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ABSTRACT: Phosphotriesterase (PTE) fromPseudomonas diminutais a zinc metalloenzyme that hydrolyzes
a variety of organophosphorus compounds. The kinetic parameters of Zn/Zn PTE, Cd/Cd PTE, and a
mixed-metal Zn/Cd hybrid PTE were obtained with a variety of substrates to determine the role of each
metal ion in binding and catalysis. pH-rate profiles for the hydrolysis of diethylp-nitrophenyl phosphate
(I ) and diethylp-chlorophenyl phosphate (II ) demonstrated that the ionization of a single group in the pH
range of 5-10 was critical for substrate turnover. The pKa values determined from the kinetic assays
were dependent on the identity of the metal ion that occupied theR site within the binuclear metal center.
These results suggest that the hydrolytic nucleophile is activated as a hydroxide via the ionization of a
water molecule attached to theR-metal ion. The kinetic constants for the hydrolysis ofII and diethyl
p-chlorophenyl thiophosphate (IV ) were determined for the metal substituted forms of PTE. The kinetic
constants forIV were greater than those forII . The inverse thio effect is consistent with the polarization
of the phosphoryl oxygen/sulfur bond via a direct ligation to the metal center. The rate enhancement is
greater when Cd2+ occupies theâ-metal-ion position. A series of alanine and asparagine mutations were
used to characterize the catalytic roles of Asp233, His254, and Asp301. Mutations to either Asp233 or
His254 resulted in an enhanced rate of hydrolysis for the sluggish substrate, diethylp-chlorophenyl
phosphate, and a decrease in the kinetic constants for paraoxon (I ). These results are consistent with the
existence of a proton relay from Asp301 to His254 to Asp233 that is used to ferry protons away from the
active site with substrates that do not require activation of the leaving group phenol. A mechanism for the
hydrolysis of organophosphates by the bacterial PTE has been proposed.

The enzyme phosphotriesterase (PTE)1 was initially iso-
lated from strains of soil bacteria that possessed the ability
to hydrolyze organophosphate esters, including an array of
agricultural pesticides and chemical warfare agents (1). The
gene encoding PTE was found associated with a nonchro-
mosomal plasmid and subsequently subcloned into a variety
of expression vectors (2, 3). PTE has no known natural
substrates; however, the purified enzyme will hydrolyze
insecticides such as paraoxon (I ) with kcat andkcat/Km values
that approach 104 s-1 and 108 M-1 s-1, respectively (4).
Recently, PTE and other organophosphate degrading en-
zymes have become the focus of more intense scrutiny
because of their demonstrated utility toward the detoxification
of agricultural pesticides and chemical warfare agents (5-
7). The enzymatic hydrolysis ofI is presented in Scheme 1.

PTE from Pseudomonas diminutahas been extensively
characterized using a variety of mechanistic, genetic, struc-
tural, and spectroscopic approaches. Experiments conducted
in oxygen-18-labeled water with a chiral thiophosphonate
substrate demonstrated that the cleavage of the P-O bond
occurs via an SN2-like single displacement reaction with a
net inversion of the configuration at the phosphorus center
(8). The enzyme has been crystallized and the three-
dimensional X-ray structure shows that the protein folds as
a (â/R)8 barrel (9). A binuclear metal center with two zinc
ions is found at the active site of PTE. The five amino acids
that are in direct coordination with the two metal ions are
His55, His57, His201, His230, and Asp301. The metals are
bridged by a carboxylated lysine (Lys169) and a molecule
from the solvent. A representation of the binuclear metal
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center in the active site of PTE is depicted in Figure 1. The
two metal ions are designated asR and â. The R metal is
more buried and is in direct coordination with His55, His57,
and Asp301. Theâ metal is more solvent-exposed and is
coordinated to His201 and His230. The native zinc ions at
the active site can be replaced by reconstitution of the apo-
enzyme with Co2+, Ni2+, Cd2+, or Mn2+ with retention of
the catalytic activity (4). The general features of the protein
fold and the specific ligand geometry of the binuclear metal
center define the structural motif found in the amidohydrolase
superfamily of enzymes (10). Other members of the ami-
dohydrolase superfamily include, but are not limited to,
urease, dihydroorotase, adenosine deaminase, and atrazine
chlorohydrolase (10). Nearly all members of this superfamily
utilize one or two divalent cations to activate a water
molecule to initiate a nucleophilic attack on the substrate.

