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1. INTRODUCTION

The importance of nickel enzymes, where nickel serves as an essential cofactor, in Archaea, 

bacteria, plants, and primitive eukaryotes, is well documented.1 Despite the fact that no 

enzyme utilizing Ni has been found in mammalian species, the impact of Ni biochemistry on 

human health is also significant.2 Indeed, nickel is known to cause cancer by an epigenetic 

mechanism,3 which appears to involve substitution of Ni(II) for Fe(II) in non-heme iron 

dioxygenases that are involved in DNA and histone demethylation.4 Furthermore, exposure 

to nickel compounds can also elicit an immune reaction: nickel contact dermatitis is one of 

the most common allergies in the modern world,5 and the molecular basis for the immune 

reaction is now beginning to emerge.6 Exposure to high levels of nickel has also been shown 

to impair the normal homeostasis of essential metal ions.7 Nonetheless, nickel is among the 

metals included in a group of “possibly essential elements” for animals and humans.8

Experiments using animal models have shown that nickel may be beneficial for bone 

composition and strength, for optimal reproduction, for energy metabolism, and for sensory 
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function.8 The molecular basis for these functions is, however, not known. It is not 

surprising that human nickel deficiency has never been reported, probably because normal 

nickel intake greatly exceeds the estimated 25–35 μg/day metabolic requirement.8

In this Review, the current knowledge of the biochemistries, structures, and reaction 

mechanisms of enzymes whose active sites require nickel, and utilize it in a nonredox role, 

are discussed. In addition to excluding redox-active nickel sites (see the pertinent Reviews in 

this Thematic Issue), proteins isolated in proteomics facilities using nickel affinity columns 

that contain nickel, but whose native active site does not contain nickel, are also excluded. 

The focus is on the enzymes, and data from synthetic model systems is included only when 

it enhances knowledge of the reaction mechanism.

The selection of nickel as a catalytic center for biological reactions is related to its flexible 

coordination geometry,9 which makes this metal a very versatile element for biological 

applications. To date, eight microbial nickel-containing enzymes have been well-

characterized, including urease, hydrogenase, CO-dehydrogenase, acetyl-CoA synthase, 

methyl-CoM reductase, Ni-superoxide dismutase, acireductone dioxygenase, and glyoxalase 

I, while a few other possible nickel-dependent enzymes are emerging.10 The biological roles 

of nickel enzymes are conveniently divided into redox and nonredox roles.11 Unlike the 

more abundant biological redox metals iron and copper, aquated Ni(II) ions have no 

biologically relevant redox chemistry, as water will oxidize and reduce at potentials less 

extreme than those of the metal ion. Thus, the ligand environment is critical in adjusting the 

redox potential of Ni(II) into a biologically accessible range. In terms of nickel enzymes, 

this is usually achieved via coordination of anionic S-donors such as sulfide (as in carbon 

monoxide dehydrogenase) or, more commonly, thiolate sulfur in the form of cysteine 

ligands, which stabilizes the Ni(II/III) redox couple, or by coupling processes to sulfur redox 

chemistry (e.g., in methyl coenzyme M reductase).11 Thus, S-donor ligands are strongly 

associated with Ni redox enzymes, which include a novel superoxide dismutase, and several 

other enzymes including hydrogenase and CO-dehydrogenase/acetyl coenzyme A synthase 

that use Ni(II/III) redox chemistry to catalyze reactions that are involved in biological C1 

chemistry. These enzymes have been extensively reviewed recently,12 and are covered by 

Reviews elsewhere in this Thematic Issue (see Valentine et al.,13 Lubitz,14 and Ragsdale15). 

In addition to adjusting redox potentials, the S-donor rich ligand environments often favor 

coordinatively unsaturated complexes with low-spin electronic structures.9

Nickel is also employed in enzymes as a Lewis acid catalyst, and in contrast to the redox 

enzymes, the coordination environments of these enzymes are composed exclusively of 

O/N-donor ligands. The coordination chemistry typically favors six-coordinate Ni(II) 

complexes that invariably have high-spin electronic structures.9 Three enzymes that utilize 

Ni(II) as a Lewis acid, urease, acireductone dehydrogenase, and glyoxalase I, are discussed 

here, with the goal of updating other comprehensive reviews through mid-2013.16
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2. UREASE

