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Abstract

Phosphotriesterase from Pseudomonas diminuta (PTE; EC 3.1.8.1) hydrolyzes organophosphate insecticides and
chemical warfare agents. The two zinc cations in the active center can be substituted. Co?*-containing PTE is the
most efficient but least stable isoform. Gel filtration showed that PTE is monomeric at the submicromolar con-
centrations used in kinetic assays. The analysis of the recombinant enzyme by X-ray fluorescence spectrometry
and CCT-ICP-MS, confirms that recombinant Zn-PTE contains only Zn** whereas Co-PTE has Zn?* and Co?" in
equimolar amount, with Co?* most likely in the reported labile B-site. We noted that recombinant PTE is unstable
at low concentrations and must be stabilized by a protein environment. We tested the effect of excess of various
metal cofactors on PTE-catalyzed hydrolysis of paraoxon. We notably observed that ZnCl, induces a non-compet-
itive partial inhibition of Zn?*- and Co?*-PTE at pH 8.5 (apparent Ki=155 uM and 52 pM, respectively). Inhibition
results from interactions with colloidal Zn(OH), formed in alkaline buffer that alters the catalytic machinery. NiCl,
caused a similar effect at higher concentrations (apparent Ki=3 mM). We observed that mutating His123, a sur-
face residue close to an alleged allosteric site, dramatically altered the bacterial expression yield of Co?*-PTE, Ki
for Zn(OH), inhibition, k_ (up to 60 fold) for paraoxon hydrolysis, but not K . Issues addressed in this work are
important for future biotechnological developments of PTE as a detoxifying enzyme.
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Abbreviations: BSA, Bovine Serum Albumin; CCT-ICP-MS, Collision-reaction Cell Technology - Inductively
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Kodakaraensis; OP, Organophosphate; PCR, Polymerase Chain Reaction; PTE, Phosphotriesterase; PTEm, mature
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Introduction The high-resolution X-ray crystal structure of PTE reveals
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Phosphotriesterase (PTE; EC 3.1.8.1) is a member of the
amidohydrolase superfamily of enzymes. It was isolated
from Pseudomonas diminuta. PTE and other organophos-
phate degrading enzymes: This enzyme became the focus
of intense scrutiny because of its demonstrated utility for
detoxification of poisonous phosphotriesters, including
agricultural pesticides and chemical warfare agents like
tabun, sarin, soman and VX [1, 2]. No natural substrate has
yet been identified [3] but PTE is suspected to have evolved
from a bacterial lactonase [4].

a homodimeric protein with a single active site with the
two Zn*" ions embedded within a (8/a)8-barrel motif [5].
The two metal ions are bridged by a carboxylated Lys-169
and a hydroxyl ion at neutral pH [6]. The «-Zn?**, more
buried, is pentacoordinated to His-55, His-57, Asp-301,
carboxylated Lys-169 and the hydroxide. The 3-Zn?*, more
solvent-exposed and labile, is pentacoordinated to His-201,
His-230, carboxylated Lys-169, the hydroxide and a water
molecule. The B-Zn** is in a distorted trigonal bispyramidal
arrangement.
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A comprehensive mechanism for the hydrolysis of phos-
photriester by PTE was recently proposed [7]. According to
this mechanism, the phosphotriester bond is cleaved in a
SN,-like reaction involving a water molecule terminally
bound to the a-metal ion. The pKa of this water molecule
is lowered though its interaction with the a-metal ion and
the bridging hydroxide, generating a hydroxide nucleophile
that is ideally aligned to attack the electrophilic phospho-
rus. This enzyme has a high turnover with OPs as substrates.
For example, k_ and k_/K_values for the hydrolysis of
paraoxon (Scheme 1) approach 10* s and 10 M's™!, respec-
tively [6].

Because of its high bimolecular rate constant, PTE is a
good candidate for biosensor detection of nerve agents,
topical skin protection, and decontamination of sur-
faces after exposure to OPs. The protective effect of PTE
against OPs on cholinesterases and carboxylesterases
was demonstrated [8]. PTE was structurally modified to
improve its stereoselectivity and catalytic rate toward
nerve agents [9].

X-ray crystallographic and metal chelation studies
established the importance of the nature of the binuclear
metal center[6, 9]. It was shown that the enzyme retains its
catalytic activity when Co?*, Cd**, Mn** or Ni** substituted
Zn** in native PTE. The rate of hydrolysis is dependent on
the nature of the active site metals. For example, the k _ val-
ues for hydrolysis of paraoxon by recombinant PTE grown
in Zn**, Cd** and Co*" enriched medium are respectively
1520 s, 2460 s, and 4870 s'[6]. Substitution of naturally-
occurring zinc ions by cobalt ions was reported to enhance
the enzyme catalytic activity the most significantly [10], but
is coupled to a decrease in stability [11].