Despite the extensive amount of literature on PTE, some
basic mechanistic questions remain to be answered. Previous
investigations have shown that both metal ions are required
for optimum catalytic activity; however, the specific role of
each metal ion in the active site is unknown (11). Potential
catalytic functions for one or both of the two metal ions
include (i) polarization of the PdO or PdS bond of the
substrate to increase the electrophilic character of the
phosphorus center, (ii ) activation of the hydrolytic water
molecule, and (iii ) neutralization of the developing negative
charge on the leaving group during P-O bond cleavage.
Moreover, the catalytic participation of other amino acid
residues in substrate turnover has been largely unexplored.
For example, the side-chain carboxylate of Asp301 is within
hydrogen-bonding distance to the bridging hydroxide in the
active site. A hydrogen-bonded network is apparently
extended through direct interactions with His254 and Asp233.
The orientation of these residues within the active site of
PTE is shown in Figure 2. These two residues may function
in concert with the binuclear metal center and Asp301 to
shuttle protons from the active site to the bulk solvent during
substrate turnover. In addition, the side chain of Tyr309 has
been proposed from molecular-dynamic calculations as a
stabilizing factor for the developing negative charge of the
p-nitrophenolate leaving group ofI (12).

The enzymatic properties of PTE make this protein an ideal
candidate for mechanistic interrogation. In this paper, the
relative functions of the twin zinc ions found in the active
site are addressed through characterization of the catalytic
properties of PTE substituted with other transition-metal ions.
The differential roles played by each of the two divalent
cations are probed via the construction of a hybrid binuclear
metal center with zinc and cadmium at unique sites in the
same active site. The enhancement of the electrophilic
character of the phosphorus center is ascertained through the
utilization of phosphate and thiophosphate triesters as the
substrates. Phosphorus-oxygen bond cleavage events and
proton transfers are disentangled from one another through
the use of substrates with altered rate-limiting steps. The
specific roles of individual amino acid side chains are
determined by the construction and characterization of site-
directed mutants.

MATERIALS AND METHODS

Materials. I was purchased from Sigma and further
purified to removep-nitrophenol (4). Diethyl p-chlorophenyl
phosphate (II ), parathion (III ), and diethylp-chlorophenyl
thiophosphate (IV ) were synthesized as previously described
(13, 14). The structures of these substrates are presented in
Chart 1. All other chemicals used in this paper were
purchased from Aldrich, Sigma, Fisher Scientific, or United

FIGURE 1: Structure of the binuclear metal center for the bacterial
PTE. The coordinates are taken from Benning et al. (22) and can
be obtained from the Protein Data Bank (PDB) (1HZY).

FIGURE 2: Orientation of the active-site residues examined in this
paper. The coordinates were taken from Benning et al. (22) and
can be obtained from the PDB (1HZY).

Chart 1
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States Biochemical Co. Wizard miniprep DNA purification
kit was purchased from Promega. Deuterium oxide (99.9%)
and methanol-d4 (99.8%) were purchased from Cambridge
Isotope Laboratories. Oligonucleotide synthesis and DNA
sequencing reactions were performed by the Gene Technol-
ogy Laboratory of Texas A&M University.

Construction of PTE Mutants.Site-directed mutagenesis
was performed using the template plasmid pJK01 or pJW01.
The mutants D301A, D301N, and H254N were constructed
using the overlap extension method of PCR (15) by Kuo et
al. (16). The mutants H254A, D233A, D233N, and Y309F
were made with the QuikChange site-directed mutagenesis
kit from Stratagene. The mutated plasmids were sequenced
to ensure the fidelity of the PCR reactions.

Purification of PTE.Plasmids harboring the wild-type and
mutant PTE genes were transformed intoE. coli BL-21 cells.
A single colony was used to inoculate a 6-mL overnight
culture of LB broth containing 50µg/mL ampicillin. The
overnight culture was used to inoculate 1.0 L of TB media
containing 1.0 mM CoCl2 and 50µg/mL ampicillin (3). The
cobalt-supplemented growth medium was incubated in a
shaker at 30°C. After incubation for 20 h, 400µM isopropyl-
D-thiogalactopyranoside (IPTG) was added. The cells were
harvested by centrifugation 36 h after induction. PTE was
purified according to the published procedures (4). The cells
were lysed by sonication with 5-s pulses for 40 min at 4°C.
After centrifugation, the nucleic acids were removed by
adding 2% (w/v) protamine sulfate dropwise. After centrifu-
gation, ammonium sulfate was added to a saturation of 45%.
The pellet from the ammonium sulfate step was resuspended
in the purification buffer and loaded onto a 5.0× 150 cm
gel filtration column containing Ultrogel AcA 54 (IBF) and
eluted at a flow rate of 1.0 mL/min. The fractions were
pooled based on the catalytic activity. DEAE-Sephadex A-25
(Sigma) was equilibrated in the purification buffer (pH 8.5)
and incubated with the protein pooled from the gel filtration
step at 4°C overnight. The PTE was eluted from the column
by washing with 4 column volumes of a pH 8.5 purification
buffer. The purity of the protein was verified by sodium
dodecyl sulfate-polyacrylamide gel electrophoresis.

