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CONS P EC TU S

B inuclear metallohydrolases are a large family of enzymes that require
two closely spaced transition metal ions to carry out a plethora of

hydrolytic reactions. Representatives include purple acid phosphatases
(PAPs), enzymes that play a role in bone metabolism and are the only
member of this family with a heterovalent binuclear center in the active form
(Fe3þ�M2þ, M = Fe, Zn, Mn). Other members of this family are urease, which
contains a di-Ni2þ center and catalyzes the breakdown of urea, arginase,
which contains a di-Mn2þ center and catalyzes the final step in the urea cycle,
and the metallo-β-lactamases, which contain a di-Zn2þ center and are
virulence factors contributing to the spread of antibiotic-resistant pathogens.

Binuclear metallohydrolases catalyze numerous vital reactions and are
potential targets of drugs against a wide variety of human disorders
including osteoporosis, various cancers, antibiotic resistance, and erectile
dysfunctions. These enzymes also tend to catalyze more than one reaction. An example is an organophosphate (OP)-degrading
enzyme from Enterobacter aerogenes (GpdQ). Although GpdQ is part of a pathway that is used by bacteria to degrade
glycerolphosphoesters, it hydrolyzes a variety of other phosphodiesters and displays low levels of activity against
phosphomono- and triesters. Such a promiscuous nature may have assisted the apparent recent evolution of some binuclear
metallohydrolases to deal with situations created by human intervention such as OP pesticides in the environment. OP pesticides
were first used approximately 70 years ago, and therefore the enzymes that bacteria use to degrade them must have evolved
very quickly on the evolutionary time scale. The promiscuous nature of enzymes such as GpdQ makes them ideal candidates for
the application of directed evolution to produce new enzymes that can be used in bioremediation and against chemical warfare.

In this Account, we review the mechanisms employed by binuclear metallohydrolases and use PAP, the OP-degrading enzyme
from Agrobacterium radiobacter (OPDA), and GpdQ as representative systems because they illustrate both the diversity and
similarity of the reactions catalyzed by this family of enzymes. The majority of binuclear metallohydrolases utilize metal ion-
activated water molecules as nucleophiles to initiate hydrolysis, while some, such as alkaline phosphatase, employ an intrinsic
polar amino acid. Here we only focus on catalytic strategies applied by the former group.

1. Introduction
Enzymes catalyze most processes that constitute the chem-

istry of life, and life would be impossible without their

remarkable ability to accelerate reaction rates. Hydrolytic

enzymes constitute an important family of enzymes that

are essential for recycling many of the molecules produced

in cells. Among them, the binuclear metallohydrolases are

a functionally diverse group whose members require two
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metal ions in their active site to catalyze the hydrolysis of

amides and esters of phosphoric acid. Figure 1 shows the

metal ion coordination of a typical binuclear metalloen-

zyme. The imidazole side chains are the most common of

the coordinating ligands followed by the acid side chains of

aspartate and glutamate. Less frequent are ligands such as

tyrosine. The metal ions are separated by about 3.5 Å ((0.5 Å)

and are linked by bridging groups, which are generally

hydroxides (i.e., μ-hydroxides), side chains of amino acid

residues, or a combination of both.1,2 The binuclear metal

centers have been accommodated in a variety of protein

folds, including four-helix bundles (e.g., arginase), TIM bar-

rels (e.g., organophosphate-degrading enzyme from Agro-

bacterium radiobacter, OPDA), and R/β/β/R folds (e.g., purple

acid phosphatase, PAP, and organophosphate (OP)-degrad-

ing enzyme from Enterobacter aerogenes, GpdQ). Anumber of

detailed reviews of the structures and functions of binclear

metallohydrolases have been previously published,1,2 and

this Account is intended to serve as an update of progress

made in the past few years.

