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ABSTRACT: In this DFT study, the substrate promiscuity of the binuclear [Fe(II)-Zn(II)]
core containing glycerophosphodiesterase (GpdQ) from Enterobacter aerogenes has been
investigated through the hydrolysis of three chemically diverse groups of substrates: i.e.,
phosphomono-, phosphodi-, and phosphotriesters. The hydrolysis of these substrates is
studied by comparing stepwise, concerted, and substrate-assisted mechanisms. Both the
stepwise and concerted mechanisms occur with similar barriers, while the energetics for the
substrate-assisted mechanism are significantly less favorable. Irrespective of the mechanism,
active site residue His217 plays a critical role, in agreement with structural, kinetics, and
spectroscopic data, but the transition state of the reaction depends on the identity of the
substrate (dissociative for the triester paraoxon, associative for the monoester 4-nitrophenyl
phosphate (NPP), and in-between for the diesters glycerol-3-phosphoethanolamine (GPE)
and bis(4-nitrophenyl)phosphate (BNPP)). In good agreement with available kinetic and
spectrophotometric data, the calculations highlight the preference of GpdQ for diester
substrates, followed by tri- and monoesters. For substrates with two different types of scissile bonds (paraoxon and GPE) a clear
preference for the bond with the stronger electron withdrawing leaving group was observed. The extensive agreement between
experimental data and DFT calculations enhances the understanding of the mechanism of GpdQ-catalyzed hydrolysis and paves the
way for the rational design of optimized catalysts for the hydrolysis of different types of phosphoesters.
KEYWORDS: phosphoester hydrolysis, glycerophosphodiesterase (GpdQ), metallohydrolase, substrate promiscuity,
reaction mechanisms and density functional theory (DFT)

1. INTRODUCTION

Glycerophosphodiesterase (GpdQ) from Enterobacter aero-
genes1,2 is a member of the family of binuclear metal-
lohydrolases that are commonly found in bacteria, yeast,
plants, and mammals. Enzymes from this family include
aminopeptidases, lactamases, nucleases, protein phosphatases,
purple acid phosphatases (PAPs), and ureases, and they have
been implicated in several critical biological processes such as
DNA replication, bone turnover, iron transport, and the
generation of reactive oxygen species (ROS).3−11 Among the
metallohydrolases, phosphatases form a subgroup that
catalyzes the hydrolysis of a range of phosphoester bonds.7−9

In general, there are three types of phosphoester bonds (i.e.,
mono-, di-, and triesters) that are hydrolyzed by specialized
enzymes known as phosphomono-, phosphodi-, and phospho-
triesterases, respectively. GpdQ exhibits extensive substrate
promiscuity, while diesters such as glycerol-3-phosphoethanol-
amine (GPE) are its preferred and biologically most relevant
substrates.1,2 This enzyme also hydrolyzes a range of non-
natural phosphomono-, phosphodi-, and phosphotriester
substrates such as 4-nitrophenyl phosphate (NPP), bis(4-
nitrophenyl) phosphate (BNPP), and diethyl 4-nitrophenyl-
phosphate (paraoxon) over a large pH range (Figure
1a).1,2,12−15 Since the substrates of this enzyme include several

organophosphate pesticides and nerve agents such as paraoxon,
demeton, sarin, soman, and VX, it has considerable potential in
agricultural remediation and as an antiwarfare agent.14−17

GpdQ possesses remarkable coordination flexibility, also
known as “breathing of the active site cleft”, whereby the
interaction with a substrate molecule alters the coordination
environment of one of the two catalytically essential metal ions
in the active site. Specifically, ligand Asn80 in the β site
dissociates upon substrate binding (Figure 1b).13,18 This type
of flexibility has also been reported for other metalloenzymes,
including soybean lipoxygenase19,20 and E. coli DNA polymer-
ase I.7,21 In GpdQ the coordination flexibility exhibited by the
metal−Asn80 bond dissociation not only optimizes the
catalytic efficiency of this enzyme but also may contribute to
its substrate promiscuity.13,22

The X-ray structures of Co(II)- and Fe(II)-substituted
GpdQ have been solved at 1.9 Å (PDB ID: 3D03)18 and 2.2 Å
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(PDB ID: 2ZO9) resolution, respectively.23 While the overall
folds of these two structures are very similar, only in the
Co(II)-containing structure are a terminal, α-metal-bound
water and two additional water molecules that are integrated
into a hydrogen-bond network with Tyr19, Asn53, and His217
residues observed (in good agreement with the MCD data;
Figure S1). Overall, the GpdQ polypeptide is structurally
similar to other α/β sandwich phosphoesterases such as PAPs
and Mre11 nuclease.24,25 GpdQ is a homohexameric enzyme
with each subunit containing binding sites for two closely
spaced metal ions (α and β sites) in the catalytic center.23,26

The α metal ion coordinates to Asp8, His10, and His197 and
the β metal to Asn80, His156, and His195 (Figure 1b).23 The
two metal ions are bridged through the Asp50 residue and a
hydroxyl molecule (μ-OH). This ligand environment is
identical with that of the cyclic phosphodiesterase Rv080527

from Mycobacterium tuberculosis and very similar to that of
PAPs (with the His10 → Tyr substitution being the only
difference),7,24,25 methionine aminopeptidase,10,28 and metal-
lo-β-lactamases.11,25 Atomic absorption spectroscopy and
anomalous scattering measurements indicate that Fe(II) is
likely to occupy the α metal ion binding site in the catalytic
center (Figure 1b).23 However, the in vivo composition of the
metal ions of GpdQ remains unknown.23 Metal ion
substitution experiments have shown that the enzyme exhibits
in vitro activity in the presence of both homobinuclear and
heterobinuclear compositions of divalent metal ions such as
Fe(II), Zn(II), Cd(II), Mn(II), and Co(II).12,22,23,29 Other
binuclear metallohydrolases, in particular the organophosphate

pesticide degrading phosphotriesterases24 (e.g., the phospho-
triesterase from Pseudomonas diminuta (PTE)30 or the
organophosphate-degrading hydrolase from Agrobacterium
radiobacter (OpdA))31 have a similar promiscuous use of
metal ions, while others are more restricted (e.g., the Ni(II)-
dependent ureases,32 the Mn(II)-dependent arginases,33 or
Fe(III)-M(II)-dependent purple acid phosphatases (where M
= Fe, Zn, Mn)).34