Preparation and Reconstitution of apo-PTE.Wild-type and
mutant enzymes were rendered metal-free by incubation with
2.0 mM 1,10-phenanthroline at 4°C until less than 1% of
the original catalytic activity remained. The chelator was
removed by diafiltration using an Amicon diafiltration device
and a 50 mM HEPES buffer (pH 8.0) until less than 1.0 nM
1,10-phenanthroline remained (4). The 50 mM HEPES buffer
(pH 8.0) was passed through a Chelex-100 column to remove
excess metal. All glassware used for metal-ion reconstitution
was washed with 30% nitric acid and rinsed with deionized
water. The apo-PTE was reconstituted with 2 equiv of ZnCl2

and CdCl2, or 1 equiv of ZnCl2 and CdCl2. The metal content
of the metal-substituted PTE was verified using a Perkin-
Elmer AAnalyst 700 atomic absorption spectrometer with
an acetylene-air flame.

Kinetic Measurements and Data Analysis.Throughout the
purification of PTE, the catalytic activity of metal-substituted
wild-type or mutant PTE was assayed by measuring the
release ofp-nitrophenol (ε ) 17.0 mM-1 cm-1) spectropho-
tometrically at 400 nm in a 30 mM TABS buffer (pH 9.0)
with 1.0 mM I . Reaction rates were determined with a
Gilford model 260 spectrophotometer at 25°C. No extra

metal was added to the assay mixture but all enzyme dilutions
were performed with a 50 mM HEPES buffer (pH 8.0) and
100 µM desired metal. The Zn/Cd metal hybrid was not
diluted into a metal-containing buffer.

The kinetic parameters,kcat andkcat/Km, were determined
spectrophotometrically using a SPECTRAmax-340 micro-
plate spectrophotometer at 30°C (Molecular Devices Inc.).
The enzyme-catalyzed hydrolysis ofI (50-3000 µM), II
(50-3000 µM), III (20-250 µM), and IV (20-250 µM)
was performed in a 30 mM TABS buffer (pH 9.0) and 20%
methanol, because of the limited solubility of the thiophos-
phate substrates. The reaction was followed spectrophoto-
metrically by measuring the formation of eitherp-nitrophenol
at 347 nm (ε ) 5176 M-1 cm-1) or p-chlorophenol at 283
nm (ε ) 1243 M-1 cm-1). These are the isosbestic wave-
lengths for the substituted phenol and corresponding phe-
nolate, and thus the reaction can be monitored at a single
wavelength that is independent of pH. The values ofkcat and
kcat/Km were determined by fitting the initial velocity data
to eq 1, whereV is the initial velocity,kcat is the turnover
number,Et is the enzyme concentration,A is the substrate
concentration, andKm is the Michaelis constant.

The pH-rate profiles were determined for the Zn/Zn, Cd/
Cd, and Zn/Cd forms of the wild-type PTE withI andII as
the substrates. Each metal variant of PTE was assayed over
a pH range of 5.0-10.0 at 0.2 pH unit increments. The
buffers MES (5.1-6.5), PIPES (6.6-7.2), HEPES (7.3-8.2),
TAPS (8.3-8.9), and TABS (9.0-10.1) were used separately
at a concentration of 30 mM. The final pH was measured at
the end of the enzymatic reaction. The pKa values from the
pH-rate profiles were determined by fitting the data to eq 2
or 3, wherey is kcat or kcat/Km, c is the pH independent value
of y, H is the hydrogen-ion concentration, andKa is the
dissociation constant of the ionizable group.

The kinetic constants,kcat andkcat/Km were determined for
I and II in water or 99% D2O with the metal-substituted
wild type and selected zinc-substituted mutants of PTE. The
solvent deuterium isotope effects were determined over a
pH range of 8.6-10.0. Stock solutions of a 0.5 M TAPS
buffer (8.6-8.9) and TABS buffer (9.0-10.0) were made
with 99% D2O, and the pH was adjusted with 10 M KOH.
Because of the limited solubility ofII , 99% methanol-d4 was
added to a final methanol concentration of 20%. For the
activity assays, all PTE dilutions were made with a 99% D2O
HEPES buffer (50 mM, pH 8.5). The pH values were
determined at the end of the reaction by adding 0.4 to the
pH-electrode reading (17).