Binuclear metallohydrolases catalyze numerous vital re-

actions, and it is not surprising that they are potential targets

of drugs against a wide variety of human disorders (e.g.,

osteoporosis, various cancers, antibiotic resistance, and

erectile dysfunctions).1,2 These enzymes also tend to be

promiscuous; they catalyze more than one reaction. For

example, the GpdQ enzyme is part of a pathway that is used

by bacteria to degrade glycerolphosphoesters, but it can also

hydrolyze a variety of other phosphodiesters and displays

low levels of activity against phosphomono- and triesters.3

This promiscuous nature may in part explain why binuclear

metallohydrolases appear to have evolved in recent times

to deal with situations created by man. For example, the

organophosphate pesticides appeared in the environment

about 70 years ago, so the enzymes that bacteria use to

degrade them must have evolved very quickly in terms

of evolutionary time.3,4 The promiscuous nature of these

enzymesmakes them ideal candidates for the application of

directed evolution to produce new enzymes that can be

used in bioremediation and as a defense against chemical

warfare. In short, the binuclear metallohydrolases are a

diverse set of enzymes that have the potential to be used

in a variety of practical applications.

Binuclear metallohydrolases utilize a range of different

metal ion combinations.1,2 The majority of these enzymes

require two divalent metal ions for activity, and some are

highly selective in terms of suitable metal ions, whereas

others are functional with a range of different metal ions.

Urease serves as an example of an enzyme with a specific

requirement for Ni2þ,5 while GpdQ is catalytically activewith

a wide range of divalent metal ions.6 One member of the

family of binuclear metallohydrolases, PAP, is unique in that

it requires a heterovalentmetal center of the type Fe3þ�M2þ

for catalytic activity (where M = Fe, Zn, or Mn).1,2 With

respect to their proposed reaction mechanisms these en-

zymes can be separated into two distinct groups. One of

them, represented by the di-Zn2þ enzyme alkaline phospha-

tase, employs an active site side chain (i.e., a serine residue)

to initiate hydrolysis; in the process of the reaction a cova-

lently linked reaction intermediate is formed. This reaction

has been reviewed in great detail7 and will not be discussed

further here. The majority of binuclear metallohydrolases

utilize a solvent-derived hydroxide as the hydrolysis-initiat-

ing nucleophile.1,2 In most cases, this hydroxide is directly

coordinated to one or both of the metal ions in the active

site, but evidence has emerged that implicates a noncoordi-

nated hydroxide in the outer coordination sphere as a

possible alternative nucleophile (vide infra).2

Here, we present an Account of the mechanisms em-

ployed by binuclear metallohydrolases and use PAP and

organophosphate-degrading enzymes as paradigms since

they illustrate both the diversity and similarity of the reac-

tions catalyzed by this family of enzymes. Other members,

such as the metallo-β-lactamases (MBLs), enzymes that

degrademost commonly used β-lactam antibiotics and thus

present amajor threat to global health, generally use similar

mechanistic strategies to those discussed here, although it

needs to be pointed out that in the case of MBLs alternative

reaction schemes may be operational whereby only one

metal ion is required for catalysis.8 Our choice to focus

on PAP and organophosphate-degrading enzymes is also

FIGURE 1. Binuclear metal ion center in PAP. PAPs have a Fe3þ in the
“chromophoric” site, which forms a CT complex with an invariant
tyrosine ligand, resulting in the characteristic purple color of the en-
zyme. Also shown is the metal ion bridging hydroxide, proposed to be
one of two active hydrolysis-initiating nucleophiles (see text for details).
Residue labels refer to the sequence of pig PAP.



Vol. 45, No. 9 ’ 2012 ’ 1593–1603 ’ ACCOUNTS OF CHEMICAL RESEARCH ’ 1595

Binuclear Metallohydrolases Schenk et al.

motivated by their established potential as drug targets and

bioremediators, respectively, allowing us to illustrate the

application of binuclear metallohydrolases in medicine

and biotechnology.

