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Abstract

The glycerophosphodiesterase (GpdQ) from Enterobacter aerogenes is a promiscuous binuclear 

metallohydrolase that catalyzes the hydrolysis of mono-, di- and triester substrates, including some 

organophosphate pesticides and products of the degradation of nerve agents. GpdQ has attracted 

recent attention as a promising enzymatic bioremediator. Here, we have investigated the catalytic 

mechanism of this versatile enzyme using a range of techniques. An improved crystal structure 

(1.9 Å resolution) illustrates the presence of (i) an extended hydrogen bond network in the active 

site and (ii) two possible nucleophiles, i.e. water/hydroxide ligands coordinated to one or both 

metal ions. While it is at present not possible to unambiguously distinguish between these two 

possibilities a reaction mechanism is proposed whereby the terminally bound H2O/OH acts as the 

nucleophile, activated via hydrogen bonding by the bridging water molecule. Furthermore, the 

presence of substrate promotes the formation of a catalytically competent binuclear center by 

significantly enhancing the binding affinity of one of the metal ions in the active site. Asn80 

appears to display coordination flexibility that may modulate enzyme activity. Kinetic data suggest 

that the rate-limiting step occurs after hydrolysis, i.e. the release of the phosphate moiety and the 

concomitant dissociation of one of the metal ions and/or associated conformational changes. Thus, 

it is proposed that GpdQ employs an intricate regulatory mechanism for catalysis, where 

coordination flexibility in one of the two metal binding sites is essential for optimal activity.
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1. INTRODUCTION

Binuclear metallophosphatases are important in a wide array of biochemical processes that 

involve the hydrolysis of phosphate ester bonds.
1–5

 These enzymes typically belong to one 

of three different classes, i.e. (i) mono-, (ii) di- and (iii) triesterases. Purple acid 

phosphatases (PAPs)
1,3,6–9

 and serine/threonine protein phosphatases
2,10,11

 are examples of 

phosphate monoester-cleaving enzymes. Phosphatases with activity towards diesters include 

3′–5′ exonucleases,
12,13

 and 5′-nucleotidase,
14

 and recently PAPs have also been shown to 

exhibit some diesterase activity.
15

 Phosphate triesters do not occur naturally, however due to 

the widespread use of organophosphate pesticides, enzymes have evolved that are capable of 

hydrolyzing these compounds. The phosphotriesterase from Pseudomonas diminuta 
(PTE)

16–19
 and Agrobacterium radiobacter (OpdA)

20–25
 are examples of these and have 

gained increasing attention for their potential application in degrading phosphotriester nerve 

agents.

The current study focuses on the characterization of a promiscuous 

glycerophosphodiesterase (GpdQ; E.C. 3.1.4.46) from Enterobacter aerogenes.
22,26–28 

GpdQ was initially noted for its remarkable activity towards stable aliphatic diesters such as 

dimethyl phosphate (DMP) and ethyl methylphosphonate,
27,28

 and is at present the only 

known enzyme that is capable of hydrolyzing all three types of phosphate esters. Its 

biological function and that of other members of the glycerophosphodiesterase (GDPD) 

family is the hydrolysis of the 3′–5′ phosphodiester bond of glycerophosphodiesters such as 

glycerol-3-phosphoethanolamine.
29

 Other known substrates for GpdQ include p-nitrophenyl 

phosphate (pNPP), bis(p-nitrophenyl) phosphate (bpNPP) and, notably, EA 2192, the toxic 

hydrolysis product of the nerve agent VX.
22,28,30

The crystal structures of ZnII- and CoII-substituted GpdQ have previously been solved to 2.9 

Å and 3.0 Å, respectively.
26

 The oligomeric structure of the protein is hexameric, forming a 
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trimer of dimers.
26

 Each subunit contains a binuclear metal center, and each metal ion is 

coordinated by four amino acid side chains, two aspartates and two histidines for the metal 

in the M1 or α site, and two histidines, one aspartate and one asparagine for the metal in the 

M2 or β site. A schematic illustration of the active site is shown in Fig. 1. One of the 

aspartates acts as a bridging ligand (Asp50). The active site structure of GpdQ is remarkably 

similar to that of a number of binuclear phosphomonoesterases, including PAPs,
9,31–35

 5′-

nucleotidase
36

 and Mre11 nuclease.
37

The metal ion compositions amongst binuclear metallohydrolases is diverse, including 

homonuclear centers of the FeFe, ZnZn, MnMn and NiNi type and heteronuclear 

combinations suchs as the FeZn or FeMn centers in some plant PAPs.
1,3 The in vivo metal 

content for GpdQ is currently unknown, but catalytic activity can be reconstituted in the 

presence of a range of divalent metal ions including CoII or ZnII.
26

 Analysis of Zn K-edge 

data indicate a lower metal ion occupancy in the β site, suggesting that GpdQ contains one 

metal center with high binding affinity (α site) and one with low affinity (β site) (Fig. 1).
26 

Differential metal ion binding affinities are not uncommon in binuclear enzymes and may be 

of regulatory significance. Examples include the 5′-nucleotidase,
38

 bacteriophage λ protein 

phosphatase
39,40

 and OpdA.
41

In this work, the formation of a catalytically competent binuclear CoII metal center in GpdQ 

is monitored using a range of physicochemical techniques, and the catalytic reaction is 

probed using steady-state kinetics and the measurement of kinetic isotope effects (KIEs). 

The combined data are used to develop a model for the relevant molecular mechanism of 

hydrolysis employed by this enzyme.

2. MATERIALS and METHODS

Materials

The plasmid containing the gene for E. aerogenes GpdQ (GpdQ/pCY76) was previously 

described.
22

 p-NPP (bis(cyclohexylammonium)) salt and ethyl p-nitrophenyl phosphate 

(EtpNPP) sodium salt were synthesized by known methods.
42,43

 All other chemicals were 

purchased from Sigma-Aldrich, unless stated otherwise. bpNPP was purchased in the 

sodium salt form due to its higher solubility in water.

