Fig. 6. Effect of HPBP on time-course oligomerization and activities of PON1 in the
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nisms are mostly supported by data provided by hybrid rPON1s.
However, these enzymes do not mimic the true functioning of
the human enzyme [26]. This argues for developing synergistic
approaches capable to provide exhaustive information for char-

Fig. 7. Effect of phosphate and calcium on PON1 inhibition by 2-HQ: (A) oligomer
distribution after deconvolution of PON1 peak into dimers (black), trimers (grey)
and tetramers (white) (from left to right). Concentrations were 40 �M PON1, 100 �M
resence of phosphate 100 �M: (A) CE pattern after different reaction times with
hosphate, of PON1/HPBP (9:1) and (1:1). (B) Corresponding residual arylesterase
ctivity of PON1/HPBP (9:1) (diamonds) and (1:1) (circles).

y 2-HQ, under our experimental conditions. However, the enzyme
isplayed distinct catalytic behaviors. Calcium allowed immediate
ecovery of full activity, unlike phosphate that delayed recovery of
ull activity for ∼2 h. “Inhibition of the inhibitor” by calcium is likely
ue to competition between extrinsic calcium ion and 2-HQ for the
nzyme active site. Another HQ (8-HQ) was shown to chelate tran-
ition metal cations (Zn2+, Co2+, Mn2+, Cd2+, Ni2+) in bacterial OPH
37], causing only partial inhibition of the enzyme [38]. However,
helating effect of 8-HQ on alkaline earth metals (e.g., Mg2+, Ca2+)
s debated [39–41]. Finally, there is no clear evidence for calcium
helating effect of 2-HQ.

The concept that emerged from our study can be summarized
s follows: addition of phosphate ion provokes a transient decrease
n activities. This could be due to competition of the added phos-
hate with the substrate (a phosphate ion was found at 2.2 Å from
he catalytic calcium in the crystallized rPON1 [5]). A possible
helating effect of 2-HQ is suggested by the fact that addition of
alcium favored the supposed “natural” active dimers and quickly
estored activity of the enzyme inhibited by 2-HQ. A recent inves-
igation of mutated positions in 2-HQ-resistant rPON1variants
howed that most of the mutated residues form a continuous
atch [23]. Three of these residues are part of the active site wall
pposite to the H115–H134 dyad area; the other lay beneath the
ctive site, one being solvent-exposed, adjacent to the active site
left and close to the N-terminal helix (Fig. 8). This configuration
rgues for a possible interaction of the inhibitor with residues
nvolved in access to the active site and catalytic activity. These

esidues form a canopy that controls access of substrates and
nhibitors.

In addition to the snapshots of enzyme structures frozen in crys-
al, molecular dynamics study of PON1 in action is mandatory. Our
B 878 (2010) 1346–1355 1353

approach is a step to evaluate the contribution of cofactors to the
functional activity of PON1. On the one hand, calcium was char-
acterized by the mechanism and stability of the enzyme that was
considered as a monomer. On the other hand, the minimal modu-
lar architecture of functional PON1 is a homodimer. It is of interest
to re-examine PON1–calcium interactions in the true physiologi-
cal oligomeric state of the enzyme. It is worth noting that in the
structure of some six-bladed �-propellers, one or two additional
calcium ions are located on the surface, and involved in stabi-
lization of homodimers [42,43]. To date, crystallization of human
PON1 has failed. Attempts at understanding its catalytic mecha-
phosphate, 50 �M 2-HQ. (B) Oligomer distribution after deconvolution of PON1 peak
into dimers (black), trimers (grey) and tetramers (white) (from left to right). Con-
centrations were 40 �M PON1, 750 �M calcium, 50 �M 2-HQ. (C) Corresponding
residual arylesterase activity of PON1 inhibited by 2-HQ in the presence of 100 �M
phosphate (diamonds) and 750 �M calcium (circles).
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Fig. 8. Positions of PON1 residues involved in interaction with 2-HQ: overall top view of the 3D structure of a rPON1 showing the 3 helices forming the canopy that controls
access of substrates to the active site, Ca2 the structural Ca2+ (green sphere), Ca1 the catalytic Ca2+ (red sphere) topped by the phosphate ion (sticks), the polymorphic R/Q192
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ite (dark blue sticks) and the His115–His134 dyad (cyan sticks). Others residues sh
-HQ [23]. (For interpretation of the references to color in the citation of this figure

cterizing parameters involved in the physiological behavior of
uman PON1.

. Conclusion

PON1 is recognized to display multiple functions in a com-
lex milieu. The statements that HPBP has a firm tendency to
ssociate with PON1 and is involved in maintaining physiologi-
ally active PON1 conformation(s) have steered novel directions for
haracterizing PON1 functional state(s). As a result, deciphering the
equirements for in vivo effective PON1 as catalytic bioscavenger is
andatory. This will provide new approaches for generating ther-

peutic human PON1 intended for prophylaxis or pre-treatments,
mergency and post-exposure treatments of intoxications by OP
erve agents. For this arduous task, we used an integrative analyt-

cal approach including spatial and temporal parameters. Results
howed that in vitro: (1) PON1 displays two distinct catalytic
ehaviors, i.e., arylesterase and lactonase activities, and OPH activ-

ty; (2) PON1 functional states are modulated by the molecular
nvironment; (3) PON1 enzyme activities (arylesterase, lactonase,
PH) are differently modulated by this environment; (4) PON1
xists in several active multimeric forms; (5) the binding of HPBP
mends the size of the oligomeric states and exerts a stabilizing

ffect on the activities of PON1; (6) PON1 functional properties
such as oligomerization and activity) are modulated by HPBP,
alcium and phosphate. Relevance of these data to understand
n vivo physiological PON1 functioning will be a next essential
oal.
as (magenta) sticks are those whose mutation provided resistance to inhibition by
eader is referred to the web version of the article.)
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