2.1. Biological Significance

Urease (urea aminohydrolase EC 3.5.1.5) is an important enzyme in the global nitrogen 

cycle, and is found in plants, algae, fungi, and several microorganisms.17 It catalyzes the 

rapid hydrolytic decomposition of urea.18

Two important records characterize its history: in 1926, urease from Canavalia ensiformis 
(jack bean urease, JBU) was the first enzyme to be crystallized, providing clear evidence that 

enzymes are proteins,19 while in 1975 the requirement for nickel in JBU catalysis was 

established, providing the first example for the biological essentiality of this metal as an 

enzyme cofactor.20 Since then, significant steps toward a complete understanding of the 

chemistry and biochemistry of nickel in the urease system have been achieved.21

Urea is produced in large amounts by vertebrates as the catabolic product of nitrogen-

containing compounds; each human produces ca. 10 kg of urea per year.22 Considering the 

long half-life for the nonenzymatic decomposition of urea in water that occurs through an 

elimination step to produce ammonia and cyanic acid (t1/2 ∼ 40 years)23 and the even longer 

half-life for the nonenzymatic urea hydrolysis, never observed experimentally24 but 

estimated as being ca. 520 years,25 severe environmental problems could arise in the absence 

of an efficient enzymatic degradation of urea. On the other hand, the hydrolysis of urea 

catalyzed by urease18 has a half-time of a few microseconds, with a kcat/Km that is 3 × 1015 

times higher than the rate of the uncatalyzed reaction, making urease the most efficient 

hydrolase known, an efficiency ascribed to the presence of two Ni(II) ions in the active site 

of the enzyme.25

The overall hydrolysis of the products generated by the urease catalyzed reaction causes a 

pH increase that has important consequences in medical and agricultural settings. Urease is 

the main virulence factor in a large variety of lethal human pathogens such as 

Mycobacterium tuberculosis,26 Yersinia enterocolitica,27 and Cryptococcus neoformans.28 

Infections of the urinary and gastrointestinal tracts in human and animals by ureolytic 

bacteria such as Proteus mirabilis29 can cause kidney stone formation, catheter encrustation, 

pyelonephritis, ammonia encephalopathy, and hepatic coma.17b,30 A further example of a 

ureolytic pathogen is represented by Helicobacter pylori, a bacterium able to survive in the 

acidic environment of the stomach by exploiting the pH increase caused by the urease 

activity, and acting as the major cause of pathologies, including cancer induced by 

gastroduodenal infections.31 In the agricultural context, bacterial urease activity is 

widespread in the environment and especially in soils fertilized with urea, a nitrogen 

fertilizer used worldwide.32 Although necessary for crop nitrogen uptake, the efficiency of 

soil nitrogen fertilization with urea is severely decreased by the urease activity itself, 

because the soil pH increase associated with urea hydrolysis causes the release of large 

amounts of ammonia nitrogen into the atmosphere. The damage to plants from ammonia 

toxicity, as well as seedling damage, causes significant environmental and economic 

problems.33 In plants, the primary role of urease is to salvage urea nitrogen during 

germination, for nutrition purposes,34 although insecticidal activity as a plant defense system 

has also been reported.35 In particular, plant ureases from Glycine max (soybean) and C. 
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ensiformis display insecticidal activity that is unrelated to the enzyme activity.36 One of the 

urease isoforms found in jack bean, termed canatoxin, appears to generate an entomotoxic 

peptide, pepcanatox, in insects possessing cysteine and aspartate protease activity in their 

digestive systems. A recombinant analogue of this peptide, jaburetox, also features 

insecticidal activity.37 The crystal structure of urease from jack bean has revealed that this 

peptide is found in a region connecting domains that in bacterial ureases constitute separate 

subunits.38

2.2. Enzymology

The process of enzymatic urea decomposition occurs in two steps: the first is the hydrolysis 

of urea to give ammonia and carbamate, which then spontaneously reacts in water to yield a 

second molecule of ammonia and bicarbonate (Scheme 1).18a

Ureases exhibit typical Michaelis–Menten behavior.21e The observed values of Km fall in the 

0.2–32 mM range, with typical values around 1–4 mM, and are largely independent of 

pH.21e On the other hand, kcat and kcat/Km strongly depend on pH, and bell-shaped profiles 

are observed, with one activity maximum in the 7.0–7.5 pH range and another maximum in 

the 6.0–6.5 pH range.39 These curves imply the presence of general acidic groups with 

pKa’s of ca. 5 and ca. 6.9 and general basic groups with pKa’s of ca. 6.3 and ca. 9. Although 

enzyme inactivation at pH values lower than ca. 5 is observed due to irreversible 

denaturation and loss of the essential nickel ions, a distinct group of ureases possess an 

optimum pH in the range 2.0–4.5.21e The amino acid sequence for these acidic enzymes 

does not differ from that of the neutral ureases as far as the active site residues are 

concerned, and the factors that determine this difference in the pH-dependent activity 

profiles are still unknown.