2. Purple Acid Phosphatases
General Properties. PAPs are the only binuclear metallo-

hydrolases known that require a heterovalent metal center

for activity.1,2 The trivalent metal ion is invariably an Fe3þ,

although in vitro studies indicated that other trivalent metal

ions (Ga3þ, Al3þ) can reconstitute activity.2,9 In the case of a

PAP from sweet potato, the Fe3þ could be replaced byMn2þ,

leading to a Mn2þ�Mn2þ derivative that operates most

effectively at alkaline pH and is no longer purple.10 The

origin of the purple color is a charge transfer (CT)

interaction between the Fe3þ and a conserved tyrosine

residue.11 The divalent metal ion is species-dependent and

is Fe2þ in animals and Zn2þ or Mn2þ in plants (no bacterial

PAP has yet been characterized).1,2 In animal PAPs, Fe2þ can

be reversibly oxidized (reduction potential ∼340 mV), facil-

itating both an in vivo mechanism for the regulation of PAP

activity and the provision for an alternative function, that is,

peroxidation (Haber�Weiss�Fenton-type reaction).12,13

Apart from differences in their in vivometal ion composi-

tions, animal and plant PAPs can be distinguished by their

molecular weights. Animal PAPs characterized to date are

35 kDa monomers, and most plant PAPs are homodimeric

with 55 kDa subunits (Figure 2).2 However, mono- and hetero-

dimeric plant PAPs have also been reported.2,14 The 35 kDa

animal PAPs and the 55 kDa plant subunits share very little

sequence homology (<20%).2 However, sequence data

analyses identified a putative PAP homologous to the

35 kDa animal enzyme in plants.2 Similarly, a gene sequence

encoding a putative human PAP homologous to the 55 kDa

plant isoform has been discovered.2 While very little is

known about these alternative isoforms, their presence

indicates that the function(s) of PAPs may be far more

diverse than previously anticipated.

Overall and Active Site Structure. PAP crystal structures

from several animal and plant sources have been reported

(Figure 2).2,15�18 The plant enzymes consist of two domains;

the C-terminal domain is similar to the structure of the animal

enzyme and contains the active site while the N-terminal

domain has no known function. Despite low sequence

homology between enzymes from different kingdoms, their

catalytic sites are remarkably similar (Figure 1).2 In both plant

and animal enzymes, the twometal centers are coordinated

by seven invariant ligands, one aspartate, one tyrosine, and

onehistidine for Fe3þ and twohistidines andoneasparagine

for the divalentmetal ion, with an aspartate residue bridging

the two ions.2,15�18 Water ligands are also present but their

exact numbermay depend on experimental (i.e., crystallization)

conditions and the source of the enzyme.2,17,18 A series of

spectroscopic and kinetic measurements has furthermore

demonstrated that the number of water ligands within a

particular PAP may also depend on what substrate the

enzyme utilizes, its metal ion composition, and the pH of

the environment.2,10,11,18�20 Consequently, the molecular

details of the reaction mechanism (i.e., the identity of the

hydrolysis-initiating nucleophile) may also alter depending

on experimental parameters.

Catalytic Mechanism. From a combination of crystal-

lographic, kinetic, and spectroscopic data, an eight-step

model for the catalytic mechanism employed by PAPs was

developed (Figure 3).18 In the initial step, the substrate binds

FIGURE2. Overall structures of plant (A) andanimal (B) PAPs.Most plant
PAPs are homodimeric with 55 kDa subunits. Each subunit has two
domains, an N-terminal without known function and a C-terminal that
contains the active site. Animal PAPs are 35 kDa monomers.
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to the enzyme in the second coordination sphere, forming a

precatalytic complex stabilized via an extensive hydrogen

bond network.2,18,20 Following its initial binding, the sub-

strate rearranges to be coordinated to the divalentmetal ion,

thus moving to a position that facilitates the nucleophilic

attack by a solvent-derived hydroxide. The identity of this

nucleophile has been debated extensively.2,9�11,15�20 The

processive cleavage of the two ester bonds in a diester

substrate indicated that PAP has two active nucleophiles

(i.e., the product of the first reaction is not released

but undergoes a second reaction; only then is the active

site regenerated).19 One of them is the metal ion-bridging

hydroxide (μ-OH), whose nucleophilicity is increased by

a substrate-induced shift toward a “quasi-monodentate”