It is noteworthy that some discrepancies exist in lit-
erature data, for ratio of kinetic parameters between
Co*"-containing and Zn**-containing PTE, ranging from 3
to 8 times [6, 10-14]. We investigate some possible cause
of these puzzling differences. We carefully characterized
the metal in the binuclear center of our preparation of
recombinant enzyme using XRF and CCT-ICP-MS. We
notably looked for the presence of Fe*" in the binuclear
center, since it was reported that Agrobacterium radio-
bacter phosphotriesterase contains a Fe?*/Zn*" binuclear
center [15]. As the metals were well characterized, we
focused on the stability of diluted PTE in kinetic assays
and the effect of Zn** and other divalent cations on the
activity of PTE expressed either in Zn?*-enriched medium
(Zn-PTE) or in Co?*-enriched medium (Co-PTE). Here we
mark a difference between Co-PTE as defined above and
Co*"-containing PTE reconstituted from the apoenzyme.
The goal of this study was to explore and understand
some aspects of recombinant PTE and its mutant that are

essential for optimal production and hydrolytic detoxifica-
tion of pesticides and nerve agents.

Material and methods

Expression and purification of PTE

Wild type PTE was expressed in E. coli HMS 174 (DE3)
pLysS (Novagen, Madison, WI, U.S.A.) carrying the plasmid
pET17b-PTEm. pET17b was from Novagen as previously
described [16]. The PTEm gene (kindly provided by D.
Fournier, Université de Toulouse, France) was without the
29-aminoacid leader; it was shown to significantly improve
the enzyme expression level [17]. The metal cation was
introduced using a biosynthetic method. Bacterial cells were
grown in a culture medium supplemented with the desired
cation (final concentration 0.5 mM). Cations were added at
the induction step to enhance the expression of active PTE.
Subsequent steps were carried out at 4°C in 50 mM sodium
borate pH 8.5, containing 0.1 mM of the appropriate salt
(ZnCl, or CoCl,). Wild-type PTE was purified according to
the previously reported protocol [16], using an ion exchange
chromatography on Fast Flow DEAE-Sepharose (Pharmacia
Biotech, Uppsala, Sweden) and an affinity chromatography
on Green 19-Agarose gel (Sigma). The enzyme was concen-
trated to 5 mg/mL using ultrafiltration units (Nanosep 10K
Omega), and protein concentration was determined using
the theoretical extinction coefficient calculated from the
PTEm protein sequence using ProtParam (e,,,=1.29 mg".
cm?) (http://au.expasy.org/tools/protparam.html) and
protein absorbance at 280 nm. Purity and homogeneity of
PTE was checked by determining its specific activity and by
SDS-PAGE. The molecular weight of PTE was determined
by ESI-MS using formic acid as the dilution buffer. The oli-
gomerization state of Zn- and Co-PTE was determined by
gel filtration with an initial enzyme concentration of 1 mg/
mL in 50 mM sodium borate buffer, pH 8.5 containing 100
mM KCI. 200 pL of sample was loaded on a Superdex 75 prep
grade column with particules size of 34 uM with a fraction
range from 3 to 70 kDa. Molecular weight standards were
B-lactoglobulin (14.4 kDa), ovalbumin (43 kDa) and bovine
serum albumin (67 kDa). Enzyme activity was measured
for 5 pL of each fraction (250 pL) using 1 mM paraoxon as
substrate.

Construction of PTE mutants

H123A, H123I and H123N mutants of PTE were made by the
PCRreverse method [18] usingKOD Polymerase (Invitrogen).
PCR fragments were purified with the QIAquick PCR purifi-
cation kit (Qiagen) and cloned into the expression plasmid
pET17b. The three mutants were expressed in E. coli BL21
(DE3) pLysS.
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Scheme 1. Paraoxon hydrolysis.
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X-ray fluorescence measurements

X-ray fluorescence was monitored with a solid-state
RontecXFlash detector operating at the BM30A beam line.
The detector was placed 90° from the incident X-ray beam
to minimize scattering. The device server to run the detec-
tor on ESRF beam lines and the Graphical User Interface to
monitor the X-ray fluorescence were developed by A. Beteva
(ESRF) and]. Joly (BM30A), respectively. Fluorescence meas-
urements were performed on both PTE (0.1 mM) expressed
in the presence of ZnCl, and CoCl, in 50 mM sodium borate
pH8.5.

Inductively coupled plasma mass spectrometry
measurement
Zinc, cobalt and iron were determined by CCT-ICP-MS
Collision-reaction Cell Technology - Inductively Coupled
plasma - Mass Spectrometry (Thermo, Dreieich, Germany).
The instrument was operated using 1400 W RF power, 13 L/
min as argon cool gas flow and 0.80 L/min for nebulizer
and auxiliary argon gas flow. CCT cell gas was a mixture of
helium and hydrogen (93-7% v/v) at a flow rate of 10 mL/
min. Samples were diluted in nitricacid 1% (v/v) containing
internal standards (Ga 50 pg/L and Rh 10 pg/L) before anal-
ysis. Standard nebulizer, Peltier cooled impact bead spray
chamber and single piece quartz torch were used. Metal
concentrations were determined using an external calibra-
tion curve containing Co (blank to 20 pg/L), Zn (blank to
500 pg/L) and Fe (blank to 200 pg/L). Measurements were
performed for Zn% Zn*%, Fe*, Fe*® and Co* isotopes.