For ureases, weak substrate and product inhibition are observed. In particular, JBU shows 

uncompetitive inhibition by urea (Ki ca. 1–6 M) and noncompetitive inhibition by 

ammonium ions (Ki = 2–118 mM).21e Furthermore, urea is not the only substrate for the 

enzyme, and hydrolytic activity is also observed for urea analogues such as formamide, 

acetamide, N-methylurea, N-hydroxyurea, N,N′-dihydroxyurea, semicarbazide, and 

thiourea, as well as different kinds of phosphoric acid amides and esters.40 The values of kcat 

for these alternative substrates are ca. 2–3 orders of magnitude lower than that observed for 

urea, and the kinetics are poorly understood because they act simultaneously as enzyme 

substrates and inhibitors.21e

2.3. Spectroscopy

The presence of six-coordinate octahedral Ni(II) in JBU was first revealed by optical 

absorption spectroscopic studies,20,41 and later confirmed by X-ray absorption spectroscopic 

studies on the same protein, which further suggested the presence of Ni(II) ions coordinated 

to three histidine N atoms at 2.04 Å, two O atoms at 2.07 Å, and one O atom at 2.25 Å.42 

Magnetic susceptibility experiments on JBU indicated the presence of weakly 

antiferromagnetically coupled (J = −6.3 cm−1) high-spin (S = 1) closely spaced octahedral 

Ni(II) ions.43 This conclusion received further support from later extended X-ray absorption 

fine structure (EXAFS) studies, which indicated the appearance of a new peak in the Fourier 
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transform upon addition of β-mercaptoethanol (BME) to JBU that could be fit using a model 

that involved the presence of two Ni(II) ions separated by 3.26 Å and bridged by the thiolate 

group of BME.44 In the case of bacterial urease, X-ray absorption spectroscopy studies 

carried out on urease from Klebsiella aerogenes (KAU)44 and Bacillus pasteurii (BPU)45 

provided a picture of the active site essentially identical to that of JBU.

2.4. Structure

The first report of the crystal structure of urease dates back to 1995 in the case of KAU,46 

and now the total number of full structures of ureases in the Protein Data Bank amounts to 

43 (Table 1). Of these, 38 are bacterial ureases, four are of JBU (C. ensiformis) and one is 

from pigeon pea (Cajanus cajan).

Four structures of KAU refer to the resting state of the recombinant wild type enzyme, at 

different levels of refinement or temperature of diffraction data collection, while one 

structure involves the apo form and another one the manganese-substituted enzyme. In 

addition, 20 structures of KAU mutants are available. In the case of BPU, two structures 

involve the resting state of the enzyme, while seven additional structures report on 

complexes with inhibitors. Two structures of H. pylori urease (HPU) are available, with 

significantly lower resolution as compared to the structures of KAU and BPU: one structure 

refers to the resting state and the other to the acetohydroxamic acid (AHA) complex. Five 

structures are available for plant urease, four of which are from JBU, complexed with either 

AHA or phosphate (PHO) and one from pigeon pea (PPU) in the native state, while the only 

available structure of the iron-containing alternative urease from H. mustelae does not show 

any modeled electron density in the active site in addition to the metal ions and ligated 

residues.

Figure 1 shows the protein architecture for KAU, BPU, HPU, and JBU. KAU and BPU are 

representative of most bacterial ureases, with a quaternary structure composed of a trimer of 

trimers of the type (αβγ)3, with α, β, and γ being three different subunits.46,53 The active 

site is found in the α subunit, giving rise to three active sites per biological unit. In other 

bacterial ureases, the quaternary structure is made of only two subunits to form (αβ)3 

trimers: the α subunit is highly homologous to that found in KAU and BPU, and the β 
subunit is a fusion peptide made of the β and γ subunits found in the KAU and BPU urease. 