Site directed mutagenesis, expression and purification of GpdQ

Residue Asn80 (Fig. 1) in wild-type GpdQ was replaced by an alanine or an aspartate by 

site-directed mutagenesis. Wild-type and mutant GpdQ were expressed and purified using a 

modified version of a previously published procedure.
22

 In brief, DH5α E. coli cells were 

transformed with the GpdQ/pCY76 plasmid. Cells were grown in 4 L of TB medium 

containing 50 μg/mL ampicillin and 0.1 mM CoCl2.6H2O at 30°C for 30 hours. The plasmid 

used expresses GpdQ in a constitutive manner and no induction is required. The following 

steps were performed at 4 °C. Cells were harvested by centrifugation and then resuspended 

in 40 mL 20 mM Tris-HCl buffer, pH 8.0. Following lysis using a French Press at 10,000 

lb/in2, the cell debris was pelleted by centrifugation. The supernatant was filtered using a 

0.22 μm filter (Millipore) and loaded onto a HiPrep 16/10 DEAE FF column (GE 
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Healthcare). A linear NaCl gradient (0 to 1 M) was applied to elute the protein over 10 

column volumes, and the eluate was collected in 8 mL fractions. 5 μL of each fraction were 

assayed with 2 mM bpNPP, and the fractions with phosphodiesterase activity were 

combined. Dialysis against 1.5 M (NH4)2SO4, 20 mM HEPES, pH 8.0 was performed 

overnight. The protein solution was loaded onto a HiLoad 26/10 Phenyl Sepharose HP 

column (GE Healthcare). The proteins were eluted using an (NH4)2SO4 gradient (1.5 to 0 

M) over 10 column volumes and collected again in 8 mL fractions. Fractions with 

phosphodiesterase activity were combined and the proteins were concentrated to 

approximately 4 mL. The solution was loaded onto a HiPrep 16/10 Sephacryl S-200 HR gel 

filtration column and eluted with 20 mM HEPES, 0.15 M NaCl, pH 8.0. Sodium dodecyl 

sulphate-polyacrylamide gel electrophoresis (SDS-PAGE) of the protein generally shows a 

single band migrating at ~31 kDa, corresponding to GpdQ at ≥ 95 % purity. The final yield 

was 70 mg/L. Protein concentrations were calculated using an ε280 = 39880 M−1 cm−1 (in 

monomer units).
26

 The metal ion content of the purified enzyme was determined by atomic 

absorption spectroscopy and resulted in 1.35(5) Fe, 0.25(5) Zn and 0.15(4) Mn atoms per 

active site.

Preparation of apoenzyme

3 mg of GpdQ were incubated at 4°C in a 3 mL solution containing 5 mM EDTA, 5 mM 

1,10-phenanthroline, 5 mM 2,6-pyridine dicarboxylic acid, 5 mM 8-hydroxyquinoline-5-

sulfonic acid, 5 mM 2-mercaptoethanol, 20 mM HEPES, pH 7.0 for 48 hours. The mixture 

was then loaded onto an Econo-Pac 10DG (Bio-Rad) gel filtration column and the 

apoenzyme was collected. The column was washed with the above chelating solution and 

equilibrated with Chelex-treated buffer prior to use.

X-ray data collection, model building and refinement

X-ray diffraction data were collected on beamline 3BM1 at the Australian Synchrotron, 

Melbourne.
44

 Data were collected to a resolution of 1.9 Å, using X-rays of 13.0008 keV 

energy, from a crystal formed in the space group P212121 from a solution of 60% Tacsimate, 

buffered with 100mM bis-tris pH 7.0. Three dimers were present in the asymmetric unit. The 

crystal was rotated in 0.5° intervals over a total rotation range of 120°. Data were integrated 

using MOSFLM
45

 and scaled using SCALA.
46

 The structure was readily solved by 

molecular replacement using the 2.9 Å structure crystallized in the cubic space group P213 

(2DXL
26

), which contained one dimer in the asymmetric unit, as a search model. Rounds of 

manual rebuilding using the program COOT
47

 were interspersed with restrained refinement 

using REFMAC
48

 as implemented in the CCP4 suite of programs.
46

 In the final rounds of 

refinement TLS parameters
49

 were refined using the rigid body group assignments 

previously determined,
26

 i.e. 1–195, 195–256 and 257–274. Coordinates and structure 

factors have been deposited into the protein databank with accession number 3D03.

Determination of metal binding affinity by activity measurements

The effect of the metal ion concentration on activity was determined by varying the amount 

of added CoII (in the form of CoSO4.6H2O) in the activity assays (see below). The data were 

fit to Eq. 1, where r is the binding function, n is the number of sites associated with Kd, and 
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[M]free is the free metal ion concentration. [M]free was calculated from Eq. 2, where [M]total 

is the total concentration of metal ions added and [E] is the concentration of the enzyme.

Equation 1

Equation 2

Enzyme activity assays and analysis

Phosphatase activity with bpNPP, EtpNPP and pNPP was measured spectrophotometrically 

by monitoring the formation of the product p-nitrophenolate at 405 nm. Exogenous [CoII] 

equal to the amount required for maximum activity (determined to be 40 μM) was 

maintained for all kinetic assays. Reactions were measured to less than 5 % of total substrate 

hydrolysis and were performed as a continuous assay for pH 5.5 and above, and as a 

discontinuous assay below pH 5.5. For the discontinuous assays, the reactions were 

quenched by addition of 5 μL of the reaction mixture into 3 mL of 0.1 M NaOH (ε400 = 

18,300 M−1 cm−1 for p-nitrophenolate). For the continuous assays the extinction coefficient 

of the product p-nitrophenolate was determined at each relevant pH by using a standard 

solution of p-nitrophenol in the same buffer used for the enzymatic assays. Buffer systems 

used were 0.1 M sodium formate (pH 3.2 to pH 4.0), sodium acetate (pH 4.0 to pH 5.5), 

MES (pH 5.5 to pH 6.7), HEPES (pH 6.8 to pH 8.2), CHES (pH 8.6 to pH 9.7) or CAPS 

(pH 9.7 to 10.1). Adjustments for ionic strength were not required after activity assays 

conducted in a range of buffers and NaCl concentrations (0 to 1 M) indicated no 

dependence. Substrate concentrations ranged from 10 μM to 7.0 mM. The data were treated 

by the initial rate method and fit to the Michaelis-Menten equation (Eq. 3).