We determined the total concentration of Co?*, Zn?*, Fe**
in 50 mM sodium borate buffer, pH 8.5, containing 0.1 mM
CoCl, with and without 0.11 mM PTE that was expressed
in CoCl, enriched medium. The concentration of Zn** and
Co?*chelated by the enzyme was obtained by subtracting the
values obtained in the presence of enzyme from the value
given by the buffer (blank). In addition, we measured the
total concentration of divalent cation in a solution contain-
ing PTE (0.06 mM) washed 5 times by ultrafiltration (2.5 X
dilutions per cycle — Amicon PM10) with 50 mM sodium
borate buffer, pH 8.5. The washing buffer recovered from the
last cycle was used as the blank.

Stability of Zn-PTE and Co-PTE under assay conditions
The enzyme activity of 0.2 nM PTE with paraoxon (3.5 mM;
Sigma-Aldrich) as the substrate was followed by monitor-
ing the release of p-nitrophenol at 400 nm (e = 17,000
M'cm™) in 15% methanol, 50 mM sodium borate buffer,
pH 8.5 at 30°C, using a Tecan Safire microplate spectro-
photometer. The rate of hydrolysis remained linear during
the test (10 min monitoring). We tested the activity of both
PTE, 2 min after they were diluted in assay buffer with or
without additives, 0.1% B-lactoglobulin and 50uM ZnCl,.

Determination of Kinetic and inhibition constants in the
presence of divalent cations

All kinetics measurements were performed using a Tecan
Safire microplate spectrophotometer at 30°C. Hydrolysis of
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paraoxon up to 3.5 mM by 0.2 nM PTE was performed in
15% methanol, 50 mM sodium borate at pH 8.5 with 0.1%
of B-lactoglobulin for stabilization purpose and in the pres-
ence of 0 to 0.5 mM ZnCl,, 0 to 3 mM NiCl, or 0 to 2 mM
CoCl,/CdCl,/Mg/Cl,/FeSO,. Inhibitions were character-
ized by Lineweaver-Burk and Dixon plots. The analysis of
ZnCl, inhibition was treated as a special case because at
pH 8.5, ZnCl, forms colloid particles that interact with the
enzyme. This leads to partial non-competitive inhibition.
Considering the equilibrium between the enzyme (E) and n
colloid particles (I):

E+nl EIL
We assume that the binding of each particle is equivalent:

[(E]-[1] _[EN-[1]_[£],,]-[1]

[ET] [E1,] [£1,]
a_ LE]-[I]"
We can define: [EI]

Then, the non-competitive partial inhibition by n particles
can be described as follow:

E+S —

o I

o,
Eln+S <—s_> ESIn —— E[+P

As the concentration of Zn(OH), colloid [I] is equal to
v[ZnCl,], we define Ki__ the apparent inhibition constant of
ZnCl, asKi= YK, Further assuming thatK_ = K_ we derive
the following equation:

ST Kiy, +o-[ZnCL]"
E, [SI+K,  Ki +[ZnCLY (1)

t

L—k

[S] is the substrate concentration, n the number of equiva-
lent of colloidal particles, v the initial velocity, k  the turno-
ver number, E, the enzyme concentration, K  the Michaelis
constant, Ki__ the apparent inhibition constants of ZnCl,
and « the partiality coefficient. E, was determined by UV
absorbance assuming that 100% of enzyme molecules were
active. The kinetic parameters were determined by simul-
taneously fitting v/E for different [ZnCL,] and [S] according
to Equation (1) using GOSA-fit, a fitting software based on
simulated annealing algorithm (BioLog, Toulouse, France;
http://www.bio-log.biz).

Fluorescence Measurement and data analysis
The fluorogenic analogue of VX, 0O,0-(3-chloro-4methyl-
20x0-2h-chromen-7-yl) ethylmethylphosphonate[19], was

RIGHTS LI N Kdx



Journal of Enzyme Inhibition and Medicinal Chemistry Downloaded from informahealthcare.com by Mamo Hogskola on 12/26/11

For personal use only.