In the case of HPU, the (αβ)3 trimer further tetramerizes, producing the spherically shaped 

tetramer of trimers [(αβ)3]4, containing 12 active sites59 that correspond to the shape of the 

enzyme estimated using electron microscopy.62 Finally, plant ureases are generally made up 

of a dimer of homotrimers (α3)2, where the α subunit is derived from the fusion of the 

corresponding αβγ subunits found in bacteria.38

In all cases, the secondary and tertiary structures of ureases are very similar. The α subunits 

consist of a TIM barrel domain and a β-sheet domain, the β subunits are located on the 

external surface of the trimer and are mainly composed of β-sheet, and the γ subunits 

consist of domains containing both α-helices and β-sheet. An important feature of the 

structures of ureases is the conformation of a helix-turn-helix motif in the α-subunit, 

flanking the active site cleft. This motif is found in an open or closed conformation, and is 

thought to be important in modulating the afflux of substrate and the efflux of products to 
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and from the active site during catalysis, respectively, as well as moving the catalytically 

essential and conserved αHis323 residue (BPU numbering) by about 5 Å to and from the 

active site metal center (Table 1, Figure 2).

A consensus has been reached on the structure of the coordination environment of the Ni(II) 

ions in the active site of urease. Indeed all structures so far determined indicate the presence 

of a dinuclear active site, with the two Ni(II) ions separated by 3.5–3.7 Å, bridged by the 

oxygen atoms of a carbamylated lysine residue, and bound to two histidines (Figure 3). One 

Ni(II) ion is additionally bound to an aspartate carboxylate oxygen. The coordination 

geometry of each Ni(II) ion is completed by a terminally bound water molecule (W1 and 

W2) and by a nickel-bridging hydroxide ion (WB). The assignment of the protonation state 

for these solvent-derived nickel ligands was suggested53 by the value of the first dissociation 

constant for Ni(H2O)6
2+ (pKa = 10.6),63 which supports the hypothesis that the terminally 

bound solvent molecules are neutral waters. Moreover, in water-bridged bimetallic 

complexes, the first pKa for the bridging water decreases significantly to very acidic values, 

while the pKa for hydroxide deprotonation is slightly lower than the pKa of the first 

ionization of a water bound to a single Ni ion.63 Therefore, the estimated pKa for the 

deprotonation of the Ni bridging hydroxide (ca. 9–10) suggests that, at pH 8.0, the nickel-

bridging solvent molecule is a hydroxide ion. Overall, in native urease two different types of 

ligands bridge the binuclear Ni cluster, the carboxylate group of the carbamylated lysine and 

the hydroxide ion, accounting for the observation of weak antiferromagnetic coupling.43

An extended network of hydrogen bonds stabilizes the nickel-bound solvent molecules in 

the active site: W1 is 2.9 Å from αHis222 Nε (the following discussion follows the BPU 

residue-numbering scheme), which is protonated and acts as a hydrogen-bonding donor, as 

deduced from the interaction of αHis222 Nδ with the peptide NH group of αAsp224 (at 2.9 

Å). In contrast, W2 forms a strong hydrogen bond with αAla170 O (at 2.9 Å), which acts as 

hydrogen bond acceptor. This ligand arrangement yields one pentacoordinated Ni(II) ion 

(Ni1) with a distorted square-pyramidal geometry and one Ni(II) ion (Ni2) hexacoordinated 

with a distorted octahedral geometry. An additional water molecule (W3) is part of a 

hydrogen-bonding network completing a tetrahedral cluster of four water/hydroxide 

molecules in close proximity to the Ni(II) ions, hinting at the existence of an active site 

cavity designed to stabilize a tetrahedral transition state and/or intermediate. In the structure 

of apo-KAU (PDB code 1KRA, Table 1), where the Ni(II) ions were chemically removed by 

lowering the pH in the presence of chelating agents, a treatment that decarbamylates 

αLys217, the positions of the remaining ligands are the same as in the holoenzyme, 

indicating a preorganized metal binding site structure.

The positions of conserved amino acid residues not involved in Ni binding but thought to be 

important in the catalytic mechanism (αAla170, αHis222, αGly280, αHis323, αArg339, 

and αAla366) are largely invariant in BPU and KAU, except for αHis323, due to the 

different conformation of the active site flap (see Figure 2). Some differences are observed 

in the case of native HPU: in particular, the carbamylated lysine appears to bridge the two 

nickel ions using only one of the two terminal oxygen atoms, a consequence of an apparent 

rotation of the terminal −NH−CO2
− moiety along the N–C bond by about 90° with respect to 

the position found in BPU and KAU. In addition, some distances between the nickel ions 
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and the coordinating residues are very large (ranging between 2.6 and 2.7 Å) as compared to 

those found in KAU and BPU (2.0–2.1 Å), with an unusual orientation of the histidine 

imidazole rings around the metal ions, a very short (2.1 Å) Ni–Ni distance, and no bridging 

hydroxide. These differences are most likely ascribed to the much lower resolution of this 

structure as compared to those of KAU and BPU (see Table 1).