According to the mechanism proposed by a combination of
solid-state structural data, spectroscopic studies (mainly
magnetic circular dichroism), site-directed mutagenesis, and
the measurement of kinetic isotope effects,13,23,35−37 GpdQ is
catalytically inactive and mononuclear in the resting state (Em
in Figure 2a; the metal is bound to the α site); the addition of
a substrate (S) triggers a rapid conformational change (rate
∼350 s−1) in the active site that enhances the affinity of the β
site for a metal ion (Em-S complex). The subsequent binding
of the second metal (rate ∼40 s−1) then activates the enzyme
(Eb-S complex; Figure 2a).13 It takes approximately another 1
min for the enzyme to reach its optimal catalytic efficiency in a
process that is linked to the aforementioned coordination
flexibility.13 The process of Eb-S formation is independent of
the identity of the metal ions or substrates.13 After the creation
of the active Eb-S species, the hydrolysis of the substrate is
initiated through a nucleophilic attack by a deprotonated,
metal ion bound water molecule. While PAPs and some
organophosphate-degrading hydrolases (i.e., OpdA) can use
hydroxides that are coordinated either in a terminal position to
only one metal ion or in a metal-bridging mode (depending on

Figure 1. (a) Chemical structures of the substrates GPE, BNPP, paraoxon, and NPP. (b) Active site of GpdQ.

Figure 2. (a) Proposed mechanism for the formation of the binuclear metal center of GpdQ. (b) General mechanisms for phosphoester hydrolysis.
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experimental conditions),38,39 GpdQ strictly relies on a
terminally coordinated hydroxide (located in the α site) to
initiate hydrolysis.40

Three distinct mechanisms are possible for the metal-
lohydrolase-catalyzed reactions with phosphate esters, illus-
trated in the More O’Ferrall−Jencks diagram (Figure 2b).41

(1) In the DN + AN model, a dissociative or elimination−
addition mechanism proceeds via a trigonal metaphosphate
intermediate. In this mechanistic model, the detachment of the
leaving group, R1O, precedes the formation of a new bond
between the nucleophile (R2OH) and the phosphate entity
(denoted by a red line in Figure 2b). (2) In the DNAN model, a
dissociative associative mechanism, also called synchronous,
takes place through the simultaneous formation and cleavage
of the phosphoester bonds. In this mechanism, a concerted
process (analogous to SN2 substitution) leads to the final
product (represented by a blue line in Figure 2b). (3) In the
AN + DN model, an associative mechanism, also termed as an
addition−elimination mechanism, proceeds via a pentavalent
phosphorane intermediate. Here, there is no significant
cleavage of the P−OR1 bond (leaving group) during the
formation of a new P−OR2 (nucleophile) bond (represented
by a green line in Figure 2b). It has been suggested that
hydrolysis of phosphomono-, phosphodi-, and phosphotriester
substrates employ either the concerted DNAN or associative
(AN + DN) mechanism; a completely dissociative mechanism
has not yet been observed for any of those substrate types.42,43

The tightness of the transition state in these mechanisms,
described in terms of the P−O(nucleophile) and P−O(leaving
group) bond distances, decreases from mono- to triesters
(Figure 2b).44 Members of the binuclear metallohydrolase
family have been proposed to employ a different mechanism
depending on the nature of the substrate.30,42,43,45−58

Despite a considerable amount of experimental
data,13,18,36,59 the precise molecular details of the mechanism
employed by GpdQ, including the contributions from the
metal ions and residues of the second coordination sphere and
the nature of its transition states, remain subject to debate. It is
also unknown how (or if) the identity of the substrate affects
the mechanism. In order to address these gaps in knowledge,
we employed a DFT-based approach to investigate the reaction
mechanism with four chemically distinct substrates (NPP,
BNPP, GPE, and paraoxon) that represent all three types of
phosphoesters. The results of this study provide insight into
factors that guide the substrate selectivity of GpdQ and may be
of relevance to metallohydrolases in general, providing
guidance for the design of catalysts with tailored properties
for diverse applications.

2. COMPUTATIONAL DETAILS
2.1. Modeling. The model of the active site of GpdQ was

constructed using the 1.9 Å X-ray crystal structure of the free
enzyme with Co(II) ions in the α and β sites (PDB ID:
3D03).18 Since anomalous scattering data indicated that Fe(II)
and Zn(II) are the most likely metal ions in the α and β sites in
vivo, respectively,23 the Co(II) ions in the crystal structure
were substituted accordingly. The model used in the
computations thus includes the binuclear [Fe(Asp8, His10,
Asp50, His197)-Zn(Asp50, Asn80, His156, His195)] metal
center and all key second coordination shell residues (Tyr19,
Asn53, His 81, and His217; Figure 1b). These residues are
proposed to be involved in the positioning of the substrate at
the active site and the stabilization of transition states.13 In