1048 E. Carletti et al.

a gift from Dr William R. Gareth (Synthetic Chemistry Team,
DSTL Porton Down, U.K). The hydrolysis of the VX analogue
by PTE was followed by the change in fluorescence at 460
nm, with a wavelength excitation at 350 nm using a SFM25
Kontron Instruments at 25°C. The hydrolysis of 6 uM VX ana-
logue was performed in 15% isopropanol, 50 mM sodium
borate at pH 8.5, containing 0.1% of B-lactoglobulin with
3.5 nM Co-PTE, at different concentrations of ZnCl, (0, 0.02,
0.08, 0.25, 0.5, 0.75, 1, 1.5, 2 mM). The initial velocity was
measured by following the release of 3-chloro-7-hydroxy-4-
-methylcoumarin during 100 s. The IC,  values for Zn(OH),
colloid inhibition of Co-PTE activity was determined by
fitting the data to the Equation (2) where v, is the reaction
velocity at different zinc concentrations [I], v, is the initial
velocity in the absence of inhibitor, IC, is the analytical
concentration in ZnCl, required to achieve 50% inhibition
and a is a partiality factor. At pH 8.5, most of Zn** forms
Zn(OH),.

n_lzae .,
Yo 1+[[é] (2)

30

Results and discussion

Oligomerization state

The molecular weight of PTE monomer determined by
ESI-MS under acidic conditions is 36,286 * 5 Da. This value
is in agreement with the molecular weight from the amino
acid sequence (36,292 Da). Gel filtration chromatography
of Zn- and Co-PTE at concentration of 1 mg/mL indicates
a value about 36 *+ 4 kDa for the active enzyme (Figure 1).
Gel filtration was performed at different ionic strength (0
to 200 mM KCl) and in presence of various concentrations
of Zn?* and Co** (up to 2 mM) without changes in chroma-
togram profiles. All the enzyme activity was located in the
single peak (not shown). Thus, active Zn- and Co-PTE are
clearly monomeric under the kinetic assay conditions. The
oligomerization state does not seem to be dependent on
the nature of the divalent cation. This is in agreement with
reported results on gel filtration of Zn-PTE expressed using
the Baculovirus system [20], Zn-PTE homology protein from
E. coli [21] and PTE from Flavobacterium [22]. However, it
is generally assumed, that Zn-PTE is dimeric in solution
because it crystallizes as a dimer. This claim were apparently
supported by ultracentrifugation [5] and gel filtration experi-
ments [23], though data and experimental details were not
shown.

Binuclear center characterization

It is important to systematically and fully characterize the
binuclear center to rationalize the kinetics of recombinant
PTE because the activity is dependent on the nature of diva-
lent metal and the level of metal substitution change from
one preparation of enzyme to the other. The determination
of the nature of cations in our preparations of Zn-PTE and
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Absorbance 280 nm (mAU)

Elution volume (ml)

Figure 1. Typical gel filtration of Co-PTE and Zn-PTE. The size of Zn-
or Co-PTE in solution was determined by gel filtration with an initial
enzyme concentration of 1 mg/mL and a volume sample of 200 pL. A gel
filtration of Co-PTE is shown. The absorbance profiles of Co-PTE (bold
dashed line) and molecular weight standards (thin line) were recorded at
280 nm. The molecular weight of B-lactoglobulin (14.4 kDa), ovalbumin
(43 kDa) and bovine serum albumin (67 kDa), and the estimated value of
Co-PTE (36 kDa) are indicated at the top of each corresponding peaks.

Co-PTE was performed using X-ray fluorescence (Figure 2).
The spectrum of Zn-PTE shows a major peak at 8600 eV
with a fluorescence intensity of 790 counts, and a slight
peak of 120 counts at 9530 eV. These peaks correspond to
X-ray fluorescence of ZnKa and ZnKp respectively. A small
peak at 6400 eV with a fluorescence intensity of 60 counts
may correspond to FeKa, suggesting trace of Fe®* in the
enzyme preparation. No other fluorescence peaks for diva-
lent cations were observed, confirming that PTE expressed
in medium supplemented with ZnCl, contains two zinc
cations in the active site. This result is in agreement with
high-resolution X-ray structure data [24]. The Zn peak is
still present in the Co-PTE spectrum with a fluorescence
intensity of 245 counts for ZnKa peak and 40 counts for
ZnKp peak. Another peak was observed at 6930 eV with a
fluorescence intensity of 130 counts, corresponding to the
emission of CoKa.. We also observed a weak signal for CoK3
The faint peak at 6400 eV, assumed to correspond to FeKa,
is still present. Therefore, our sample of PTE expressed in
medium supplemented with CoCl, contains both cobalt
and zinc cations. This is in agreement with FAAS analysis
found in the literature [13]. It differs from Co?"-containing
PTE prepared from the apoenzyme, which contains two
Co?** according to analysis based on atomic absorption
spectrophotometry [6]. Surprisingly, it was reported that
the crystal structure of the H254R mutant of PTE expressed
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Figure 2. X-Ray Fluorescence spectrum of recombinant Zn-PTE and Co-PTE. XRF spectrum for energy between 5 and 10 KeV of 0.1 mM Zn-PTE (a)

and 0.1 mM Co-PTE (b).

in Co?*-enriched medium contains two Co?* [14]. However
no metal analysis was performed and as it is not possible
to discriminate between Zn** and Co?* from the electronic
density, we doubt that the binuclear center in this crystal
structure is homogenous.