Equation 3

The pH dependence of kcat and kcat/KM for the hydrolysis of pNPP and EtpNPP was 

determined in the range between pH 3 and pH 10 and the data were analyzed, where 

appropriate, with the following equations:

Equation 

4

Equation 5

Eq. 4 was derived following an approach described by Sykes and co-workers,
50

 and 

employing a model involving three relevant protonation equilibria (Kes1 – Kes3).
51

 In Eq. 4 
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Kesn represents the nth protonation equilibrium of the enzyme-substrate complex and kcatn 

corresponds to the activity of the associated protonation state. Both kcat1 and kcat4 

(corresponding to the fully protonated and fully deprotonated forms, respectively) were 

initially set to zero and then allowed to float as described previously.
51

In Eq. 5 Ken represents the protonation equilibria associated with the free enzyme or free 

substrate.
52

 Eq. 5 takes into account that the catalytic efficiency (kcat/KM) for the hydrolysis 

of EtpNPP is pH-independent at high pH (see below). For the data measured with pNPP the 

(kcat/KM)highpH was omitted.

Inhibition of enzymatic activity

The inhibition of the hydrolysis of pNPP by inorganic phosphate (KH2PO4) was measured 

with inhibitor concentrations ranging from 0.1 to 5 mM. The inhibition data were evaluated 

by the general inhibition equation (Eq. 6). Kiuc and Kic represent the inhibition constants for 

uncompetitive and competitive inhibition, respectively.

Equation 6

Kinetic isotope effects

Isotope effect experiments were conducted at pH 5.5 and pH 9.0 using 100 mM acetate (pH 

5.5) or 100 mM CHES (pH 9.0). Buffer solutions contained 1 mM CoCl2.6H2O. Reactions 

of 100 μmol of substrate (pNPP and EtpNPP) were allowed to proceed to partial completion, 

typically from 40 to 60% of total hydrolysis, then stopped by addition of HCl to pH 2.0. 

Background hydrolysis was negligible under the KIE conditions, and reactions were 

performed in triplicate. Isotope ratio mass spectrometry was used to analyze the product and 

the residual substrate after partial reaction. The reaction product p-nitrophenol was isolated 

from each reaction mixture and prepared for analysis by previously published methods,
43,53 

The residual substrate was then subjected to complete hydrolysis. This was accomplished 

using alkaline phosphatase in the case of pNPP, and for EtpNPP the residual substrate was 

hydrolyzed by treatment at pH 14.0 at 370 K for 48 hours. KIEs were determined from the 

isotopic ratio of p-nitrophenol, in both the product (Rp) at fractional completion (f), the 

residual substrate (Rs) and in the starting material (Ro). Eqs 7 and 8 were used to calculate 

the KIEs.
54

Equation 7

Equation 8

These equations give the 15N KIEs directly. The 18O isotope effects were determined by the 

remote label method where the nitrogen atom in the nitro group of the substrate is used as a 

reporter for both the bridging and non-bridging oxygen atoms.
55

 The observed isotope 
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effects were corrected for the 15N effect of the remote label and for incomplete isotopic 

incorporation in the starting material.
56

The nonbridge 18O KIEs for pNPP were corrected for the assumption that the monoanion is 

the catalytically active species. This correction was made using Eq. 9 where f is the fraction 

present as the dianion, and 0.9848 is the equilibrium isotope effect (EIE) for protonation of a 

phosphate ester.
57

Equation 9

KIEs for the hydrolysis of the analogous triester, diethyl 4-nitrophenyl phosphate (paraoxon) 

could not be measured due the large amount of enzyme required to turnover ~ 40 % of 

substrate.

Electronic absorption and magnetic circular dichroism

Electronic absorption spectra were recorded with a Varian Cary 6000i instrument using a 1 

mm path length cell. Magnetic circular dichroism (MCD) spectra were recorded at 2 nm 

bandwidth with a Jasco J-600 spectropolarimeter equipped with an Oxford SM-4 magnet/

cryostat and an Oxford ITC-4 temperature controller. Protein samples were diluted with 

glycerol to a ratio of 3 parts glycerol to 2 parts protein solution and stirred for at least one 

hour. The final concentration of protein was in the range of 0.38 mM to 0.78 mM. Protein 

solutions were buffered at pH 7.0 with 100 mM HEPES. The samples were added into a 

brass cell with quartz windows and 0.62 cm path length. Spectra were collected in the region 

between 280 nm to 800 nm.

3. RESULTS

Overall and active site structure of GpdQ

GpdQ crystallized in a different space group than in a previously reported study,
26

 resulting 

in the asymmetric unit to expand from a dimer to the entire (physiological) hexamer. Good 

electron density was obtained for all protein residues in chains A and F, while in chains B, 

C, D and E the three C-terminal residues (Glu272, Glu273 and Arg274) were poorly 

resolved and thus omitted from the model (Fig. S1). The final model has Rwork and Rfree 

values of 0.18 and 0.22, respectively. The refinement statistics are listed in Table 1. While 

the overall fold is essentially identical to that reported previously,
26

 the greatly increased 

resolution allowed the identification of numerous ordered solvent molecules, in particular 

those present in the active sites (vide infra). The six protein chains superimpose with 

excellent agreement (illustrated by a root mean square displacement (rmsd) of all main chain 

atoms of 0.19Å). Only the side chains of solvent exposed surface residues show some 

conformational flexibility. The stereochemical correctness of the model was satisfactorily 

checked using COOT,
47

 PROCHECK
58

 and SFCHECK.
59

 One residue in each protein 

chain, His195, was found in the disallowed region of the Ramachandran plot (ϕ,φ = 80°, 

−45°). His195 forms a hydrogen bond with its carbonyl oxygen atom to the metal ion 

bridging hydroxide in the active site, and its side chain imidazole group is a ligand to the 

metal ion in the β-site (Fig. 1). His195 forms part of a γ-turn. Histidine residues at an 
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equivalent position and with similarly disallowed main chain torsion angles are also 

observed in pig PAP (1ute),
31

 and the serine/threonine protein phosphatases 1 (1fjm)
60

 and 

2B (calcineurin; 1aui).
61

 A further residue, Arg205, was observed in the generously allowed 

region. This is a surface residue remote from the active site and it is located in well-defined 

electron density. It is unclear why this residue requires a strained main chain conformation. 