order to retain the strain of the surrounding protein
environment on the active site, the backbone C atoms of all
amino acids in the model were kept fixed to their positions
from the X-ray structure (Figure S2). In the active site model,
aspartates were modeled as an acetate, histidines as 4-methyl-
1H-imidazole, asparagine as acetamide, and tyrosine as 4-
methylphenol. Furthermore, a metal-bridging hydroxide (μ-
OH), a water molecule bound to the α metal ion (and that is
deprotonated to the hydrolysis-initiating nucleophile during
the reaction13), and two additional active site water molecules
observed in the X-ray structure were included (Figure S2). The
models of all enzyme−substrate (E-S) complexes were built by
utilizing the equilibrated structures provided by our previous
100 ns molecular dynamics (MD) simulations using two
different force fields, AMBER60 and AMOEBA61,62 (see the
Supporting Information for details).63 The initial structures of
the substrates NPP, GPE, BNPP, and paraoxon for the
simulations were taken from their crystal structures64 and
optimized in the gas phase using the Gaussian09 program at
the MPW1PW91/Lanl2dz65 level of theory. These simulations
accurately predicted the experimentally proposed roles of the
first and second coordination shell residues in substrate
binding and coordination flexibility of the active site.13 The
MD-derived structures were truncated to build the different
conformations of the E-S models. These models were
subsequently optimized at the MPW1PW91/Lanl2dz level.65

The lowest energy structures (Figures S3 and S8−S10)
provided by these calculations were used as the reactants to
investigate reaction mechanisms. Each of the GpdQ−substrate
complexes exist in the singlet ground state, with both the
triplet and quintet states being substantially higher in energy.
The enzyme−substrate models contain different numbers of
atoms and charges for diverse substrates: i.e., atoms = 166 and
charge = −1 for GPE, atoms = 171 and charge = −1 for BNPP,
atoms = 172 and charge = 0 for paraoxon, and atoms = 158
and charge = −2 for NPP.

2.2. Computational Procedure. All calculations were
performed using the Gaussian 09 program package.66 The
geometry optimizations of reactants, intermediates, transition
states, and products were carried out at the MPW1PW91/
Lanl2dz level65 using the corresponding Hay−Wadt effective
core potential67 for Fe and Zn. Hessians were also calculated at
the same level of theory as the optimizations to confirm the
nature of the stationary points along the reaction coordinates.
The transition states were confirmed to have only one negative
eigenvalue corresponding to the reaction coordinates. Intrinsic
reaction coordinate (IRC) scans were performed to ascertain
the existence of all minima and maxima on the same potential
energy surface (PES). The effects of the surrounding protein
environment were computed using a dielectric constant of 4.3,
corresponding to diethyl ether, and utilizing the self-consistent
reaction field (SCRF) integral equation formalism polarizable
cont inuum mode l ( IEFPCM) method68 a t the
MPW1PW9165/Lanl2dz level. The final energies of the
optimized structures were further improved by performing
single-point calculations including additional d and p polar-
ization functions for oxygen (β = 0.96), nitrogen (β = 0.74),
carbon (β = 0.59), hydrogen (β = 0.36), and phosphorus (β =
0.36), respectively (obtained from the EMSL’s Gaussian basis
set library).69 The Gibbs free energies obtained at the
MPW1PW91/[Lanl2dz+d(P,O,N,C)+p(H)] level, including
zero-point vibrational energies, thermal corrections and solvent
effects in the protein, were computed. The natural bonding
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orbital (NBO) charges and electrostatic surface potentials
(ESPs) of all four isolated substrates were computed in the gas
phase at the MPW1PW91/Lanl2dz level.
To determine the effects of other DFT functionals and basis

sets on the energetics, the rate-limiting barriers for the
reactions with the substrates GPE and NPP were computed
with four functionals (MPW1PW9, M06-2X,70 B3LYP,71,72

and PBE1PBE73) using the [Lanl2dz+d(P,O,N,C)+p(H)]
basis set. In comparison to the MPW1PW91 functional, all
of these functionals slightly increase the barrier by 1−3 kcal/
mol. The barriers computed using the basis sets DGDZVP74

and SDD75 for all atoms are also found to be lower by ∼2 kcal/
mol using the MPW1PW91 functional for the GpdQ-NPP and
GpdQ-GPE complexes. The deviations in the energetics of
these reactions were less than 3 kcal/mol, thus demonstrating
that the overall outcome of our study and its interpretation are
not dependent on the methodology. Additionally, the inclusion
of dispersion effects, utilizing Grimme’s function with the
Becke−Johnson damping effect (GD3BJ)76 using the
MPW1PW91 functional,65 reduces the barriers by 1−2 kcal/
mol for the GpdQ-NPP and GpdQ-GPE complexes.

3. RESULTS AND DISCUSSION
In this study, catalytic mechanisms of GpdQ using four distinct
substrates, i.e. NPP (a phosphomonoester), GPE and BNPP
(both phosphodiesters), and paraoxon (a phosphotriester),
have been investigated. These substrates vary significantly in
regard to relevant chemical properties such as size, charge, and
electrostatic surface potential, as well as the length and nature
of the scissile P−O bonds (Figure S4).
3.1. Mechanism of GPE Hydrolysis. GPE, a natural

phosphodiester substrate of GpdQ, contains two different
leaving groups, glycerolate and aminoethanolate (Figure 1a).

Their presence facilitates several hydrogen-bonding interac-
tions in the active site of the enzyme, including those with the
μ-OH and three water molecules (Figure 3). The binding of a
large substrate such as GPE is aided by coordination flexibility
(i.e., the dissociation of ligand Asn80 from the metal in the β
site; note that Asn80 maintains a hydrogen bond with the
glycerolate leaving group of the substrate). In the GpdQ-GPE
complex, the metal ions are still bridged by Asp50 and μ-OH,
and the aminoethanolate leaving group forms a hydrogen bond
with Tyr19 (Figure 3). The μ-OH group is located opposite
from the substrate. An analysis of alternative conformations
(Figure S3) indicates that the one shown in Figure 3 is the
most stable arrangement. In the Fe(N2O4)-Zn(N2O3) metal
center of the catalytically competent enzyme−substrate
complex, the coordination numbers of the α and β sites are
6 and 5, respectively (Figure 3), in agreement with
experimental data.13,22,25 Following the formation of this
complex, hydrolysis of the ester bond(s) is initiated by a
terminally coordinated hydroxide.40 Here, we investigated the
cleavage of both the glycerolate (P−O2) and aminoethanolate
(P−O3) ester groups using three alternative mechanisms
termed stepwise, concerted, and substrate-assisted. Among
them, the last mechanism requires the assistance of the
substrate (“substrate-assisted mechanism”; Figure S5). The
barrier for the hydrolysis of GPE in this mechanism was found
to be prohibitively high (32.2 kcal/mol; details are provided in
the Supporting Information). Therefore, this mechanism was
not further explored for other substrates.