CCT-ICP-MS analysis was performed in order to accu-
rately quantify the relative amount of divalent cations in the
binuclear active site center of Co-PTE. The concentrations
of Zn** and Co?* were respectively 110 pM and 100 pM in
a sample containing 110 pM Co-PTE. Co-PTE contained
one equivalent of Zn*" and one equivalent of Co?*. The
recombinant enzyme does not contain significant amount
of Fe?* (<2 uM), but it does not rule out that the native
enzyme from Pseudomonas contains Fe?'. In addition,
Enzyme washed using ultra-filtration and diluted at 50 pM
contained 1 equivalent of Zn?* (50 uM) but 0.7 equivalent
of Co*" (35 pM). This result indicates that Co?* readily
dissociates upon dilution and suggests that Co*" likely
binds at the more solvent exposed and labile 3-metal site
while Zn** is located at the more buried a-metal site. This
is reminiscent to Cd-PTE from Pseudomonas sp. WBC-3,
which also contains a mixed hybrid binuclear zinc center,
in which the zinc ions at the B-metal site is replaced by
cadmium [25].

Altogether, these results and literature data show that bac-
terial expression of PTE in CoCl,-enriched medium yields a
heterogenous binuclear center, even if CoCl, is added dur-
ing the purification steps. Homogenous Co?"-containing
PTE is more reproducibly obtained by reconstitution from
the apoenzyme, but the enzyme displays a tendency to loose
the cation at the 3-metal site upon dilution, yielding partially
metallated unstable populations of enzyme.

Stability of Zn-PTE and Co-PTE under the conditions

of kinetic measurements

The catalytic constants of Zn-PTE and Co-PTE vary sig-
nificantly within reports. For example, the k  values for
reconstituted Zn-PTE were found to be 780 s [26] and

2430 s! [6]. In addition to heterogeneity of the binuclear
center for enzymes expressed in metal enriched medium,
a possible cause for such a large variation may simply be
related to the lack of information regarding the protein
titration method used. Knowledge of active site concen-
tration is critical to determine real kcat. Indeed, in recent
literature, citations in cascade are used to describe the
titration method. These citations finally lead to the earliest
work on expression of PTE in baculovirus but not in E. coli
[20]. In this work, absorbance at 280 nm (without reported
€,50mn) aNd bicinchoninic assay were cited as the methods
used for crude samples, but no details were given for the
purified enzyme.

Another possible cause of these fluctuations could be
that additives have not been systematically used to stabilize
PTE upon dilution required for kinetic measurements. We
tested the influence of putative stabilizers of PTE, Zn** the
enzyme cofactor, and B-lactoglobulin that provides a pro-
tein environment. The maximum activity was obtained in
the presence of 0.1% (w/v) B-lactoglobulin (Figure 3). We
verified, by pre-coating tubes with B-lactoglobulin, that
loss of activity was not due to adsorption of the enzyme
on tube walls. Because the loss activity apparently occurs
during the dilutions and before substrate is added, the rate
of hydrolysis remains linear during the time of the activity
test (10 minutes). This indicates that paraoxon stabilizes
PTE, which is quite a usual effect for substrates. Without
additives, both PTEs dramatically loose about 90% of their
activity upon dilution. 50 pM ZnCl, has a modest stabilizing
effect, as Zn-PTE and Co-PTE retain respectively 38% and
27% of their activity 2 minutes after dilution. However, there
are neither additives nor synergistic effect of ZnCl, and
B-lactoglobulin. Otherwise, adding ZnCl, to the enzyme
stabilized by B-lactoglobulin results in 10% and 20%
decrease in activity for Co-PTE and Zn-PTE, respectively.
Noteworthy, ZnCl, has an inhibitory effect when a protein
environment stabilizes PTE. This inhibition is characterized
later in this paper.
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Figure 3. Stability of Zn-PTE and Co-PTE under assay conditions.
Paraoxon hydrolysis of Zn-PTE and Co-PTE in the absence of additives,
with 0.1% of B-lactoglobulin, with 50 pM ZnCl, and with both additives, 5
minutes after dilution of the stock enzyme.

It was shown that during the time course of bacterial
expression, newly synthesized PTE is unstable until the
binuclear center is formed [27]. Here, we observed that
the presence of Zn?* in solution slows down the inacti-
vation that occurs at low enzyme concentration and in
the absence of B-lactoglobulin. We assume that at low
concentration, there is a shift toward population of con-
formers that tend to loose their metal cations, leading to
unstability, complete unfolding and aggregation. In this
case, the presence of Zn?" would help to maintain highly
populated metal sites, slowing down the inactivation
process. Remarkably, the presence of a sufficient protein
environment, like that provided by 0.1% B-lactoglobulin,
stabilizes PTE probably by preventing the shift toward
unstable conformers. It follows that 0.1% B-lactoglobulin
has to be systematically added in medium for enzyme
dilutions and kinetic assays.