RESULTS

Kinetic Properties of Metal-Substituted PTE.The values
of Km, kcat, andkcat/Km for the hydrolysis of the organophos-
phate triestersI-IV at pH 9.0 are listed in Table 1 for the
Zn/Zn, Cd/Cd, and Zn/Cd metal-substituted forms of the

V/Et ) kcatA/(Km + A) (1)

log y ) log [c/(1 + H/Ka)] (2)

log y ) log [c/(1 + H2/Ka
2)] (3)
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wild-type PTE. The metal-substituted enzymes hydrolyze the
substratesI andIII anywhere from 100 to 10 000 times faster
than the substratesII and IV .

pH-Rate Profiles of Metal-Substituted PTE.The pH
dependence of the kinetic parameters,kcat andkcat/Km, was
determined withI andII as the substrates. The logkcat versus
pH-rate profiles for the enzymatic hydrolysis ofI are
presented in Figure 3 for the Zn/Zn, Cd/Cd, and Zn/Cd
substituted forms of PTE. The pH-rate profiles in Figure 3
indicate that a single group must be deprotonated for
optimum activity. The metal-substituted PTE variants show
that the specific metal ion within the active site modulates
the pKa values determined from the kinetic assays for both

I andII hydrolysis. ForI hydrolysis, Zn/Zn PTE has a pKa

value for kcat of 5.9, which is similar to the pKa of 6.2
obtained for Zn/Cd PTE. In contrast, Cd/Cd PTE has a higher
pKa value of 8.0. The pKa values forkcat/Km of I hydrolysis
are 6.0, 6.3, and 6.9 for Zn/Zn, Zn/Cd, and Cd/Cd PTE,
respectively. A similar trend is observed for the pKa values
determined with the slow substrate,II . The kinetic pKa values
from the pH-rate profiles forkcat are 5.7, 6.0, and 7.4 for
Zn/Zn, Zn/Cd, and Cd/Cd PTE hydrolysis ofII . Forkcat/Km,
Zn/Zn, Zn/Cd, and Cd/Cd PTE have pKa values from
the pH-rate profiles of 6.2, 5.9, and 6.4, respectively. The
pKa values, from fits of the data to eq 2, are presented in
Table 2.

Table 1: Kinetic Parameters for the Hydrolysis of Phosphotriesters by Metal-Substituted Variants of Wild-Type PTEa

Zn/Zn Cd/Cd Zn/Cd

substrate Km (mM) kcat (s-1)
kcat/Km

(M-1 s-1) Km (mM) kcat (s-1)
kcat/Km

(M-1 s-1) Km (mM) kcat (s-1)
kcat/Km

(M-1 s-1)

I 0.34( 0.03 2300( 60 6.8(0.5)× 106 1.9( 0.2 2500( 200 1.32(0.09)× 106 0.74( 0.07 2060( 80 2.8(0.2)× 106

II 1.6( 0.3 0.36( 0.03 220( 20 7.0( 0.5 0.23( 0.05 33( 2 3.3( 0.8 0.13( 0.02 39( 3
III 1.5( 0.4 720( 190 4.8(0.2)× 105 1.7( 0.6 600( 200 3.5(0.1)× 105 0.6( 0.1 300( 40 5.0(0.2)× 105

IV 0.5( 0.2 2.2( 0.6 4400( 400 0.3( 0.1 1.1( 0.2 4000( 500 0.6( 0.2 2.4( 0.5 4100( 280
a All kinetic parameters were determined at pH 9.0 in 20% methanol. The kinetic constants were obtained by a fit of the data to eq 1.

FIGURE 3: pH-rate profiles for the hydrolysis ofI with Zn/Zn PTE (b), Cd/Cd PTE (0), and Zn/Cd PTE (2). The data were fit to eq 2.
Additional details are provided in the text.
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SolVent Deuterium Isotope Effects.The pH-rate profiles
for both I andII hydrolysis by metal-substituted variants of
PTE were determined in 99% D2O (Table 2). The pKa values
determined in D2O range from 0.2 to 0.8 pKa units higher
than the pKa values determined in water. The pKa values,
from the kinetic assays in D2O, follow a trend similar to the
corresponding values obtained in water for the metal-
substituted variants of PTE. The solvent deuterium isotope
effects were determined over the pH-independent range of
the pH-rate profiles (8.6-10.0) with I and II as the
substrates. Shown in Table 3 are the solvent deuterium
isotope effects for substratesI and II with Zn/Zn, Cd/Cd,
and Zn/Cd PTE. WithI , the solvent isotope effects the range
from 1.8 to 2.6 forkcat and are essentially in unity withkcat/
Km. With the slower substrateII , the solvent isotope effects
on kcat are small (1.3-1.5) and in unity withkcat/Km.