3.1.1. Stepwise Mechanism. In the reactant (RG in Figure
3), GPE is coordinated to the Zn(II) ion in the β site in a
monodentate fashion and the W1 water is bound to the Fe(II)
ion in the α site. In this structure, the aminoethanolate leaving
group is in a position trans to W1. Due to the Lewis acidity of

Figure 3. Structures (Å) and energies (kcal/mol) of the stepwise (red arrows) and the concerted (green arrows) mechanisms for the GPE
hydrolysis.
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the metal, the scissile P−O2 bond (1.71 Å) of GPE in RG
becomes elongated by 0.09 Å in comparison to its free form.
Linked to this observed elongation is an increase in the
electrophilicity of the P atom of GPE (its charge increases by
0.17e; Table 1 and Figure S4). The Fe−Zn, Fe−OW, and Zn−
O1 bond distances in RG are 3.08, 2.01, and 2.07 Å,
respectively. Not only does W1 coordinate with Fe(II) via its
oxygen atom (OW) but it also forms hydrogen bonds with W2

and GPE. These combined interactions are expected to lower
its pKa value significantly77,78 and are commonly utilized to
activate a nucleophile in metallohydrolases (including E. coli
alkaline phosphatase56 and OpdA46). For GpdQ the pKa of this
water molecule has been estimated from kinetic measurements
to be ∼9.5.13 Furthermore, the hydrogen-bonding network
formed by water molecules W1−W2−W3 stabilizes the negative
charge on the phosphoryl center of GPE. Thus, the first step of
the (stepwise) mechanism involves the formation of the
nucleophilic, Fe(II)-bound hydroxide moiety. This process is
aided by the three hydrogen-bonded water molecules, with
residue His217 likely being the base and ultimate acceptor of
the proton from W1 (Figure 3). In principle, residues His81
and Tyr19 could also act as a base in this initial step. This
suggestion is supported by the observed activity of the
His217Ala mutant.12 However, in comparison to His217 the
relative energy barriers for the concerted mechanism discussed
below are increased by 7.3 and 12.4 kcal/mol, respectively.
Furthermore, a histidine residue corresponding to His217 with
a similar proposed role as a base is present in PAP,79

RNaseZ,80 and phosphoprotein phosphatases.81 In GpdQ this
initial step occurs with a small barrier of 2.8 kcal/mol (see
transition state T1G in Figure 3). All key distances in this
optimized transition state support the concerted nature of this
process (Table 1). In the intermediate formed in this process
(IG), the positive charge on the His217 base is stabilized by the
negatively charged Asp231. The removal of Asp231 in the
model significantly increases the barrier for this step by 8.2
kcal/mol. A similar role of the His-Asp dyad has been
proposed for thermolysin.82 As a result of this easy proton
transfer, this step is almost thermoneutral: i.e., the energy
difference between RG and IG is only 0.4 kcal/mol.
In the next step of the (stepwise) mechanism, the Fe-bound

OWH2 nucleophile attacks the electrophilic P atom of the
Zn(II)-coordinated GPE, triggering the cleavage of the P−O2

bond (Figure 3). In the optimized transition state (T2G), all
key distances confirm the synchronized nature of this step (P−
O2 = 1.97 Å and P−OW = 2.22 Å). The sum of the P−
OW(nucleophile) and P−O2(leaving group) distances illustrate
the progression of the hydrolytic step; a comparison between
these distances in IG and T2G indicates a significant increase in

tightness from 5.51 Å to 4.19 Å. The barrier for this step is 9.8
kcal/mol, making it the rate-limiting step of the entire reaction.
The product state (PG), including the separated glycerolate
leaving group, is exergonic by 13.5 kcal/mol in comparison to
RG. In this state, the monoester derivative of GPE remains
bound to the active site.

3.1.2. Concerted Mechanisms. The creation of the OWH2

nucleophile and its attack on the electrophilic P atom could
also occur in a single step (see I′′G in Figure S6 and Table
S1).83,84 It is noteworthy that these processes take place in two
different steps through intermediate IG in the previous stepwise
mechanism (Figure 3). This concerted step incurs a 20.1 kcal/
mol barrier, which is 10.3 kcal/mol higher than the rate-
limiting step in the stepwise mechanism discussed above and
which is reflected in an elongated P−OW distance (+0.09 Å)
and shortened Fe−OW distance (−0.06 Å) in the optimized
transition state T1′′G for this single-step process. Additionally,
the barrier of 31.8 kcal/mol for the cleavage of the P−O2 bond
in this mechanism is prohibitively high.
In an alternative concerted mechanistic model, the IG

intermediate is bypassed altogether and all of the steps
discussed in the stepwise mechanism (section 3.1.1) occur in a
single step (Figure 3). According to this mechanism, the
deprotonation/activation of the Fe(II)-bound W1, its attack of
the P atom, and the cleavage of the P−O2 bond occur in a
concerted manner. The associated energy barrier is 9.7 kcal/
mol, virtually identical with the rate-limiting transformation of
IG to PG in the stepwise model (9.8 kcal/mol). Furthermore,
the bond distances that are indicative of the progress of the
ester cleavage (i.e., P−O2 and P−OW) are very similar in these
two models (Table 1), with their sum being slightly smaller in
the concerted model (4.19 Å vs 4.16 Å).
Since the barriers for the stepwise and concerted