However, attempts to flip the peptide bond and refit to the electron density in order to 

achieve more conventional torsion angles were unsuccessful, resulting in a poor fit to 

density. All other residues were in allowed regions.

All protein residues were modelled at full occupancy. The occupancies of the metal ions 

were fixed at 0.75 for the α site and 0.45 for the β site, supporting the hypothesis that the α 

site has a higher affinity for metal ions than the β site.
26

 This was based on a comparison of 

the temperature factors of coordinating atoms in refinements carried out with differing metal 

occupancies (note that the total metal content per subunit is 1.75, indicating that some metal 

ions are adventitiously bound). A schematic illustration of the active site based on the 

improved crystallographic data is shown in Fig. 1; the major difference in comparison to the 

previously reported structures of GpdQ is the observation of a water ligand, terminally 

bound to the metal ion in the α site. A network of hydrogen bonds connects this water ligand 

via two additional water molecules to His217, Tyr19 and Asn53, thus associating these 

residues with a role in catalysis and/or substrate binding (Fig. 1). An additional hydrogen 

bonding interaction was apparent in two of the six subunits, connecting the metal ion in the β 

site via a water molecule to the amino group of the ligand Asn80.

Magnetic Circular Dichroism

The visible region of the sample of apo-GpdQ was scanned for MCD active transitions 

(400–700 nm) and no features were observed. The addition of two equivalents of CoII to the 

apoenzyme gave rise to one negative C-term band at 495 nm (Fig. 2), characteristic of a six-

coordinate mononuclear CoII center.
62–65

 This observation suggests that only one of the two 

metal ion binding sites in the active site, the α site (Fig. 1), is occupied. In order to populate 

the β-site, at least partially, an additional 48 equivalents of CoII were added, giving rise to a 

second C-term band at 574 nm (Fig. 2). The position of this d-d band indicates that a five-

coordinate CoII ion binds to the β-site.
62,63,65

The effect of inorganic phosphate on the metal ion binding affinities of the two metal sites 

was assessed by mixing a sample of GpdQ with two equivalents of CoII and ten equivalents 

of K2HPO4. Again, two C-term MCD bands were observed at 495 nm and 564 nm (Fig. 2), 

corresponding to a six- (at 495 nm) and five-coordinate (at 564 nm) CoII species. The 

position of the higher energy band is identical to that of the phosphate-free form, but the 

lower energy band is shifted by 10 nm, suggesting a binding interaction between the metal 

ion in the β site and the phosphate group. Importantly, the addition of phosphate greatly 

increases the metal ion affinity of the β site; only two equivalents of CoII are required to 

fully populate both metal ion centers.
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Kinetic parameters of GpdQ

The pH dependence of kcat and kcat/KM for the hydrolysis of pNPP and EtpNPP are shown 

in Fig. 3. For both substrates, Michaelis-Menten behavior was observed at each pH. Above 

pH 7.5 the KM for pNPP was too large to be measured accurately, but kcat appears to be pH 

independent across the entire pH range investigated. This implies that the rate limiting step 

is either the release of the product or a conformational change. The pH dependence of kcat 

for the hydrolysis of EtpNPP was more complex and was analyzed using an equation derived 

for a model that includes four protonation states for the enzyme-substrate complex (Eq. 

4). 
51

 Table 2 lists the obtained acid dissociation constants.
66

 The pH profiles for the 

catalytic efficiency ratio (kcat/KM) are bell-shaped for both substrates and were fit to Eq. 5 

(Table 2; note that the deprotonated state retains some catalytic efficiency for the hydrolysis 

of EtpNPP at pH >8).
52

The hydrolysis of bpNPP by CoII-GpdQ deviated from typical Michaelis-Menten behavior, 

as previously noted by Gerlt and collaborators.
28

 Illustrative examples are shown in Fig. S2, 

where especially at lower pH values the catalytic rate tends to saturate at low substrate 

concentrations, but a further increase in [bpNPP] leads to rate enhancements. Using 

sufficiently low substrate concentrations approximate fits to the Michaelis-Menten equation 

(Eq. 3) indicate that the profile of kcat is virtually pH independent between pH 5.5 to pH 10 

(Fig. S3). The likely reason for the observed deviation from Michaelis-Menten behavior is 

the fact that the first reaction product of bpNPP hydrolysis (pNPP) is itself a substrate for 

GpdQ, at least at pH ≤8. At higher pH the KM value of pNPP is very large (Fig. 3) making 

this reagent a very poor substrate for GpdQ.

The effects of Asn80 mutations on metal ion binding and reactivity

Asn80 is a ligand of the metal ion in the β site (Fig. 1). It is anticipated that both the activity 

of the enzyme and the metal ion affinity of this site may be affected by mutations of that 

residue. The substitution by an alanine led to a considerable increase in reactivity albeit 

under the loss of substrate binding affinity (Table 3). The substrate affinity is affected in a 

similar manner in the Asn80Asp mutant, but the reactivity is greatly reduced in comparison 

to the wild-type enzyme.

CoII was added gradually to Asn80Ala-GpdQ and MCD spectra were recorded to monitor 

the binding of the metal ions to the active site. The transition at 495 nm, characteristic of a 

six-coordinate CoII species was observed after the addition of one equivalent, but no 

transition due to a five-coordinate species was detected, even after the addition of 100 

equivalents of CoII (Fig. 4). However, after the addition of ten equivalents of phosphate, 

transitions at both 495 nm and 555 nm were observed after the addition of only two 

equivalents of CoII (Fig. 4), indicating the formation of a binuclear active site as discussed 

above.