position.2,11,18 The second nucleophilic hydroxide is not

directly coordinated to the metal ions but instead is located

in the outer coordination sphere, activated through hydro-

gen bonds to histidine residues that line the substrate bind-

ing pocket.20

Following the nucleophilic attack by a hydroxide and the

concomitant ester hydrolysis of the substrate, the leaving

group alcohol is released. The extent of bond breakage and

formation in the transition state of this step varies consider-

ably between different PAPs and different metal ion deriva-

tives of a particular PAP, as evidenced by differences in their

Brønsted correlations (i.e., the effect of the pKa values of the

leaving group alcoholates on the catalytic rate), an observa-

tion that illustrates the effect of, in particular, the divalent

FIGURE 3. Proposed reactionmechanism for PAP-catalyzed hydrolysis. PAP and the substrate interact to form a precatalytic complex; subsequently,
the substrate is rearranged to coordinate directly to at least one of themetal ions in the active site (a�c). Nucleophilic attack by either the μ-hydroxide
(as shown) or a noncoordinating hydroxide in the second coordination sphere is followed by the release of the leaving group, and the active site is
returned to its resting state by the exchange of the bound phosphate group by two water molecules (d�h). Where available crystallographic
snapshots (stick models) of relevant active site structures are also shown.18 (a) red kidney bean PAP�sulfate complex; (b) rat PAP�sulfate complex;
(c) pig PAP�phosphate complex; (d) sweet potato PAP�phosphate complex, (e) red kidney bean PAP�phosphate complex, and (h) red kidney
beanPAP. Adapted with permission from ref 18.
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metal ion in transition state formation.17 The second pro-

duct of hydrolysis, the phosphate group, remains bound to

the active site in either a μ-1,3 bridging or a tripodal (μ-η2-η2)

geometry.17,18 The least understood step of the catalytic

cycle is the regeneration of the resting state, which requires

the removal of the phosphate groupand, if theμ-OHactedas

nucleophile, the re-formation of this bridge. A plausible

sequence is depicted in Figure 3 (steps f�h), where ligand

exchange at the divalent metal site facilitates the incorpora-

tion of a water molecule that interacts with the Fe3þ, thus

regenerating the μ-hydroxide bridge. The formation of the

μ-OH link is anticipated to weaken the Fe3þ�phosphate

bond, leading to the release of the phosphate group and

the return of the active site to its resting state.9

Biological Role and Medicinal Significance. While PAPs

act predominantly as hydrolases, they are bifunctional en-

zymes due to their ability to carry out peroxidations.12�14

Thus, their biological functions may be diverse. Suggested

roles for PAPs include (i) iron transport, (ii) the generation of

reactive oxygen species (ROS) as an immune response, (iii)

energy metabolism, and (iv) bone resorption.2,13,21,22 Plant

PAPs are furthermore also implicated in phosphate uptake

and metabolism.2,14 Of particular clinical relevance is the

observation of high PAP levels in animals at the resorptive

interface formed between osteoclasts and bone, where PAP

is required for active resorption.21 In osteoclasts, PAP depho-

sphorylates bone matrix proteins such as osteopontin.2,21

Furthermore, transgenic mice, in which osteoclasts overex-

press and secrete PAP into the bone-resorptive space, display

increased levels of resorption and display mild osteoporosis,

while PAP knockout transgenic mice are osteopetrotic.21

Consequently, PAP has become a target for the development

of antiosteoporotic chemotherapeutics.21

PAP is inhibited by simple anions such as fluoride (F�)