mechanisms are nearly indistinguishable, only the latter
model was used to compute the energetics for the hydrolysis
of the second phosphoester bond of GPE. In the reactant
(RGA), the aminoethanolate group is in a position trans to the
W1 nucleophile (Figure S7 and Table S2). From RGA, via the
transition state (TGA) the cleavage of the P−O3 bond occurs
with a barrier of 14.4 kcal/mol, which is 4.7 kcal/mol higher
than the barrier computed for the cleavage of the glycerolate
leaving group (Figure 3). This difference is likely to be due to
the lower stabilization of TGA (five hydrogen bonds) in
comparison to T′G (seven hydrogen bonds) by the
reorganization of the active site and distinct binding modes
of the substrate. The hydrogen bonds in the latter are also
stronger than those in TGA. Additionally, the P atom is more
electrophilic in T′G, possessing a 0.10e greater charge than in
TGA. Furthermore, the P−O2 bond in T′G is more activated

Table 1. Key Geometrical Bond Distances (Å) and NBO Charges (e) of the Optimized Structures for the Stepwise and
Concerted Mechanisms of the GPE Hydrolysis

bond distance (Å) NBO charge (e)

OW−H1 H1−O5 O5−H4 H4−N1 Fe−OW Zn−O1 Fe−Zn P−O2 P−OW Fe P OW

Stepwise Mechanism
RG 0.99 1.88 1.05 1.60 2.01 2.07 3.08 1.71 3.61 0.55 2.54 −0.91
T1G 1.24 1.31 1.21 1.22 2.02 2.06 3.07 1.71 3.72 0.57 2.48 −0.92
IG 2.31 1.01 2.10 1.02 2.03 2.03 3.07 1.72 3.79 0.60 2.45 −0.93
T2G 2.52 0.98 1.46 1.09 2.10 1.99 3.02 1.97 2.22 0.59 2.43 −0.95
PG 5.82 1.03 2.03 0.99 2.08 2.04 3.03 4.06 1.72 0.56 2.56 −0.97

Concerted Mechanism
T′G 1.21 1.22 1.11 1.40 2.12 1.99 3.02 1.96 2.20 0.57 2.53 −0.94
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than the P−O3 bond in TGA from the corresponding reactants
(i.e., it is shorter by 0.20 Å; Table 1 and Table S2). The final
product (PGA) is 1.0 kcal/mol less exergonic than PG: i.e., 12.5
kcal/mol lower in energy from RGA. All of these factors are
likely to be responsible for a clear preference for the cleavage of
the P−O2 over the P−O3 bond.
In summary, our calculations support a crucial role of

His217 as a base in the hydrolysis of GPE. While the energy
profile does not allow a distinction between the stepwise and
concerted mechanisms, the calculations demonstrate that the
cleavage of the glycerolate (P−O2) bond of GPE is
energetically more favorable than hydrolysis of the amino-
ethanolate (P−O3) bond.
3.2. Mechanism of BNPP Hydrolysis. BNPP is also a

phosphodiester, but in contrast to GPE, it contains two
identical leaving groups: i.e., two p-nitrophenolates (Figure
1a). In the most stable GpdQ-BNPP complex, one of the
nitrophenyl groups directly interacts with the active site, while
the second group is exposed to the solvent (Figure 4).63 BNPP
interacts with multiple second coordination shell residues (i.e.

His81, Gln166, Met167, and Ile170) of the enzyme and the
conserved water molecule (W1) coordinated to Fe(II) through
both CH−π and hydrogen-bonding interactions.35,63 In
contrast to the GpdQ-GPE complex, in the GpdQ-BNPP
complex (i.e., reactant RB) the metal ions are bridged only via a
hydroxide group (μ-OH); Asp50 is coordinated only to Fe(II).
As a result, the Fe−Zn distance in RB is substantially longer
(by 0.48 Å) than that in RG (Table 2). The bond lengths
between Zn(II) and the monodentately coordinated substrate
(Zn−O1) and Fe(II) and W1 (Fe−OW) are also longer by 0.09
and 0.05 Å, respectively, in RB (Table 2). Upon binding to the
active site, the scissile P−O2 bond of BNPP is elongated by
0.10 Å.

3.2.1. Stepwise Mechanism. As already observed in the
stepwise reaction with GPE, the transition from RB to IB (via
the transition state T1B) involves a proton transfer from the
Fe(II)-bound water molecule (W1) to His217 (Figures 3 and
4). This process is again almost thermoneutral (+0.6 kcal/mol)
and has an even lower barrier than the corresponding reaction
with GPE (1.9 kcal/mol vs 2.8 kcal/mol for the optimized

Figure 4. Structures (Å) and energies (kcal/mol) of the stepwise (red arrows) and concerted (green arrows) mechanisms for the BNPP hydrolysis.

Table 2. Key Geometrical Bond Distances (Å) and NBO Charges (e) of the Optimized Structures for the Stepwise and
Concerted Mechanisms of the BNPP Hydrolysis

bond distance (Å) NBO charge (e)

OW−H1 H1−O5 O5−H4 H4−N1 Fe−OW Zn−O1 Fe−Zn P−O2 P−OW Fe P OW

Stepwise Mechanism
RB 1.02 1.62 1.02 1.66 2.06 2.16 3.56 1.76 3.03 0.61 2.52 −0.93
T1B 1.21 1.32 1.27 1.21 2.05 2.15 3.55 1.79 3.03 0.60 2.47 −0.96
IB 2.54 1.00 2.12 1.01 2.04 2.16 3.55 1.78 3.02 0.60 2.47 −0.97
T2B 2.39 1.01 2.31 1.02 2.20 1.92 3.61 1.98 2.06 0.63 2.50 −0.95
PB 1.26 1.04 1.56 1.07 2.05 2.08 3.54 3.34 1.64 0.58 2.57 −1.04