Kinetic Properties of Zn/Zn-Substituted PTE Mutants.The
kinetic parameters of Zn/Zn-substituted mutants at amino
residues D233, H254, D301, and Y309 of PTE were
determined with substratesI and II , and the results are
presented in Table 4. The X-ray crystal structure of PTE
suggests that Asp233, His254, and Asp301 form a hydrogen-
bonded link to the hydroxide that bridges the two divalent
cations in the active site. In addition, molecular-dynamic
simulations suggest that Tyr309 may play a role in the
stabilization of the leaving group via an interaction with the
nitro substituent ofI (12). However, with the mutant Y309F,
there is no significant difference in the magnitude of either
kcat or kcat/Km when compared to the wild-type enzyme for
the hydrolysis of eitherI or II . Therefore, this residue does

not appear to be significant in the determination of the
catalytic properties of PTE.

Asp301 is a primary ligand to theR-metal ion in the
binuclear metal center and is apparently hydrogen-bonded
to the hydroxide that bridges the two metal ions. When this
residue is mutated to either alanine or asparagine, there is a
substantial drop in the catalytic activity of 2-3 orders of
magnitude relative to the wild-type enzyme using eitherI
or II as the substrate. The shape of the pH-rate profile for
D301A is similar to that of the wild-type enzyme. The pKa

values, from fits of the data to eq 2, are 5.7( 0.1 and 6.0
( 0.1 for kcat and kcat/Km, respectively. With the mutant
D301N, the pKa values for the change in pH on the kinetic
parameters,kcat and kcat/Km, are 5.8( 0.1 and 5.9( 0.1,
respectively. The solvent deuterium isotope effects onkcat

for I hydrolysis are 1.9( 0.1 and 1.4( 0.1 for D301A and
D301N, respectively. For either mutant, the solvent deuterium
isotope effects onkcat/Km are in unity.

Theε2 nitrogen from the imidazole size chain of His254
is 2.7 Å away from the nearest oxygen from the carboxylate
side chain of Asp301. When His254 is mutated to either
alanine or asparagine, there is a 1-2 order of magnitude
reduction in the kinetic parameters whenI is used as the
substrate, but remarkably, there is a 2-33-fold increasein
the kinetic parameters for the slow substrateII (Table 4).
The pH-rate profile for the mutant H254A is similar in shape
to that of the wild-type enzyme, except that the diminution
in the logkcat/Km profile at a low pH occurs with a slope of
∼2, indicating the ionization of the two groups with nearly
identical pKa values. A fit of the data to eq 3 is shown in

Table 2: pKa Values for Metal-Substituted PTE from pH-Rate Profiles in H2O and D2Oa

Zn/Zn Cd/Cd Zn/Cd

substrate solvent kcat (s-1)
kcat/Km

(M-1 s-1) kcat (s-1)
kcat/Km

(M-1 s-1) kcat (s-1)
kcat/Km

(M-1 s-1)

I H2O 5.9( 0.1 6.0( 0.1 8.0( 0.1 6.9( 0.1 6.2( 0.1 6.3( 0.1
II b H2O 5.7( 0.1 6.2( 0.1 7.4( 0.1 6.4( 0.1 6.0( 0.1 5.9( 0.1
I D2O 6.5( 0.1 6.3( 0.1 8.5( 0.1 7.4( 0.1 7.0+ 0.1 6.8+ 0.1
II b D2O 6.1( 0.1 6.0( 0.1 7.9( 0.1 6.6( 0.1 6.4+ 0.1 6.5+ 0.1

a Values from a fit of the data to eq 2 over a pH range of 5.0-10.0. b Values determined in 10% methanol-d4.

Table 3: Solvent Deuterium Isotope Effects with Metal-Substituted PTEa

Zn/Zn Cd/Cd Zn/Cd

substrate D2Okcat (s-1)

D2Okcat/Km

(M-1 s-1) D2Okcat (s-1)

D2Okcat/Km

(M-1 s-1) D2Okcat (s-1)

D2Okcat/Km

(M-1 s-1)

I 2.0( 0.2 1.05( 0.06 2.6( 0.4 0.9( 0.1 1.8( 0.2 1.0( 0.1
II b 1.3( 0.1 0.95( 0.07 1.5( 0.3 1.0( 0.2 1.4( 0.1 0.92( 0.08

a Kinetic parameters determined over a pH range of 8.6-10.0. b Values determined in 10% methanol-d4.

Table 4: Kinetic Parameters of Wild-Type and Mutant Zn/Zn PTE with SubstratesI and II a

substrate I II

enzyme kcat (s-1) kcat/Km (M-1 s-1) Km (mM) kcat (s-1) kcat/Km (M-1 s-1) Km (mM)