and oxyanions including molybdate (MoO4
2�), phos-

phate (H2PO4
�/HPO4

2�), vanadate (H2VO4
�), and tungstate

(HWO4
�),2 but their nonspecificity, size, overall charge, and lack

of “drug-like” propertiesmake themunsuitable as drug leads. In

contrast, substrate mimics, such as phosphonates in which the

cleavableO�Pbondhasbeen replacedwithanonhydrolyzable

C�P bond, have led to the discovery of a number of promising

leads. PAP inhibitors with potential for the development of

antiosteoporotic drugshave recentlybeen reviewed,23andonly

some highlights are discussed here. Hydrophobic patches are

located on the surface of PAPs close to the binuclear metal ion

center, and this has been exploited in the design of potent

inhibitors.24 A series of R-alkoxy-substituted naphthalene-1-

ylmethylphosphonic acids inwhich the length of the alkyl chain

was systematically altered was tested for their inhibitory effects

on animal and plant PAP activity (Figure 4). The inhibitory effect

depends on the length of the aliphatic chain, reaching a max-

imum potency with 14 carbon atoms (x = 14 in Figure 4) and a

measured Ki value of ∼200 nM (unpublished results). The

aliphatic side chain acts as an anchor, thus enhancing the

binding affinity of the phosphonate derivative.

3. Organophosphate-Degrading Enzymes
General Properties. Synthetic organophosphate triesters

(OPs) have revolutionized agriculture over the last 70 years.3

However, these compounds are toxic (some have been used

as nerve agents, for example, sarin or VX, which are declared

as weapons of mass destruction).3,4 Furthermore, these com-

pounds are not easily broken down; hence they accumulate

in the environment. Some soil-dwelling bacteria have used

environmental OP contamination to their advantage by

evolving enzymes to degrade (hydrolyze) many of these

compounds as a source of phosphorus for their metabolism.

The most thoroughly characterized of these enzymes are the

closely related phosphotriesterases (>90%sequence identity)

from Flavobacterium sp ATCC 27551, Pseudomonas diminuta,

and Agrobacterium radiobacter.3,4 A highly promiscuous phos-

phodiesterase from Enterobacter aerogenes, GpdQ, has also

been shown to hydrolyze OPs, including EA2192, a highly

toxic product of the degradation of the nerve agent VX.3,25

Thus, these enzymes have attracted increasing attention due

to their ability to act as bioremediators.26 Here we will focus

on the properties of the OP-degrading enzyme from A. radio-

bacter (OPDA) and GpdQ. Both enzymes are promiscuous

with respect to the substrates they utilize but also in terms

of the metal ions that are suitable to reconstitute catalytic

activity.25�28 Atomic absorption spectroscopy and anoma-

lous scattering measurements indicate that OPDA and GpdQ

may contain Fe2þ�Zn2þ centers in their native form, but this

compositionmay be a reflection of natural abundance rather

than catalytic optimization.6,29 In vitro studies demonstrated

that the di-Co2þ, di-Mn2þ, and di-Cd2þ derivatives were sig-

nificantly more reactive and efficient than the Fe2þ�Zn2þ

combination.6,27,28

FIGURE 4. R-Alkoxy-substituted naphthalene-1-ylmethylphosphonic
acid derivatives. The aliphatic side chain increases both the potency and
specificity of these inhibitors for PAP.23,24
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Overall andActive Site Structure.Theoverall structure of

OPDA is a homodimer; subunits fold to form a TIM barrel as

is typical of amidohydrolases (Figure 5).3,28 GpdQ has a

hexameric quaternary structure (a trimer of dimers)27 and

has structural homology to PAPs (Figure 5).30 Six of the seven

metal ion-coordinating amino acid side chains are identical

in PAP and GpdQ (Figures 1 and 6). The R-site in GpdQ

corresponds to the Fe3þ site in PAP; the only difference is the

replacement of His10 in GpdQ by a tyrosine in PAP.27 This

tyrosine in PAP is involved in a CT interaction with Fe3þ (see

above) leading to the characteristic color of PAP. The sol-

vent-exposed β-site in GpdQ is identical to the divalent site

of PAP; however, only in GpdQ does the asparagine ligand

display coordination flexibility (see below).27 In combination

withmagnetic circular dichroism (MCD) studies, itwas shown

that two water molecules, one bridging the two metal ions

and one bound terminally to the metal ion in the R-site,
complement the coordination spheres in the active site of

GpdQ.27 In OPDA the binuclear metal center is located in the

C-terminus of the β barrel.28 Similar to GpdQ, a combination

of crystallographic and MCD structural data indicates the

presence of a five- and six-coordinatemetal ion in the active

site; however, while the R-site has six ligands and the β-site

five in GpdQ, the situation is reversed in OPDA (Figure 6).31

The more buried R-site in OPDA is formed by two histidines

andanaspartate,while themore solvent-exposedβ-site also

has two histidine ligands in addition to two terminal water

molecules. The two metal ions are bridged by a carboxy-

lated lysine and a hydroxide.