Paraoxon hydrolysis by stabilized Zn-PTE and Co-PTE

Adding 0.1 % B-lactoglobulin to dilutions of PTE for assays
allowed to obtained reproducible kinetic results. PTE-
catalyzed hydrolysis of paraoxon obeys the Michaelis-
Menten model (Figure 4). The rate of paraoxon hydrolysis
catalyzed by Co-PTE was 3 times faster (k_ = 4010 + 40 s)
than the one catalyzed by Zn-PTE (k_ = 1290 + 10 s) at
pH 8.5 and 30°C. These values are in agreement with some
reported data [6], although pH and temperature condi-
tions were different and the protein titration method was
probably different. Catalytic parameters, listed in Table
1, show that the efficiency (k_/K ) of Co-PTE toward

cat

paraoxon is 2-fold higher than that of Zn-PTE. This shows

4000 T T T T T T T
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Figure 4. Michaelis-Menten Plot of paraoxon hydrolysis by Zn-PTE and
Co-PTE. Initial reaction rate plotted against substrate concentration for
paraoxon hydrolysis by PTE purified with Zn**(O) and Co**(0J).

that a single Co®* in the active site already provides a sig-
nificant enhancement of the catalytic efficiency compared
to Zn-PTE.

Effect of metal cations excess on PTE activity

We observed that ZnCl, has an inhibitory effect on PTE in
the sub-millimolar range. This was previously noted [6].
As divalent cations are cofactors that are added in excess
to buffers during expression, purification, kinetic assays,
and in decontamination solutions, we wanted to clarify
their possible inhibitory effect on the enzyme activity. The
paraoxon hydrolysis activity of both Co-PTE and Zn-PTE
was measured in the presence of increasing concentrations
of Zn**, Co**, Cd**, Mg**, Ni** chloride and Fe**sulfate. The
activity of both PTEs remained unchanged upon addition
of CoCl,, CdClz’ FeSO, and MgCl, up to 2mM. However,
ZnCl, inhibited the hydrolysis activity of both Zn-PTE and
Co-PTE (Figure 5). We wondered whether inhibition arises
from interactions of additional zinc ions with the binuclear
center or with another site and decided to investigate this
side effect of zinc excess. We first verified that this inhibition
was not dependent on the ionic strength or to oligomeriza-
tion. High ionic strength did not alter the inhibitory effect of
ZnCl, in borate buffer containing up to 300 mM NaCl. The
effect of ZnCl, could not be due to a change in the oligomeri-
zation state or aggregation of PTE because no peak shift or
new peak was observed at concentrations up to 2 mM ZnCl,.
Actually, we figured out that at pH 8.5, the inhibition is
likely not related to free Zn*" ions present in the solution.
At this pH, the solubility product constant of Zn**/Zn(OH),
is 8x10"'" (CRC Handbook of Chemistry and Physics 80" Ed;
at 30°C), so that the concentration of Zn?>" in solution is
less than 8 uM, and [Zn(OH),]=[ZnCl,] in the concentra-
tion range of the inhibition. Besides, cloudy precipitate of
Zn(OH), was clearly visible when concentrations of ZnCl,
higher than 1 mM were used in assays. Therefore, it is more
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Figure 5. Inhibition of paraoxon hydrolysis of Co-PTE and Zn-PTE by ZnCl,. Reaction rate versus paraoxon concentration for Zn-PTE (a) and Co-PTE
(b) in the absence (O) and presence of 0.1 mM ((J), 0.25 mM (X) and 0.5 mM (+) ZnCl,. Lineweaver-Burk plot of Zn-PTE (c) and Co-PTE (d) activities
in the absence (O) and presence of 0.1 mM (OJ), 0.25 mM (X) and 0.5 mM (+) ZnCl,. Dixon plots of Zn-PTE (e) and Co-PTE (f) with0.28 mM (O), 0.42
mM (), 0.56 mM (X), 0.7mM (+), 3.5 mM (A) paraoxon. The best-fit curves or lines were determined using GOSA-fit and Equation (2), with n=2 for
Zn-PTE and n=1 for Co-PTE.
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Table 1. Paraoxon hydrolysis catalyzed by recombinant wild type PTE expressed in the presence of zinc and cobalt chloride and mutants expressed in

the presence of cobalt chloride.

k, (s1)* K_(mM) k /K (M's?) Ki o (M) n Partial factor (a)
Zn-PTE 1290+10 0.260.01 5X10° 155+10 2 0.50+0.01
Co-PTE 4010+40 0.40+0.02 10X10° 52+6 1 0.45+0.02
Co-His123Asn 1610+30 0.34+0.03 4.7X10° 230+50 1 0.30+0.05
Co-His123Ala 390+5 0.39+0.03 1X10° 300+100 1 0.47+0.07
Co-His123lle 50+1 0.360.03 0.14X10° 630+50 1 0

*Determined fromV__ =k

_.[E], assuming that 100% of enzyme molecules

likely that inhibition was due to Zn(OH), colloidal particles
whose effective concentration is y[ZnClL], y being an activity
coefficient. It follows that inhibition constants for this type
of inhibition must be regarded as apparent phenomenologic
parameters.