wild type 2300( 60 6.8(0.5)× 106 0.34( 0.03 0.36( 0.03 220( 20 1.6( 0.26
D233A 280( 10 4.9(0.4)× 105 0.57( 0.07 4.4( 0.2 1310( 40 3.4( 0.3
D233N 680( 20 7.8(0.4)× 105 0.87( 0.06 0.88( 0.09 400( 40 2.2( 0.4
H254A 220( 10 1.6(0.1)× 106 0.14( 0.02 12( 4 1400( 100 9.0( 3.0
H254N 17.8( 0.3 8.6(0.8)× 105 0.021( 0.002 0.56( 0.02 640( 30 0.87( 0.09
D301A 11.2( 0.5 3.3(0.3)× 104 0.34( 0.04 0.015( 0.001 60( 10 0.26( 0.08
D301N 0.55( 0.02 2.8(0.2)× 103 0.20( 0.02 <0.006
Y309F 1700( 260 2.3(0.5)× 106 0.8( 0.2 0.24( 0.04 79( 8 3.0( 0.8
a All kinetic parameters were determined at pH 9.0 in 20% methanol.
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Figure 4 with a pKa of 5.8. The pH-rate profile forkcat was
fit to eq 2 with a pKa of 5.8. The solvent deuterium isotope
effects were determined for the hydrolysis ofI with H254A
and H254N. In the pH-independent range of the pH-rate
profile, the solvent deuterium isotope effects are 2.5( 0.1
and 2.1( 0.1 onkcat for H254A and H254N, respectively.
There is no measurable effect (1.0( 0.1) onkcat/Km for either
mutant enzyme.

The two oxygens from the side-chain carboxylate of D233
are 2.9 and 3.1 Å away from theδ1 nitrogen of the side
chain from His254. Asp233 was mutated to alanine and
asparagine. With either of these mutations, there is a∼10-
fold reduction inkcat andkcat/Km for I hydrolysis. However,
with D233N, there is a 2-3-fold increasein kcat andkcat/Km

for the slow substrateII . The net increase in the magnitude
of the kinetic parameters is even more pronounced with
D233A, wherekcat andkcat/Km increase by factors of 12 and
6, respectively, relative to the wild-type enzyme. The solvent
deuterium isotope effects for the hydrolysis ofI are 2.1(
0.1 and 1.9( 0.1 for D233A and D233N, respectively. There
is no effect onkcat/Km by solvent deuterium for either mutant
enzyme.

DISCUSSION

Kinetic Model. A minimal kinetic model for the hydrolysis
of organophosphate esters by the bacterial PTE is presented
in Scheme 2. In this scheme, there is a reversible binding
step for the formation of the Michaelis complex (EA). This
is followed by an irreversible cleavage of the P-O bond to
generate an enzyme product complex (EP). In the final step,
the products are released and the free enzyme (E) is
regenerated. The last step in this simplified mechanism is
actually a composite for the release of the two products and
activation of the hydrolytic solvent.

In this scheme, the relationships forkcat and kcat/Km are
given in eqs 4 and 5, respectively. It has been shown
previously that the rate-limiting step for eitherkcat or kcat/Km

can be cleanly titrated by changing the pKa of the leaving-
group phenol (14). With slow substrates, such asII , the rate-

limiting step for eitherkcat or kcat/Km is the cleavage of the
P-O bond (k3), whereas for the fast substrates, likeI , the
chemical step is fast, and thus,kcat is primarily limited byk5

andkcat/Km by k1. We have used these two substrates to act
as reporters for the different steps in the reaction mechanism.
The Brønsted plot for a series of leaving-group phenols is
nonlinear, reflecting the distinct change in rate-limiting steps
(14). Theâ value from the Brønsted plot in the regime, where
P-O bond cleavage is rate-liming, is-2.2 for Zn/Zn PTE
(18). This indicates that the bond cleavage in the transition
state is well-advanced.

ActiVation of Water. The most logical candidate for the
nucleophile that attacks the phosphoryl center is the solvent
molecule that bridges the two divalent cations in the active
site of PTE. Catalytic activity is lost for wild-type PTE at a
low pH because of the protonation of a single group. Because
the substrate does not ionize in the pH range of 5-10, the
critical ionization must originate with the enzyme. The pKa

from the pH-rate profiles changes with the identity of the
divalent cation bound to the active site. With Zn/Zn PTE,
the value is 5.7 for the effect onkcat with substrateII and
increases to 7.4 for Cd/Cd PTE. Similar changes are observed
on kcat/Km and with the faster substrate,I . This trend is
consistent with the ionization of a metal-bound water
molecule that gives rise to the active form of the enzyme.
In aqueous systems, the pKa of water bound to Zn2+ is 8.9,
whereas it is 10.1 when bound to Cd2+ (19). In addition, a
biomimetic chemical analogue of a binuclear Zn2+ complex
has been reported to have a pKa for the bridging hydroxide
of 6.8 (20). Nevertheless, the utility of a bridging hydroxide
as the specific nucleophile in binuclear enzyme centers has
been questioned (21). However, all X-ray structures of PTE
determined to date have a bridging water/hydroxide bound
between the two divalent cations (22). In the uncomplexed
form of Zn/Zn PTE, there is one additional water molecule
bound to Mâ. However, this water molecule is displaced upon
binding of the substrate analogues, and thus, the only species
available for nucleophilic attack is the bridging hydroxide
(23, 24). It is therefore proposed that the active site
nucleophile is in the form of a hydroxide that bridges the
two divalent cations in the active site of PTE. This conclusion
is also supported by the pH variation of the antiferromagnetic
coupling observed in Mn/Mn PTE.2