The active site of OPDA is virtually identical to that of its

close relative, the OP-degrading enzyme from P. diminuta

(OPH).3,4,28 Only three amino acid variations are observed in

the substrate binding pocket (i.e., Arg254His, Tyr257His, and

Phe272Leu in OPDA/OPH). Arg254 and Tyr257 in OPDA are

part of an extensive hydrogen bond network that links the

two metal ion centers via residues in the outer coordination

sphere (Figure 7).28 Disruption of this hydrogen bond net-

work through mutations leads to OPDA forms with catalytic

properties and substrate specificities similar to that ofOPH.28

Thus, a small number of mutations leads to significant

FIGURE 5. Overall structures of OPDA (top) and GpdQ (bottom). OPDA
forms a homodimer, while GpdQ is homohexameric with a trimer of
dimers oligomeric structure.3,27,28

FIGURE 6. Schematic representations of the active structures of OPDA
(top) and GpdQ (bottom). In OPDA the metal ions are bridged via a
carboxylated lysine residueandaμ-OH. The active site of GpdQ is nearly
identical to that of PAPs (Figure 1), with the exception of the His10Tyr
substitution in GpdQ/PAP, respectively.
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changes in the enzymatic properties of OP-degrading en-

zymes, a behavior that can be exploited to design a bior-

emediator with desired properties such as the preference for

a particular type of substrate.