Concerted Mechanism
T′B 1.24 1.28 1.19 1.20 2.21 2.11 3.61 1.96 2.05 0.64 2.47 −0.94
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transition states T1B and T1G, respectively). In intermediate IB
both P−O2 and Zn−O1 bonds are longer than the
corresponding bonds in IG (Tables 1 and 2).
In the next step, the nucleophilic attack by the Fe-bound

OWH2 group cleaves the P−O2 bond. The barrier for this rate-
determining step (10.1 kcal/mol) is almost identical with that
of the reaction with GPE (9.8 kcal/mol), but the transition
state is significantly tighter: i.e., more associative (the
respective sums of the P−OW and P−O2 distances are 4.19
and 4.04 Å; Tables 1 and 2). The product state PB is
considerably more exergonic than its counterpart formed in the
reaction with GPE (−19.2 kcal/mol vs −13.5 kcal/mol),
largely due to the presence of a hydrogen bond between OW

and W2 (Figure 4).
3.2.2. Concerted Mechanism. As discussed for the reaction

with GPE, the formation of the nucleophile and its attack on
the phosphorus atom may also occur in a concerted,
simultaneous step, thus bypassing the intermediate IB (Figure
4). The energy barrier for this mechanism is again
approximately 1 kcal/mol smaller than that for the

corresponding reaction with GPE, and the transition is
negligibly more associative (by 0.03 Å) than in the stepwise
mechanism.
Due to their similar energetics, it is not possible to

determine which mechanism is more likely; both are equally
plausible. In the product state (PB) a nitrophenolate group is
released and the monoester product, i.e. NPP, remains bound
to the active site in a μ-1,3-metal ion bridging mode. Its
hydrolysis will be discussed below.

3.3. Mechanism of NPP Hydrolysis. NPP is the
monoester formed upon the hydrolysis of BNPP (see above
and Figure 1a). Due to the presence of three nonesterified
phosphate oxygens, NPP contains the highest electronegative
charge among all four substrates. The charge distribution and
electrostatic surface potential show that this charge is localized
on the phosphate group (Figure S4). In the GpdQ-NPP
complex, the substrate binds monodentately to Zn(II) and its
nitrophenyl group is located on the opposite side of W1, thus
being exposed to the solvent. Consequently, the leaving group
does not form any contacts with active site residues, similar to

Figure 5. Structures (Å) and energies (kcal/mol) of the stepwise (red arrows) and concerted (green arrows) mechanisms for the NPP hydrolysis.

Table 3. Key Geometrical Bond Distances (Å) and NBO Charges (e) of the Optimized Structures for the Stepwise and
Concerted Mechanisms of the NPP Hydrolysis

bond distance (Å) NBO charge (e)

OW−H1 H1−O5 O5−H4 H4−N1 Fe−OW Zn−O1 Fe−Zn P−O2 P−OW Fe P OW

Stepwise Mechanism
RN 0.99 3.61 1.01 1.72 1.97 2.15 3.61 1.83 3.03 0.56 2.45 −0.89
T1N 1.23 1.38 1.24 1.28 2.00 2.15 3.60 1.84 3.63 0.58 2.42 −0.98
IN 2.34 1.06 2.30 1.01 1.93 2.14 3.63 1.84 3.12 0.54 2.43 −0.96
T2N 2.21 1.03 1.15 1.21 2.09 2.08 3.67 1.99 2.23 0.56 2.43 −0.98
PN 3.06 1.01 1.06 1.50 2.06 2.10 3.54 6.06 1.74 0.58 2.53 −0.96

Concerted Mechanism
T’N 1.33 1.13 1.02 1.67 2.18 2.05 3.64 1.96 2.21 0.56 2.43 −0.98
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the noncleaved nitrophenyl group of BNPP (compare Figures
4 and 5).35,63 Also similar to the GpdQ-BNPP complex the
metal ions in the active site are only bridged by a μ-OH while
Asp50 coordinates terminally to Fe(II) (the Fe−Zn distance in
the most stable reactant RN is 3.61 Å; Table 3). Interestingly,
in RN the only cleavable bond, P−O2, is considerably longer
(and thus weaker) than the corresponding bonds in the GPE
and BNPP complexes (1.83 Å vs 1.70 and 1.72 Å,
respectively), while the charges on the relevant reactants
(the electrophilic P and nucleophilic OW) are smaller (the
charge differences e(P) − e(OW) in RG, RB, and RN are 3.45e,
3.45e, and 3.34e, respectively).
3.3.1. Stepwise Mechanism. The first step in the stepwise

mechanism with NPP is very similar to its counterparts in the
reactions with the diester substrates; the activation of W1 by
the base His217 occurs with a very low energy barrier and is
nearly thermoneutral (Figure 5). In the intermediate (IN)
formed in this step, in comparison to IG and IB, the charge on
the Fe atom is smaller by 0.06e and the Fe−OW bond is
substantially shorter by ∼0.11 Å (Tables 1−-3). However, the
P−O2 bond is significantly longer by 0.12 Å than the
corresponding bonds in both IG and IB.
In the next step, consistent with the mechanisms discussed

above, an attack by the Fe-bound OW nucleophile triggers the
cleavage of the P−O2 bond. However, in contrast to the
reactions with the diester substrates, here bond cleavage is
linked to a proton transfer from His217 to the O3 atom of NPP
via W2 (Figure 5). Here, a high negative charge on O4

(−1.12e) and a positive charge on His217 promotes this
transfer. In the optimized transition state (T2N), the sum of