The dominance of the two divalent cations within the
active site of PTE was addressed through the use of a mixed-
metal hybrid enzyme. It has previously been shown that a
unique Zn/Cd PTE could be prepared.113Cd NMR experi-
ments demonstrated that a single mixed-metal hybrid was
formed (25). High-resolution X-ray crystallography of the
Zn/Cd hybrid enzyme showed that Zn2+ was bound to the
more buried orR site, while the Cd2+ was bound to the more
solvent exposed orâ site (22). In the experiments conducted
in this investigation, the pH-rate profiles for the Zn/Cd

2 Cynthia Samples and Professor Victoria DeRose (Texas A&M
University).

FIGURE 4: pH-rate profile of Zn/Zn-substituted H254A for the
hydrolysis of I . The data were fit to eq 3. Additional details are
provided in the text.

Scheme 2

kcat ) (k3k5)/(k3 + k5) (4)

kcat/Km ) (k1k3)/(k2 + k3) (5)
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enzyme more closely resembled Zn/Zn PTE than Cd/Cd PTE.
Therefore, the identity of the metal ion that occupies theR
site dominates the pKa value for the bridging hydroxide ion.

ActiVation of the Substrate. The binuclear metal center can
be utilized to activate the substrate for nucleophilic attack
by polarization of the phosphoryl-oxygen bond. For the pair
of substrates that are limited by P-O bond cleavage (II and
IV ), there is an enhancement in the value ofkcat andkcat/Km

for hydrolysis of thiophosphate triester (IV ) relative to phos-
phate ester hydrolysis (II ). The ratio of the rate constants
ranges from 5 to 120 in favor of the thiophosphate triester
for the three-metal-substituted forms of PTE. This trend is
opposite to what is observed if these same esters are hydro-
lyzed chemically by KOH (18). The inverse thio effect is
consistent with the direct interaction of the phosphoryl
oxygen and sulfur with one or more of the metals in the
binuclear metal center. The dominance of theR- or â-metal
ion for this effect is more difficult to assign. However, it
should be noted that the enhancement inkcat/Km for the
hydrolysis of the thiophosphate triesterIV over the slower
phosphate triesterII with the Cd/Cd PTE and Zn/Cd PTE is
120 and 105, respectively, whereas the relative enhancement
for Zn/Zn PTE is only 20. The primary role of theâ-metal
ion for the polarization of the phosphoryl-oxygen/sulfur
bond is also supported by the X-ray structure of the substrate
analogue, diisopropyl methyl phosphonate. The phosphoryl
oxygen of the bound inhibitor is within 2.5 Å of theâ metal
and 4.4 Å of theR metal (23). In addition, the primary role
of the â-metal ion toward the activation of the electrophile
is supported by the X-ray crystal structure of dihydroorotase
liganded by the substrate and product in the same crystal
(26).

ActiVation of the LeaVing Group.The substantialâ value
obtained previously from the Brønsted plots indicates that
the transition state for phosphotriester hydrolysis is very late
and that there is apparently no activation of the leaving group
by the enzyme. The previous suggestion that the developing
charge on the leaving groups such asp-nitrophenol could
be neutralized via a partial proton transfer from the phenolic
hydroxyl of Tyr309 was tested by mutation of this residue
to phenylalanine. However, there was no measurable differ-
ence in the kinetic constants for any of the substrates tested
in comparison between the wild-type enzyme and Y309F.
Therefore, this residue does not contribute to the catalytic

enhancement for the hydrolysis of organophosphates by the
bacterial PTE.