Catalytic Mechanism. The chemical mechanism for OP

hydrolysis catalyzed by OPDA has been extensively studied

by a number of enzymological, structural, and spectroscopic

techniques, and evidence has emerged that indicates that

this enzyme utilizes a flexible strategy that depends on its

metal ion composition, the pH of the reaction, and possibly

also the type of substrate.28,29,31�33 In Figure 8, a recently

proposed model for the mechanism is illustrated. In the

initial phase of the catalytic cycle, the substrate binds in a

monodentate fashion to the β-metal ion. At this stage, the

substrate is primed for a nucleophilic attack by a metal ion-

bound hydroxide. The identity of this nucleophile has been

subject to considerable debate; for OPH, the μ-hydroxide

was proposed, while for OPDA, a hydroxide terminally

bound to one of the metal ions was suggested.3,4 Due to

their nearly identical active sites (only three amino acid

differences in the substrate binding pocket; see above) a

highly conserved reaction mechanism for the two enzymes

may have been expected. Recent studies employing

site-directed mutagenesis, however, demonstrated that in

particular two of the three variable amino acids near the

active site, Arg254 and Tyr257, play a significant role in

modulating the reaction catalyzed by OPDA due to their

incorporation into a hydrogen bond network that connects

the substrate binding pocket to the metal ion binding sites

(Figure 7).28 This hydrogen bond network is not present in

OPH, and when the network was disrupted in OPDA

(through mutations), this enzyme became more similar to

OPH. Thus, a small number of amino acid differences may

indeed account for the observed functional differences in

these two OP-degrading enzymes. Furthermore, while most

catalytic studies with OPHwere carried out using Zn2þ, Cd2þ,

or Mn2þ as metal ions, OPDA was mostly studied in its di-

Co2þ form. We were thus interested in studying the effect of

metal ion replacements on the catalytic properties of

OPDA.28 Analysis of the pH dependence of the turnover

number (kcat) and catalytic efficiency (kcat/Km) for the di-Zn
2þ

anddi-Cd2þderivatives ofOPDA indicated that theymayuse

amechanism similar to that of OPH, that is, a μ-hydroxide as

nucleophile (Scheme 2 in Figure 8). Similar to OPH (and PAP,

see above), in di-Zn2þ and di-Cd2þ OPDA, substrate binding

is suggested to trigger a shift of the μ-hydroxide into a “quasi-

monodentate” position. Upon hydrolysis of the substrate

and removal of the leaving group alcohol, the diester

phosphate product remains bound to the active site in a

μ-1,3 mode, the only metal ion bridge apart from the

carboxylated lysine residue. Regeneration of the active site

occurs via ligand exchange whereby two water molecules

FIGURE 7. Comparison of the active site structures of OPDA (I), Tyr257Phemutant OPDA (II), andOPH (III). The extensive hydrogen bonding network
between μ-OH, D301, Y257, and R254 in wild-type OPDA is disrupted in both the OPDA mutant and OPH. Reproduced from ref 28. Copyright 2010
Biochemical Journal.
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displace the diester product; one of the water molecules

forms the metal ion bridge, while the other one completes

the six-coordinate ligand sphere of the β-metal ion. The

potential of the μ-OH group to act as a nucleophile was

recently visualized by a crystal structure in which PO4
3�was

cocrystallized with OPDA. In the resulting complex, the

tetraoxo anion was bound to the metal center in a tripodal

arrangement, whereby two of its oxygen atoms bound

monodentately to one metal ion each, while a third oxygen

atom displaced the μ-OH.33 This tripodal arrangement was

also observed in a phosphate complex of a sweet potato

PAP and urease; in both systems, the μ-OH is proposed to be

the nucleophile of the reaction.17,34

However, metal ion replacement studies also demon-

strated that different derivatives of OPDA may behave

differently. This was exemplified by an investigation of the

pH dependence of the catalytic parameters (kcat and kcat/Km)

of the di-Co2þ derivative of OPDA. At low pH (<8�9), this

derivative displays properties similar to those of the di-Zn2þ

and di-Cd2þ forms (and thus OPH). However, di-Co2þ OPDA

is most reactive at pH values above 10,28 which is distinct

from the behavior of other metal ion derivatives of this

enzyme and OPH. Under these conditions, di-Co2þ OPDA is

likely to use a terminally coordinated hydroxide as nucleo-

phile, as illustrated in Scheme 1, Figure 8. Following initial

substrate binding, structural rearrangements also lead to a

shift of the μ-OH group, in this case toward the β-metal ion.

This shift provides a vacant coordination for a water mole-

cule in the coordination sphere of the R metal ion. The

nucleophilicity of this water is enhanced by hydrogen bond

interactions with the “quasi-monodentate” hydroxide. Fol-

lowing hydrolysis by this terminal nucleophile, the diester

phosphate group also remains bound to the active site in a

μ-1,3 mode, but a hydroxide in a bridging position is still

present, as observed in some crystal structures of OP-

DA�product complexes.32

Due to the similarity of their active site structures it was

anticipated that GpdQ employs amechanism closely related

FIGURE 8. Reaction mechanisms proposed for OPDA. Scheme 1 is proposed for the di-Co2þ derivative of OPDA at high pH.28 The nucleophile is a
hydroxide terminally coordinated to themetal ion in theR site. Scheme2 is proposed for thedi-Co2þderivativeofOPDAat lowpH, aswell as for thedi-
Zn2þ and di-Cd2þ derivatives and OPH (independent of pH).3,4,28 Reproduced from ref 31. Copyright 2011 Springer.
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to that of PAP (Figures 1 and 6). However, it has recently

emerged that GpdQ differs significantly from PAP in terms of

the reaction mechanism it employs (Figure 9). In its resting

state, the enzyme is predominantly mononuclear and cata-

lytically inactive.27 The β-site has a low affinity for metal

ions, but the addition of substrate (or a substrate analogue)

enhances its affinity, leading to the formation of a catalyti-

cally active binuclear metal center. The enzyme remains

catalytically fully active until the substrate is depleted.35 This

regulation of the catalytic activity may be a built-in safety

mechanism to prevent deleterious side reactions that may

occur due to the substrate promiscuity displayed by GpdQ.