P−OW and P−O2 (4.22 Å; Table 3) indicates a lower degree of
association than in the reaction with BNPP (4.04 Å), and the
activation barrier is considerably larger (24 kcal/mol vs ∼10
kcal/mol). A higher barrier for this step is caused by the attack
of the hydroxide (−OWH2−) on the negatively charged
phosphate group of the substrate. Additionally, the P atom
in IN contains the lowest charge and it is the least electrophilic
among all four substrates (Table 3). The calculated, rate-
limiting activation barrier for NPP is in good agreement with
the barrier reported for the NPP cleavage by another
metallohydrolase, phospholipase C (23.8 kcal/mol),85 and
also with the considerably lower catalytic rate reported for this
substrate.18,40 The product state PN lies, energetically (−16.0
kcal/mol), between its counterparts from the reaction with
BNPP (−19.2 kcal/mol) and GPE (−13.5 kcal/mol). Two
hydrogen bonds, one between O3 and W2 and a bifurcated
bond between the product nitrophenol (NP) and Tyr19/W2,
add to the stability of PN (Figure 5).

3.3.2. Concerted Mechanism. The major difference
between NPP and the diester substrates in this concerted
mechanism model is that His217 does not participate in the
reaction with the monoester substrate. Instead, the ultimate
proton acceptor is O3 in the phosphate group (Figure 5). This
pathway, previously proposed for the GpdQ-mediated
hydrolysis of NPP,15 is plausible due to the significantly
higher charge on the O3 atom of NPP (−1.12e) in comparison
to its counterparts in the diester substrates (i.e., −0.81e and
−0.89e for BNPP and GPE, respectively). Its barrier is 23.8
kcal/mol, virtually indistinguishable from that of the stepwise
mechanism model, and the optimized transition state (T′N) is

Figure 6. Structures (Å) and energies (kcal/mol) of the stepwise (red arrows) and concerted (green arrows) mechanisms for the paraoxon
hydrolysis.
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also negligibly more associative (4.17 Å vs 4.22 Å; Table 3).
This increased tightness in the concerted mechanism follows a
conserved trend for each of the substrates.
3.4. Mechanism of Paraoxon Hydrolysis. Paraoxon is a

phosphotriester pesticide with one nitrophenol and two ethyl
groups (Figure 1a). In the most stable GpdQ-paraoxon
complex (RP) the nitrophenyl group of paraoxon is exposed
to the solvent, while both hydrophobic ethyl groups are buried
deep inside the active site (Figure 6 and Figure S10).63 The
phosphate group of this substrate forms hydrogen bonds with
Asn80 and W1, but in contrast to the complexes with the
mono- and diester substrates, no other residues in the active
site make contacts. The metal centers are bridged only by the
μ-OH, with Asp50 being coordinated monodentately to the
Fe(II). The p-nitrophenol leaving group is located trans to W1,
the nucleophile of the GpdQ-catalyzed reaction (Figure 6).
Paraoxon binds more weakly than the other substrates,
demonstrated by its longer distances for the Fe−OW (2.10
Å) and Zn−O1 (2.24 Å) bonds (Tables 1−4). Furthermore,
the scissile P−O2 bond in the GpdQ-paraoxon complex is
elongated by only 0.05 Å in comparison to its free form and
thus is considerably shorter (and more stable) than its
counterparts in the other substrate complexes.
3.4.1. Stepwise Mechanism. The first step in the

mechanism involves the familiar role of His217 as the base
that creates a nucleophile from W1. The barrier of this initial
step (3.4 kcal/mol) and the energy increase of the resulting
intermediate (IP) are comparable to those of the reactions with
the mono- and diester substrates. Additionally, key structural
parameters such as Fe−OW and P−O2 bonds and the charge
on the Fe atom in IP are more similar to IG and IB than to IN
(Tables 1−4).
In the subsequent step, the Fe(II)-bound OWH2 nucleophile

splits the P−O2 bond. Similar to the reactions with the other
substrates analyzed, this process is rate-limiting, occurring with
a barrier (∼15 kcal/mol) that is substantially higher than that
for the reaction with the diester substrates (<10 kcal/mol) but
significantly smaller than that for the monoester substrate (>20
kcal/mol). This increase in the barrier is due to the extra
stability of the P−O2 bond of paraoxon in comparison to
BNPP. This trend is in agreement with the experimentally
determined preference of GpdQ for diesters, followed by tri-
and monoester substrates.15,40,59,86 In the optimized transition
state (T2P), the sum of P−OW and P−O2 bond distances (3.98
Å) is smaller than those of its counterparts in the reactions
with BNPP (4.04 Å), GPE (4.19 Å), and NPP (4.22 Å), in
agreement with experimental data that demonstrate the
tightness of this transition state follows the trend paraoxon
(triester) > BNPP (diester) > NPP (monoester).43,44,87 Thus,

the hydrolysis of the P−O2 bond in paraoxon takes place via
the DN + AN mechanism: i.e., the nucleophile−electrophile
(P−OW) bond is stronger than the electrophile−leaving group
(P−O2) bond. The experimentally proposed shift toward this
dissociative mechanism44 is clearly reproduced in our
calculations. The product state (PP) is the least exergonic
state but is similar to that of the reaction with GPE (Figures 3
and 6); in both reactions only one hydrogen bond between the
enzyme and product molecules is observed (between Asn80
and O1, universally present in each of the reactions
investigated; extra hydrogen bonds stabilize the product state
in the reactions with BNPP and NPP, as discussed above).