In contrast to the Asn80Ala mutant, a fully occupied binuclear center was formed in 

Asn80Asp-GpdQ after the addition of two equivalents of CoII to the apoenzyme, even in the 

absence of phosphate (Fig. 4). Addition of more CoII did not alter the intensity of the band at 

Hadler et al. Page 9

J Am Chem Soc. Author manuscript; available in PMC 2016 May 31.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



555 nm. Thus, in comparison to both the wild-type and Asp80Ala mutant the substitution of 

the asparagine by an aspartate greatly increases the metal ion affinity of the β site.

Kinetic Isotope Effects

Isotope effects were measured by the competitive method, and are thus effects on (V/K).
67 

The 
15

(V/K), 
18

(V/K)bridge and 
18

(V/K)nonbridge KIEs (Fig. 5) for the hydrolysis of pNPP 

and EtpNPP by wild-type GpdQ were measured at pH 5.5 and pH 9.0, and the data are listed 

in Table 4. Since the pH dependence of kcat/KM for pNPP (Fig. 3) suggests that the 

monoanion is the reactive form of this substrate, the observed nonbridge KIEs for this 

substrate were corrected as described in the Experimental section. No correction was made 

for the diester substrate, since the low pKa of EtpNPP ensured that only the deprotonated 

form is present under the experimental conditions (Fig. 3).

Effect of Phosphate on Enzyme Activity

The inhibitory effect of phosphate (KH2PO4) towards the hydrolysis of pNPP was 

determined at pH 7.00. Phosphate acts as a competitive inhibitor (Fig. S4) with Kic = 78 ± 6 

μM.

4. DISCUSSION

Binuclear metallohydrolases form a large group of enzymes that include numerous 

phosphatases, peptidases and lactamases.
1–5,68

 Common to all members of this family is the 

presence of two closely spaced metal ion binding sites in their active sites, but the metal-ion 

affinities of these sites may vary considerably. Consequently, the functional roles of the 

metal ions may be diverse, and catalytic mechanisms have been proposed that require only 

one or both metal ions.
4
 Here, the structure of the active site of GpdQ, its interaction with 

CoII and its mode of action were investigated using structural, spectroscopic and kinetic 

techniques.

Active Site Structure

The active site of GpdQ (Fig. 1) is very similar to that of other members of the family of 

binuclear metallohydrolases. Six of its seven metal ion ligands are identical to those of 

PAPs; the remaining ligand is a histidine in GpdQ (His10) and a tyrosine in PAPs.
1,6,7,26

 In 

this respect GpdQ resembles Ser/Thr protein phosphatases such as calcineurin
61,69

 or the 

bacteriophage λ protein phosphatase.
70

 In comparison to the previously reported structures 

of GpdQ the higher resolution model presented here provides strong evidence for the 

presence of at least two water ligands in the coordination spheres of the metal ions, i.e. a 

terminal H2O bound to the metal ion in the α site and a metal ion bridging water/hydroxide 

(Fig. 1). In addition, in two of six protein subunits a third water molecule was also bound 

terminally to the metal ion in the β site. Since at least one of these water molecules is 

expected to play a major functional role as nucleophile (see below) their presence was also 

investigated under catalytically relevant solution conditions using MCD. Two peaks were 

observed in the spectrum of CoII-reconstituted GpdQ, characteristic of a six- (at 495 nm) 

and five-coordinate CoII (574 nm), respectively (Fig. 2).
62–65

 Thus, the combined structural 
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and spectroscopic data support a model with a six-coordinate metal ion in the α site and a 

five-coordinate species in the β site, as shown in Fig. 1.

The five-coordinate species only emerges upon the addition of excess metal ion, indicating 

weak binding of this metal ion. The binding affinities of different metal ion sites may vary 

significantly within the catalytic centers of an enzyme, and these affinities may be 

influenced, amongst other factors, by the presence or absence of substrates and products.
1,4,5 

MCD was employed to qualitatively assess the effect of the reaction product and possible 

substrate mimic phosphate on the metal ion affinity of GpdQ. In the presence of phosphate 

the addition of only two equivalents of CoII leads to a saturation of both the high and low 

energy transitions, indicating that both metal ion sites are fully occupied (Fig. 2). Thus, 

phosphate leads to a significant increase in the metal ion affinity of the β site, an estimate of 

which can be obtained by monitoring the catalytic activity as a function of added metal ion 

(Kd = 29 μM; Fig. S5). By analogy, we propose that the formation of a catalytically 

competent binuclear center in GpdQ is assisted by the presence of the substrate, hence 

assigning a mechanistic/regulatory role to the latter. Substrate-induced formation of a 

catalytically active binuclear center is not without precedence, and has been reported for 

related metallohydrolases such as the exonuclease activity of E. coli DNA polymerase I.
1,71

Asn80 is a ligand of the metal ion in the β site (Fig. 1). In two of the six subunits of GpdQ 

the amine group of its side chain forms a hydrogen bond with a water molecule that is 

terminally bound to the metal ion in the β site. Since the position occupied by this water 

ligand is a probable binding site for the substrate molecule it is likely that Asn80 may play a 

crucial role in the modulation of both metal ion and substrate binding, and thus in the 

regulation of reactivity. To probe this residue’s role it was replaced by an alanine or 

aspartate. The alanine mutant displays greatly diminished metal ion binding affinity in the β 

site, whereas the the aspartate shows the opposite effect (Fig. 4). This is not an unusual 

observation since aspartate (but not alanine) is expected to be a good ligand for the metal 

ion. However, in Asn80Ala-GpdQ a binuclear center is formed readily in the presence of 

phosphate, similar to the wild-type enzyme (Fig. 4). Importantly, although the alanine 

residue is not able to coordinate the metal ion in the β site a five-coordinate species similar 

to that observed in the wild-type enzyme is observed. This observation suggests that (i) the 

fifth ligand of CoII in the β site is provided by the phosphate, and, by analogy, that (ii) in 

wild-type GpdQ the coordination bond between this metal ion and Asn80 is broken upon 

binding of substrate/product (thus yielding a five-coordinate species). Furthermore, the 

activity of Asn80Ala-GpdQ is ~four-fold higher than that of the wild type at pH 7.0, while 

the activity of the Asn80Asp mutant is greatly reduced (Table 3). Both mutants have greatly 

diminished affinity for the substrate with KM values ~400 times larger than that of the wild 

type enzyme. These findings demonstrate that Asn80 contributes to reactivity by (i) assisting 

in substrate binding, and (ii) facilitating the easy exchange of the metal ion in the β site.