Since the solubility product constant of Ni**/Ni(OH), is
1.5 X10"* (CRC Handbook of Chemistry and Physics 80"
Ed; at 30°C), corresponding to a maximum concentration of
150 pM at pH 8.5, a similar effect occurs during inhibition
experiment using NiCl,. Lineweaver-Burk plots show that
colloidal Ni(OH), is a non-competitive inhibitor of Co-PTE
with apparent Ki = 3.0 = 0.2 mM, n=1 and a=0 (plot not
shown).

Lineweaver-Burk plots show that colloidal Zn(OH), is a
non-competitive inhibitor of Zn-PTE and Co-PTE (Figure 5¢
and 5d), K  remains unaffected whereas k_ decreases. In
addition, the curvature of the Dixon plots reveals that inhi-
bition of Zn-PTE and Co-PTE are non linear (Figure 5e and
5f). The hyperbolic and parabolic shapes of the Dixon plots
for Co-PTE and Zn-PTE, respectively, can be interpreted as a
partial inhibition and multiple binding of colloidal particles
mixed with partial inhibition, respectively.

We determined that two equivalents of Zn(OH), colloidal
particles (n=2) are involved in inhibition of Zn-PTE, Kiapp =
155%10 pM with a partiality coefficient of 0.50*0.01 and a
single equivalent for Co-PTE (n=1), Ki_ = = 52%6 uM with
a partiality coefficient of 0.45%0.02 (Table 1). The fit of non-
linear Dixon plots, using the parameters determined above
(curved line; Figure 5e and 5f), shows the accuracy of the
prediction.

We further investigated the inhibition of PTE by zinc
with a structurally different substrate in order to definitively
exclude the possibility that inhibition results from interac-
tion of Zn(OH), colloid with paraoxon, causing substrate
depletion. We used a fluorogenic substrate, O,0-(3-chloro-
4methyl-20x0-2H-chromen-7-yl) ethylmethylphosphonate,
that is a mimic of the nerve agent VX [19]. The VX-analogue
hydrolysis activity of Zn-PTE was too slow to determine an
accurate median inhibitory concentration (IC, ), but it was
sufficient for Co-PTE. Increasing concentrations of ZnCl,
inhibit Co-PTE with an IC, =0.53 = 0.08 mM and a partial-
ity coefficient a = 0.68 (Figure 6). Based on the above results
about inhibition of paraoxon hydrolysis, we can reasonably
assume that inhibition of hydrolysis of the VX analogue is
non competitive, so that IC_ =Ki, one order of magnitude
higher than for paraoxon. Thus, Zn(OH), colloid inhibition

are active; these values are therefore the minimal values of k .

Activity (%)

60 I I I I
0,001 0,01 0,1 1 10

[ZnCl,] (mM)

100

Figure 6. Inhibition of Co-PTE-catalyzed hydrolysis of an analogue of VX
by ZnCl,2. Hydrolysis of an analogue of VX by Co-PTE in the presence of
increasing concentrations of ZnCl, up to 2 mM.

is not limited to inhibition of paraoxon hydrolysis, but its
strength is dependent on the nature of the substrate.

The non-competitivity and partiality of inhibition sug-
gests an allosteric effect due to binding of Zn(OH), parti-
cles on the surface of PTE. Since Zn(OH), forms a colloid
suspension in solution, it is rather difficult to rationalize its
inhibitor properties at the molecular level, especially the fact
that two equivalents are necessary to inhibit Zn-PTE while
one equivalent is sufficient for Co-PTE. However, allosteric
effects are related to shift in equilibrium between conform-
ers [28] as recently confirmed by experimental and theoreti-
cal studies [29]. Thus, we may assume that multiple binding
of Zn(OH), particles alters the dynamic equilibrium of PTE
by interfacial interactions.

Effect of His123 mutations on the stability of Co-PTE

and zinc hydroxide interactions.

At some point, we thought that the species involved in the
noncompetitive inhibition was Zn?*. Therefore, we looked
for a putative binding site for Zn**. Coordination of Zn?**
systematically involves in order of occurrence, Histidine,
Cysteine and Aspartate/Glutamate and a careful analysis
of the crystal structure of PTE shows that there is a single
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histidine residue located at the surface (His123), with two
carboxylic residues nearby (Asp121 and Glu48) (Figure 7).
We were assuming that all, or a couple of these residues
may participate to the coordination sphere of Zn?*. Actually,
mutant His123Asn was already studied in earlier work in
attempt to identify residues involved in Zn** catalytic bind-
ing site. At that time, a 30% decrease in kcat was reported for
reconstituted Co-PTE without change of K, [30]. No change
in K|, suggests that mutations of this surface residue affect
the conformational equilibrium of the enzyme, with a con-
formation of enzyme that is fully active and at least another
conformation that is less active. Although His123 is at the
opposite side of the catalytic site, it is only 12 A away from a
recently identified allosteric site [14], thus supporting again
the hypothesis that His123 may affect the allosteric machin-
ery. In addition, other mutations distant from the active site
have been shown to affect catalytic properties [31], showing
that the catalytic activity is dependent on PTE'’s conforma-
tional dynamics.