3.4.2. Concerted Mechanism. Similar to the reaction with
GPE, we investigated an alternative scenario whereby the
formation of the OWH2 nucleophile and the concomitant
attack on the P atom occur concertedly (step 1), before the
scissile P−O2 bond is cleaved (step 2; Figure S11 and Table
S4). In comparison, only the nucleophile is created in the first
step of the previous mechanism (Figure 6). In the intermediate
(I′′P in Figure S11), the −OWH2 group is already bound to the
P atom, whereas it is still coordinated to Fe in IP.
In contrast to the reaction with GPE, the energetics of the

reaction with paraoxon is more favorable. The barriers for the
two steps are 15.5 kcal/mol (T1′′P) and 9.3 kcal/mol (T2′′P).
In comparison, in the stepwise mechanism described above
and in Figure 6 the corresponding barriers are 3.4 kcal/mol
(T1P) and 14.7 kcal/mol (T2P). The preferred mechanism
thus cannot easily be distinguished from this comparison, and
since the product state in the alternative mechanism is
considerably more stable than that in the stepwise mechanism
(−15.4 kcal vs −12.4 kcal/mol) the former seems more
plausible.
We also investigated the concerted mechanism model

(Figure 6). In this mechanism, the formation of the IP
intermediate is avoided and the RP → PP transformation
takes place in a single step (Figure 6). The transition state
(T′P) has a barrier (14.7 kcal/mol) that is very similar to those
obtained from the other two models. Since there is no
significant difference in the energy profiles of the three models
described, and to facilitate a comparison between the reactions
with GPE and paraoxon, we used the latter model to probe the
cleavage of the ethanolate ester bond (P−O3) in paraoxon
(Figure S7 and Table S5). The cleavage of this bond occurs
with a 2.6 kcal/mol higher barrier (Figure 6, Figure S7, Table
4, and Table S5). This difference is likely to be caused by the
extra stabilization of T′P in comparison to the transition state
(TPA) in this case. From the corresponding reactant, the
number of hydrogen bonds in TPA remains the same (four
bonds), while there is a gain of a hydrogen bond in T′P (five

Table 4. Key Geometrical Bond Distances (Å) and NBO Charges (e) of the Optimized Structures for the Stepwise and
Concerted Mechanisms of the Paraoxon Hydrolysis

bond distance (Å) NBO charge (e)

OW−H1 H1−O5 O5−H4 H4−N1 Fe−OW Zn−O1 Fe−Zn P−O2 P−OW Fe P OW

Stepwise Mechanism
RP 0.98 1.34 1.04 1.56 2.10 2.24 3.62 1.73 2.87 0.54 2.58 −0.92
T1P 1.21 1.36 1.31 1.26 1.99 2.14 3.62 1.72 2.58 0.58 2.56 −0.94
IP 2.10 1.02 2.25 1.03 2.01 2.14 3.62 1.73 2.54 0.58 2.56 −1.04
T2P 2.09 0.98 1.49 1.08 2.17 2.12 3.64 1.95 2.03 0.63 2.54 −0.95
PP 1.98 0.98 1.47 1.09 2.18 2.12 3.60 3.66 1.60 0.62 2.57 −1.03

Concerted Mechanism
T′P 1.25 1.26 1.17 1.30 2.27 2.25 3.64 1.96 2.04 0.58 2.54 −0.93
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hydrogen bonds). The P−OW and P−O2 bond distances in
TPA are also shorter by 0.01 and 0.10 Å, respectively, than the
distances in T′P. These results show that there is a clear
energetic preference for the cleavage of the P−O2 over the P−
O3 bond. In contrast to GPE and BNPP substrates, paraoxon
prefers the more dissociative mechanism and the transition
state in the rate-limiting step of the mechanism is tighter than
the transition states for the other two substrates.

4. CONCLUSIONS
In this DFT study, the chemical promiscuity of GpdQ has been
investigated using four distinct phosphoester substrates, i.e.
GPE and BNPP (both phosphodiesters), NPP (a phospho-
monoester), and paraoxon (a phosphotriester), through three
distinct mechanisms (stepwise, concerted, and substrate
assisted). Among these mechanisms, both the stepwise and
concerted mechanisms are the most favorable and occur with
comparable barriers for all four substrates. The potential
energy surface diagrams for these mechanisms are shown in
Figure 7. Our results suggest that, among Tyr19, His81, and

His217, the last residue is the most likely catalytic acid/base
residue. Its significance in the mechanism of GpdQ was
illustrated through structural, spectroscopic, and site-directed
mutagenesis studies12,23 and similar studies with the equivalent
histidine residue in related metallohydrolases such as PAP,12

RNaseZ,80 and phosphoprotein phosphatases.81 Among the
two scissile bonds of GPE, hydrolysis of the glycerolate bond is
more feasible than cleavage of the aminoethanolate bond.
Furthermore, while the two diesters GPE and BNPP are
hydrolyzed by GpdQ with similar energetics, the transition
state in the rate-limiting step for GPE is looser than the
corresponding transition state for BNPP, and the hydrolysis of
the former occurs via a less associative mechanism. On the
other hand, the monoester NPP utilizes a different type of
stepwise mechanism that is also less associative than the
mechanism used by all other substrates. On the other extreme
of the substrate spectrum, the triester paraoxon favors a more
dissociative mechanism and the transition state in the rate-
determining step of its hydrolysis is also tighter. Among the

two available phosphoester bonds of this substrate (p-
nitrophenolate and ethanolate), hydrolysis of the former is
energetically more favorable. The computed energetics
demonstrate that the enzyme displays higher activity toward
GPE and BNPP, followed by paraoxon and NPP. This order of
activity, i.e. diesterase > triesterase > monoesterase, is in
excellent agreement with experiments.15 In summary, GpdQ is
one of the most promiscuous phosphatases/metallohydrolases
known to date, and this paper describes the first systematic
comparison of the mechanism employed for the hydrolysis of
diverse substrates (i.e., mono-, di-, and triesters). In addition to
advancing our conceptual understanding of important factors
that underpin the mechanism of GpdQ, the excellent
agreement between computational and experimental data
also provides a reliable methodology for the practical
enhancement of the properties of a catalyst that has attracted
significant interest in the biotechnology sector (as a
bioremediator of pesticide-polluted environments and as an
antiwarfare agent).
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