Kinetic Properties of CoII-GpdQ

GpdQ has been shown to hydrolyze a range of substrates including both diesters and 

monoesters.
22,30,72

 Here, the catalytic properties of the enzyme were investigated using the 

diester EtpNPP and the monoester pNPP. For the monoesterase activity kcat does not depend 
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on pH (Fig. 3), suggesting that the rate-limiting step is either product release or a 

conformational change associated with the protein. In contrast, kcat/KM displays a distinct 

bell-shaped dependence on pH (Fig. 3), indicating the involvement of at least two relevant 

protonation equilibria of the free enzyme and/or substrate in the catalytic cycle up to, and 

including, the first irreversible step, which is presumably hydrolysis of the P-O bond (pKe1 

and pKe2; Table 2). At present it is unclear which protonation equilibrium pKe1 = 3.8 is 

attributable to, but it is likely to be associated with the free enzyme since its magnitude 

seems substrate-independent (Table 2). A possible candidate is a water ligand bound 

terminally to the metal in the α site (the pKa may be so low due to hydrogen bonding 

interactions in the active site) (Fig. 1). The assignment of pKe2 (5.1) to pNPP (i) is 

consistent with the second pKa of this substrate, (ii) agrees with previous kinetic studies that 

utilized pNPP,
51,53,73,74

 and (iii) suggests that the substrate binds and undergoes catalysis 

preferentially in its monoanionic form. The nonbridge KIE with pNPP listed in Table 4 was 

accordingly corrected assuming a monoanionic form of this substrate.

Previous enzymatic and nonenzymatic KIE measurements with pNPP give a framework in 

which to interpret KIEs. In a loose transition state with extensive P-O fission, the 

primary 
18

(V/K)bridge KIE can reach a maximum of ~1.03 and the secondary 
15

(V/K) KIE a 

maximum of ~1.003, reflecting a full negative charge on the departing nitrophenolate. If the 

leaving group is protonated by a general acid in the transition state, the primary 
18

(V/
K)bridge KIE is reduced to the range 1.012 to 1.015, and 

15
(V/K) KIE is abolished to unity.

75 

Furthermore, the nonbridge KIE will be small and inverse in a metaphosphate-like transition 

state; however, in reactions involving a monoanion, a significant normal nonbridge KIE is 

observed if a proton transfer from the phosphoryl group occurs in the reaction. Modest 

inverse nonbridge KIEs have been observed for alkaline phosphatase-catalyzed reactions of 

phosphate monoester dianions, which have been attributed to effects from binding to the 

metal center.
76

 In general, the interpretation of KIEs of phosphorolytic reactions in terms of 

transition state structure also depends upon the extent to which the chemical step of 

phosphoryl transfer is rate-limiting. If other steps are fully or partially rate-limiting, the 

KIEs will be suppressed from their intrinsic values, thus inaccurately reflecting bonding 

changes in the transition state.

Because they are measured by the competitive method, the KIEs for the GpdQ-catalyzed 

reactions are those for kcat/KM, and thus reflect all steps from free substrate to the first 

irreversible step, i.e. P-O bond fission. For the reaction with the monoester substrate pNPP 

the flatness of the kcat vs pH profile (Fig. 3) suggests a nonchemical step is rate limiting in 

the overall mechanism, and several findings suggest that chemistry may not be fully rate-

limiting for kcat/KM. These are (i) the fact that the magnitudes of the KIEs are significantly 

larger away from the pH optimum (9.0) than they are at the optimum (5.5), and (ii) the 

modest magnitudes of the primary bridge KIEs. With this caution in mind, the KIE data do 

permit some mechanistic conclusions to be drawn. Below, we first interpret the KIEs 

measured for for pNPP, and then those determined for the diester substrate.

The 
15

(V/K) KIE of 1.0009 at pH 9 indicates the presence of about a third of a charge on the 

leaving group, while at pH 5.5 no charge appears present (
15

(V/K) ~ unity; Table 4). 

Similarly, the 
18

(V/K)bridge KIE at pH 9 is about a third of its maximum value, while at pH 
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5.5 it is considerably smaller. These observations may indicate that a general acid protonates 

the leaving group at low pH, but which is no longer in the correct protonation state at high 

pH to perform its function. A possible candidate general acid is His81, an amino acid that 

lines the substrate binding pocket,
26

 and which is in a position equivalent to histidine 

residues in the second coordination sphere of other binuclear metallohydrolases, including 

PAPs (e.g. His295 in sweet potato PAP
9
) and bacteriophage λ protein phosphatase 

(His76
77

). Since the monoanion is the likely substrate, an alternative proton donor to the 

leaving group is the phosphoryl group of the substrate. For example, in the uncatalyzed 

hydrolysis of monoanions of phosphate monoesters, the proton is transferred from the 

phosphoryl group to the leaving group in the transition state, resulting in a normal nonbridge 

KIE for pNPP of 1.0184 at 95°C, and 1.0199 at 30°C.
43,78

 However, the inverse nonbridge 

KIE measured at pH 5.5 and pH 9.0 (Table 4) rules out the possibility that the phosphoryl 

group is a proton donor to the leaving group in the GpdQ-catalyzed reaction.

For the GpdQ-catalyzed hydrolysis of the diester EtpNPP, the modest pH dependence of 

both kcat and kcat/KM indicates that the chemical step is probably not fully rate-limiting (Fig. 

3). pKe1 is virtually identical to that obtained when pNPP was used as substrate (Table 2). 