Despite the nature of the inhibition by Zn(OH), did not
justify looking for a true Zn?** binding site, we mutated
His123 into asparagine, alanine and isoleucine and checked
if Zn(OH),. Mutations into asparagine and isoleucine were
chosen because the former is the least disruptive residue as it

Glu48

Catalytic site

1053

is the closest isoster of histidine, and the latter was expected
to favorably interact with Ile44 and Thr39 side chains pre-
venting disruption of the structure.

Purification yields of the mutants expressed in CoCl,-
enriched medium were much lower than those of the wild
type enzyme (about 200 times less), supporting the conten-
tion that the mutations strongly affect the overall conforma-
tional stability of the enzyme. The impact of the mutations on
Co-PTE activity toward paraoxon is summarized in Table 1.
While K, remains remarkably unaffected, the catalytic
constant k_ decreased 2.5- 10- and 80-fold for mutants
His123Asn, His123Ala and His123lle, respectively. Such a
change in kcat without affecting K, strongly suggests that
the mutant enzyme exists under at least two conformational
forms, one that can bind paraoxon like the wild type enzyme
and is fully active and one that cannot bind and hydrolyze
paraoxon. Thus, the mutation induces a shift toward popu-
lation of conformers that are less efficient at hydrolyzing
paraoxon.

Zn(OH), inhibition was significantly altered by the muta-
tions, the apparent Ki being about one order of magnitude
higher than that for wild type Co-PTE (Table 1). Such an
increase in Ki indicates that Zn(OH), colloidal particles
bind to a specific conformation that was affected by the

. / Allosteric region

EBP -

Figure 7. Crystal structure of PTE. Cartoon view of the crystal structure of PTE-Cd/Cd (pdb code 1PSC). a-Helixes are in red and (3-sheets in yellow. The
allosteric ligand EBP is represented in ball and stick. Residues from the putative Zn binding site and the catalytic site are in stick.
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mutation. Besides, His123Ile mutant lost the partiality of
inhibition which means that for this particular mutant, col-
loidal Zn(OH), binds to a non productive conformer of the
enzyme mutant.

Altogether, we have three independent observations -
lower expression yield - decrease in kcat value without
change in K, - decrease in sensitivity to inhibition by
Zn(OH),, indicating that the mutation of His123 alter the
dynamic equilibrium between active and unstable inactive
conformations.

Conclusions

We showed that recombinant Co-PTE is unambigu-
ously monomeric under the conditions of kinetic assay
while dimerization may occur at higher concentrations
encountered for making crystals or in ultracentrifugation
experiments.

In order to fully characterize our recombinant enzyme
preparations before performing kinetic assays, we deter-
mined the composition of the binuclear center of Zn-PTE
and Co-PTE, qualitatively by X-ray fluorescence and quanti-
tatively by CCT-ICP-MS and found 2 equivalents of Zn**, no
Fe?* for recombinant Zn-PTE, while Co-PTE contains one
equivalent Zn?** and one equivalent Co?*, the later being
located most likely in the labile (3-site. Recombinant Co-PTE
is two times more efficient than recombinant Zn-PTE despite
containing a single Co?** cation. Better efficiency is expected
for Co-PTE containing two Co*" obtained by reconstitu-
tion from the apoenzyme, but instability of the apoenzyme
might pose problems for large scale production of Co-PTE
for decontamination purposes.

Both recombinant enzymes are unstable upon dilution
and enzymatic assay, and require a stabilizing protein
environment that was only used in two recent works [31,
32]. In addition, formulations of the wild type enzyme for
decontamination purpose should also provide a stabiliz-
ing environment to maintain optimal activity and storage
stability.

We characterized a non competitive partial inhibition of
ZnCl,, related to interactions with Zn(OH), colloidal parti-
cles at the pH commonly used in kinetic assays. This inhibi-
tion was overlooked in previous studies. To achieve maximal
activity, it is important to avoid addition of ZnCl, in medium
during kinetic assays.

Mutation effects of solvent-exposed His123 suggest that
the population of conformers of this mutant is shifted away
from the productive and stable population compared to that
of the wild type. Effort should be pursued to find mutations
with the opposite effect, i. e., causing a shift toward the pro-
ductive population, in the line of the work already engaged
by certain groups [27, 31].

To date, practical applications have been limited mostly
by the poor reproducibility of scaled production of recom-
binant PTE, related to the problems of expressing stable and
fully metallated enzyme. This paper addresses some aspects

of these issues that have slowed down the development of
PTE into an efficient enzyme decontamination agent.
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