GpdQ also displays coordination flexibility in the β-site;

ligand Asn80 (Figures 6 and 9) assists in initial metal ion

binding, however, upon formation of the enzyme�substrate

complex its bond to the metal ion is broken.27,35 An addi-

tional difference between the two enzymes is that PAP is

able to hydrolyze the two ester bonds of a diester substrate

in a processive manner (see above), while GpdQ acts in

sequential manner whereby the product of the first reaction

is released and a new enzyme�substrate complex needs to

be formed.19,36 The reaction mechanism that emerged for

GpdQ is illustrated in Figure 9. Substrate binding in the

vicinity of the active site triggers a conformational change

that increases the affinity of the β-site for metal ions. Upon

the formation of a binuclear center, the substrate rearranges

to coordinate directly to the metal ion in the β-site. This

interaction leads to a bond break between this metal and

Asn80. In this form, GpdQ is fully active and remains so as

long as substrate is available. The identity of the nucleophile

is again subject to debate, and similar to OPDA it is likely

that different metal ion derivatives may also prefer a

different nucleophile, either a μ-OH or terminally bound

hydroxide.6,27,35�37 Hence, both OPDA and GpdQ reveal

flexibility with respect to their employed mechanistic strate-

gies, a fact thatmay be advantageous for their rapid adapta-

tion toward new environmental challenges.

Significance in Biotechnology and Medicine. Unlike

other binuclearmetallohydrolases such as PAPs, OP-degrad-

ing enzymes may not have a distinct biological function in

their host organisms other than providing an advantage in

survival in an environment that has been altered through

human intervention. Since the introductionofOPs, the useof

pesticides has increased dramatically, and currently the

global market is worth about 30 billion dollars annually.3,38

The concomitant expansion of agriculture has not been

without a cost. OPs are toxic and stable andmay be retained

in the environment for long periods, causing the death of

FIGURE 9. Reaction mechanism proposed for GpdQ. The enzyme is only active in the presence of a substrate (substrate-promoted activation), a
regulatory mechanism that limits nonbeneficial reactions catalyzed by this very promiscuous hydrolase.27,35�37 Reproduced from ref 27. Copyright
2008 American Chemical Society.
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nontargeted insects and some higher organisms.38 Hun-

dreds of thousands of people suffer fromOP poisoning each

year.39 While chemical treatments for OP poisoning exist,

they generally act slowly. In contrast, recent trials with

animals have shown that OPDA can quickly clear most

of the pesticides in the blood of rats.40 Furthermore, this

enzyme is already part of a commercial product (Landguard)

that has been demonstrated to be efficient in removing OP

pesticides from contaminated environment.26 Current lim-

itations are the stability of the enzyme in an environmental

setting, as well as its catalytic efficiency toward commonly

used OPs. Attempts to overcome these limitations are cur-

rently being made using directed evolution methods; it is

anticipated that in the near future bioremediation by OP-

degrading enzymes will become a major contributor to

solving pesticide contaminations that lead to environmental

pollution and human poisoning.

4. Final Comments
Binuclear metallohydrolases are a large and growing family

of enzymes that are involved in a broad range of metabolic

functions. In this Account, we focused on three specific

examples to illustrate their scope of functions and modes

of action. However, the members of this enzyme family are

functionally often only distinguished by their preference for

particular substrates and employ similar complex mechan-

istic strategies to carry out a simple chemical reaction, the

cleavage of ester and amide bonds. In some cases, enzymes

with diverse biological functions may have evolved from a

common ancestral protein. An example is a group of OP-

degrading enzymes recently identified in bacterial strains

from contaminated soil in China.3 Although the primary

function of these enzymes is to hydrolyze OPs, their overall

structure ismore closely related to β-lactam-degradingMBLs

than to OPDA or GpdQ. In other cases, for instance, OPDA

and GpdQ, enzymes evolved from different ancestors to

acquire similar functions, a process that may have been

triggered by environmental pressures.

Major advances have been made in our understanding

of how binuclear metallohydrolases work and what roles in

biology they play. While some aspects of their mechan-

isms at the molecular levels await further investigations,

the garnering of the great potential of these enzymes in a

multitude of applications is a future challenge that awaits the

bioinorganic chemistry and biotechnology communities.
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