The pKa of EtpNPP is expected to be similar to that of 3,3-dimethylbutyl p-nitrophenyl 

phosphate, which is −0.36,
79

 and thus this substrate will also interact in its monoanionic 

form with GpdQ. pKe2 (6.8) can thus only be assigned to the free enzyme. We tentatively 

ascribe this pKa to a histidine residue in the vicinity of the active site. Likely candidates are 

His217 (Fig. 1) and His81, a residue in the substrate binding pocket (see preceding 

paragraph).
26,80

 His217 is involved in an extensive hydrogen bond network in the active site 

of GpdQ, and its deprotonation is expected to perturb this network, which may affect 

substrate binding and possibly the structure of the active site. However, crystallographic data 

and docking studies suggest that His81 is more likely to be associated with pKe2 since it is 

positioned ideally to interact with the substrate via hydrogen bonds.
26,80

 It is also important 

to note that the corresponding histidine residue in PAPs has been shown by site-directed 

mutagenesis to be important in substrate binding and orientation (see also the preceding 

paragraph).
81,82

 While the 
18

(V/K)bridge is in the range reported for uncatalyzed hydrolysis 

reactions of diesters, the 
15

(V/K) KIE at pH 5.5 is smaller (Table 5), consistent with the 

hypothesis of general acid catalysis at least at low pH. At higher pH the general acid may 

not be in the correct protonation state to function, but may not be required since the pKa of 

the leaving group pNP is low (~7). In support of this hypothesis kcat/KM does level off at 

high pH (Fig. 3). Alternatively, the very small leaving group KIEs at pH 9 may reflect rate-

limitation by a nonchemical step, possibly substrate binding. We thus propose that His81 

may have a dual function, (i) acting as a general acid in the hydrolysis of EtpNPP at low pH 

and (ii) orienting the substrate within the active site. Interestingly, the pKa of His81 is not 

observed in the hydrolysis of the monoester pNPP (Fig. 3), suggesting a mechanistic model 

whereby the rate-limiting steps depend on the nature of the substrate. For the bulkier diester 

substrate the formation of a catalytically competent enzyme-substrate complex is at least 

partially rate-limiting, whereas for the smaller monoester substrate product release or a 

conformational change may be rate-limiting.

The 
18

(V/K)nonbridge values for both substrates are more inverse than for uncatalyzed 

hydrolysis reactions, which probably reflects coordination to the metal center. Similar 
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inverse 
18

(V/K)nonbridge KIEs are observed in alkaline phosphatase-catalyzed reactions, 

attributed to binding effects.
76

A minimum of three protonation equilibria contribute to reactivity for the hydrolysis of 

EtpNPP (Fig. 3; Table 2), two of which in their deprotonated form (characterized by pKes1 

and pKes2), and one (pKes3) in the protonated state.
83

 The latter may correspond to a residue 

that stabilizes and/or positions via H-bond interactions the substrate in the active site. With a 

magnitude of 10.2 a likely candidate for pKes3 is a tyrosine residue. In the vicinity of the 

active site three tyrosines are present, Tyr229, Tyr230 and Tyr263. According to a previous 

study in which the substrate glycerophosphoethanolamine was docked into the active site of 

GpdQ Tyr263 is close to the phosphate group where it may be involved in stabilizing the 

bound substrate. Again a correlation to a PAP from sweet potato is observed, where a 

tyrosine residue in a position similar to that of Tyr263 is believed to be involved substrate 

binding and orientation.
9
 pKes1 and pKes2 are likely to be associated with coordinating 

water/hydroxide ligands (Fig. 1), i.e. the terminal H2O bound to the metal in the α site, and 

the metal ion-bridging water molecule. The doubly Lewis-activated μ-aqua is anticipated to 

be more acidic than the terminal CoII-bound water molecule. Accordingly, pKes1 and pKes2 

are assigned to the deprotonations of the μ-aqua and terminal water ligand, respectively. 

These are unusually low pKa values for bridging and terminal water molecules in CoII 

systems. The pKa value for Co(H2O)6
2+ is estimated to ~9.6,

84
 and for doubly-activated 

water ligands in cobalt complexes they range from 5 to 7,
85–87

 but can be as low as 4.4 in 

complexes of other divalent first row transitions metal ions.
88

 The likely reason for the lower 

pKas in GpdQ may be the presence of an extensive hydrogen bond network that connects the 

carbonyl oxygen of His195 to residues in the substrate binding pocket via the bridging and 

terminal water ligands (Fig. 1). Thus, in principle two possible nucleophiles are present in 

the active site of GpdQ, a situation similar to that recently reported for PAPs.
51

Proposed Reaction Mechanism

The accumulated structural, spectroscopic and kinetic data facilitate the proposal of a 

plausible reaction mechanism for GpdQ-catalyzed hydrolysis (Scheme 1). In the resting 

state the enzyme is predominantly in a mononuclear form with a metal ion bound to the α 

site (Scheme 1a). In presence of a substrate the metal ion affinity of the β site is enhanced 

which leads to the formation of a catalytically competent binuclear active site. A similar 

behavior has recently been observed for the distantly related E. coli methionine 

aminopeptidase.
89

 The binding of the second metal ion also facilitates the formation of a μ-

hydroxide bridge (Scheme 1b). From the MCD data (Fig. 2) it is apparent that substrate/

product binding does not affect the coordination number of the two metal ions (i.e. six- and 

five-coordinate for the metal ions in the α and β sites, respectively). Hence, it is likely that in 

the resting mononuclear state the CoII in the α site has two terminal water ligands (Scheme 

1a), one of which becomes bridging once the second metal ion binds to the β site (Scheme 

1b). The subsequent interaction between a substrate oxygen atom and CoII in the β site (i) 

facilitates an attack by a nucleophile bound to the CoII in the α site, and (ii) leads to the 

disruption of the Asn80-CoII bond (Scheme 1c). The unusual pH profile observed for the 

kcat of EtpNPP hydrolysis (Fig. 3) is consistent with the presence of two ionisable groups 

involved in catalysis, one terminally bound to the metal in the α site, the other bridging the 
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metal ions. It is at present not possible to unambiguously identify the reaction-initiating 

nucleophile. In the related binuclear metallohydrolase PAP both a terminal and a metal-

bridging hydroxide have been proposed as candidates,
1,3,4,5,915,35,51,73,74,82

 and it has 

emerged that experimental conditions such as pH, metal ion composition and substrate used 

in the study may affect the identity of the nucleophile.
15,51

 The recent crystal structure of 

GpdQ with malonate bound in the active site indicates that the terminally bound hydroxide 

may be better aligned for a nucleophilic attack than the bridging one.
80

 We thus suggest a 

mechanism whereby the terminal bound water molecule attacks the phosphorus of the 

substrate, leading to the formation of μ-1,3 phosphate complex (Scheme 1c). The bridging 

hydroxide may then function as an activator of the nucleophile via a hydrogen bonding or 

electrostatic interaction (Fig. 1).
90

 Following the nucleophilic attack the leaving group 

alcohol is released. Upon the release of the phosphate moity the metal ion in the β site also 

dissociates, returning the active site into its mononuclear resting state (Scheme 1d). Based 

on the kinetic and KIE measurements it appears likely that this last step is rate-limiting.