For substrates such asI , there is little need to protonate
the leaving group phenol as the P-O bond of the substrate
is cleaved, because the pKa of p-nitrophenol is below the
pH of the assay. However, in other members of the amido-
hydrolase superfamily, the leaving group must be protonated
during the course of the reaction. The best characterized
example is that of dihydroorotase (DHO), where the amide
nitrogen of dihydroorotate must be protonated (26, 27). The
only residue within the active site of DHO that can
accomplish this task is Asp250. This residue is homologous
to Asp301 in PTE and is ligated to theR-metal ion in both
enzymes. In DHO, Asp250 abstracts the proton from the
bridging hydroxide and subsequently transfers the proton to
the amide nitrogen. In PTE, Asp301 is also hydrogen-bonded
to His254. The role of this hydrogen-bonded network may
be to transfer the proton from the bridging hydroxide away
from the active site because it is not required for the
hydrolysis of activated organophosphate triesters such asI .
If this hypothesis is correct, then the mutation of His254 to
one that is incapable of proton transfer away from the active
site might enable Asp301 to shuttle the proton from the
bridging hydroxide directly to the leaving group phenol.
When His254 is mutated to alanine and asparagine, the
kinetic parameters for the hydrolysis ofI diminishby 1-2
orders of magnitude. In contrast, the kinetic constants for
the slow substrateII increaseby 2-33-fold. These results
are consistent with a mechanism whereby His254 functions
to abstract a proton from Asp301 during the hydrolysis of
the fast substrates such asI . Additional support for this
conjecture is provided by the kinetic properties of the two
mutants at residue Asp233. With either D233N or D233A,
there is a decrease in the kinetic constants for the hydrolysis
of the fast substrateI but an increase in the magnitude of
the rate constants for the slow substrateII . These results
are consistent with a proton relay from Asp301 to His254
to Asp233.

Proton-Transfer Steps. D2O was utilized to probe for the
kinetic significance of proton-transfer steps during substrate
turnover. With the slow substrateII , the effects of D2O are
small for all of the metal-substituted variants tested. This
observation suggests that any proton transfers are largely
uncoupled from P-O bond cleavage. With the faster
substrateI , there is no measurable effect onkcat/Km but a
larger effect that averages to∼2.1 forkcat. For I hydrolysis,
kcat is limited by an aggregate of steps that follow P-O bond
cleavage. With PTE, this process likely involves the regen-
eration of the bridging hydroxide from water within the
binuclear metal center. The deuterium solvent isotope effects
are essentially unchanged for the D233, H254, and D301
mutants, relative to the wild-type enzyme.

Mechanism of Action.The kinetic and structural data
obtained for the bacterial PTE have been assembled to
formulate a chemical mechanism for the binding and
hydrolysis of the substrates. In the free enzyme, a bound
hydroxide bridges the two divalent cations. The pH-rate
profiles obtained with fast and slow substrates indicate that
the catalytic activity is lost at a low pH because of the
protonation of the bridging hydroxide. The pKa of this
ionization is primarily due to the identity of the divalent
cation that occupies theR site. Substrate binds to the active

FIGURE 5: Relative orientation of the hydroxide bound to the
binuclear metal center and the inhibitor DIMP in the bacterial PTE
(PDB 1EZ2). The proposed orientation of the hydrogen and lone
pair on the bridging hydroxide are shown for discussion purposes
only.
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site in an orientation that polarizes the P-O bond of
phosphate esters through ligation of the phosphoryl oxygen
with the divalent cation at theâ site. Structural support for
this proposal is obtained from the structure of diisopropyl
methylphosphonate (DIMP) at the active site (23) and the
differential rate enhancement for the Zn/Cd hybrid PTE for
the hydrolysis of thiophosphate esters. A portion of the active
site structure with bound DIMP is presented in Figure 5. In
this figure, we have taken the liberty of proposing the relative
positions of the hydrogen and unligated lone pair for the
bound hydroxide. In this two-dimensional representation, the
hydroxide is above the vector that connects the two divalent
cations. The hydrogen from the bridging hydroxide is
orientated toward the carboxylate oxygen of the primary
metal ligand Asp301, whereas the lone pair is positioned in
the opposite direction toward the phosphorus center of the

bound substrate analogue. The side chains of Asp301 and
His254 are uniquely positioned to shuttle the protons away
from the active site.

The chemical mechanism for the hydrolysis of organo-
phosphate triesters by PTE is presented in Figure 6. Upon
binding of the substrate to the active site, there is a
nucleophilic attack on the phosphorus center and proton
transfer to Asp301. The complexation of the phosphoryl
oxygen of the substrate to theâ metal may weaken the
binding of the hydroxide to theâ-metal ion as previously
observed in the structure of dihydroorotate bound to the
active site of dihydroorotase (26). The P-O bond is broken
and an enzyme-product complex forms as a phosphate anion
that bridges the two divalent cations. The proton is shuttled
away from the active site with the assistance of His254 and
Asp233. The product is released, and the active-site hydrox-

FIGURE 6: Model for the chemical-reaction mechanism of the bacterial PTE.
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ide is regenerated, although the details for how this happens
have not been specifically addressed in this investigation.
For fast substrates such asI (kcat ) ∼104 s-1), the regenera-
tion of the resting state of the enzyme is largely rate-limiting
and dependent on the proton-transfer steps. Further support
for this mechanism is being sought through the acquisition
of ultrahigh-resolution crystal structures of PTE with sub-
strate and inhibitor complexes.
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