The catalytic cycle that emerged from this study suggests a regulatory mechanism for 

reactivity. In the absence of substrate the enzyme is predominantly in an enzymatically 

inactive mononuclear state. Addition of substrate facilitates the formation of a catalytically 

competent binuclear center, presumably by increasing the binding affinity of the second 

metal ion (β site). According to the crystal structure (Fig. 1) Asn80 acts as a ligand to this 

metal ion, at least when no substrate analogue or product are present. However, in order to 

reconcile the spectroscopic data obtained for both wild-type and Asn80Ala-mutant GpdQ 

the coordination bond between Asn80 and the metal ion is broken when phosphate is 

present. This observation implies that the perturbation of this coordination interaction, 

possibly mediated via the hydrogen bonding network in the active site, plays an important 

role in the regulation of reactivity. This hypothesis is supported by the fact that the 

Asn80Asp mutant of GpdQ has a much lower activity than both the wild-type form and the 

Asn80Ala mutant. This type of regulation has been observed in the mononuclear non-heme 

iron enzyme lipoxygenase, where the coordination flexibility of an asparagine ligand was 

shown to be crucial for optimal reactivity.
91
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bpNPP bis(para-nitrophenyl) phosphate

EtpNPP ethyl para-nitrophenyl phosphate
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KIE kinetic isotope effect

MCD magnetic circular dichroism

pNPP para-nitrophenyl phosphate
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Figure 1. 
Schematic representation of the active site of GpdQ based on the improved crystallographic 

data presented here. In two of the six active sites an additional water molecule is also seen 

bound terminally to the β metal and further hydrogen bonded to the amine nitrogen on N80.
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Figure 2. 
MCD spectra of wild-type GpdQ at 1.45 K, 3.5 T depicting a mononuclear CoII center, 

dinuclear CoII center and a dinuclear CoII center in the presence of phosphate.
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Figure 3. 
pH dependence of the activity (kcat) and catalytic efficiency (kcat/KM) of the hydrolysis of 

pNPP and EtpNPP by CoII-substituted GpdQ. The arrows indicate the pH values used for 

KIE measurements (see below).
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Figure 4. 
MCD spectra of CoII-substituted N80A and N80D mutants of GpdQ. Note that for N80A-

GpdQ in the absence of phosphate up to 100 equivalents of CoII were added, but only the 

transition at 495 nm was observed.

Hadler et al. Page 22

J Am Chem Soc. Author manuscript; available in PMC 2016 May 31.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 5. 
The structure of pNPP and EtpNPP, and the isotope effects determined.

Hadler et al. Page 23

J Am Chem Soc. Author manuscript; available in PMC 2016 May 31.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Scheme 1. 
Scheme for the proposed reaction mechanism for GpdQ-catalyzed hydrolysis.
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Table 1

X-ray data collection and refinement statistics. Values shown in parenthesis in the data collection section refer 

to the highest resolution shell of data.

Data Collection:

Space Group P212121

Unit Cell Parameters (Å) a,b,c = 94.97,133.84,168.94

Temperature (K) 100

Wavelength/Energy (Å/keV) 0.95361/13.0008

Resolution (Å) 43.3 - 1.9 (2.0 - 1.9)

Measurements 691088

Unique reflections 163812

Multiplicity 4.2 (3.7)

Mean I/σ(I) 11.9 (1.9)

Completeness (%) 96.7 (91.0)

Rmerge 0.098 (0.613)

Wilson B-factor (Å2) 16.2

Refinement:

Resolution range (Å) 43.3 - 1.9

Number of Reflections (working set) 155501

Number of Reflections (test set) 8219 (5%)

R (work + free) 0.186

Rwork 0.185

Rfree 0.224

Number of protein atoms 12878

Number of solvent molecules 1036

Number of metal ions 12

Ramachandran Plot:

 Favoured regions 99.2%

 Generously allowed regions 0.4% (Arg 205)

 Disallowed regions 0.4% (His195)

Rms deviation from ideality:

 Bond lengths (Å) 0.02

 Bond angles (°) 1.57

Estimated coordinate error:

 From Luzzati plot (Å) 0.23

 From Cruickshank DPI (Å) 0.12
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Table 3

Comparison of the kinetic parameters for the hydrolysis of bpNPP by wild type and variants of GpdQ. The 

assays were conducted at pH 7.00 (0.10 M HEPES buffer) and with 1 mM CoCl2.6H2O

Variant kcat (s−1) KM (mM) kcat/KM (s−1 mM−1)

Wild type 1.89(1) 0.12(3) 16.4(3)

N80D 0.24(2) 39(6) 0.006

N80A 6.4(6) 49(6) 0.13
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Table 4

KIEs for the substrates pNPP and EtpNPP at pH 5.5 and pH 9.0. The nonbridge KIEs for pNPP have been 

corrected assuming the monoanion form of pNPP is the active form of the substrate.

KIE

pNPP EtpNPP

pH 5.5 pH 9.0 pH 5.5 pH 9.0

15(kcat/KM) 1.0001(1) 1.0009(3) 1.0001(2) 1.0003(2)

18(kcat/KM)bridge 1.0039(1) 1.0109(6) 1.0060(9) 1.0031(2)

18(kcat/KM)nonbridge 0.9912(3) 0.9923(1) 0.9957(5) 0.9947(8)
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