All structural investigations on urease mutants have been carried out using KAU, and the 

residue-numbering scheme for this urease will be used to describe the attempts to relate their 

structures to the enzymatic mechanism. The structure of the αHis219Ala mutant (PDB code 

1KRB), which features a much lower affinity for the substrate than the wild type enzyme 

(Km = 1100 mM vs 2.3 mM) and a ca. 30-fold decrease of kcat,64 and thus indicates a role 

for αHis219 (αHis222 in B. pasteurii residue numbering) in substrate binding, shows 

structural identity with native KAU. The structure of the αHis320Ala mutant, (PDB code 

1KRC)47 shows a root-mean-square deviation for Cα atoms of only 0.1 Å from wild type 

KAU, and displays only a small change in Km but a ca. 30 000-fold decrease in kcat with 

respect to the wild type enzyme,64 while not showing the pKa = 6.5 observed for wild type 

urease.64,65 This indicates a role of αHis320 (αHis323 in B. pasteurii residue numbering) in 

the catalytic mechanism. The removal of one nickel histidine ligand in the catalytically 

inactive mutant αHis134Ala64 resulted in an enzyme featuring only one Ni(II) ion in the 

active site (PDB code 1FWI),51 with the position of all remaining active site residues, 

including the carbamylated lysine, invariant with respect to the wild type enzyme structure. 

This indicates the importance of αHis134 (αHis137 in B. pasteurii residue numbering) in 

stabilizing a dinuclear nickel center for catalysis. Chemical modification of αCys319, 

located on the flexible flap covering the active site of KAU, blocks enzyme activity,66 while 

the αCys319Ala mutant is still ca. 50% as active as the wild type urease.67 Structures of the 

αCys319Ala mutant were determined atpH6.5 (PDB code 1FWB),pH7.5 (PDB code 

1FWA),pH 8.5 (PDB code 1FWC), and pH 9.4 (PDB code 1FWD),48 with no significant 

structural differences observed between the structure of the wild type and mutant enzymes 

except for a much reduced mobility of the flexible flap covering the active site in the mutant. 

The structures of αCys319Asp (PDB code 1FWF), αCys319Ser (PDB code 1FWG), and 

αCys319Tyr (PDB code 1FWH), which feature, respectively, 0.03, 4.5, and 0% of the 

activity observed for the wild type, also indicate the same active site environment but with a 

much higher mobility of the flap.48 This evidence indicates that αCys319 (αCys322 in B. 
pasteurii residue numbering), largely conserved in ureases, is somehow involved in catalysis, 

possibly having a role in positioning other key residues that are located on the mobile flap or 

in the active site, in a conformation best suited for catalysis. The structures of the 

αLys217Glu (PDB code 1A5K), αLys217Ala (PDB code 1A5M), and αLys217Cys/

αCys319Ala (PDB code 1A5L) mutants of KAU, which were structurally characterized in 

order to establish the importance of the carbamylated lysine ligand for urease activity,49 

reveal the complete absence of bound Ni ions, indicating the need for the longer side chain 

of the carbamylated αLys217 (αLys220 in B. pasteurii residue numbering) in order to bind 

the Ni(II) ions in the active site defined by the four His ligands. The addition of formate to 

these mutants allowed for a chemical rescue of the enzyme, with the structures of the 

αLys217Ala–formate–Ni complex (PDB code 1A5N) and αLys217Cys–formate–Ni 
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complex (PDB code 1A5O) revealing the presence of a dinuclear Ni center bridged by 

formate instead of the carbamate group of αLys217 as in wild type KAU.49

Several classes of molecules (diphenols, quinones, hydroxamic acids, phosphoramides, and 

thiols) have been tested as urease inhibitors in medicine and agriculture.17b,21e,30,68 

However, the efficiency of the presently available inhibitors is low, and negative side effects 

have been reported.17b,30,69 A structure-based molecular design of new and efficient urease 

inhibitors requires the knowledge of the structures of urease complexed with competitive 

inhibitors. The structure of BPU crystallized in the presence of BME (PDB code 1UBP)54,70 

revealed the presence of the inhibitor bound to the Ni(II) ions in the active site through the 

thiolate group, in agreement with the presence of chargetransfer transitions observed in the 

near-UV41b and magnetic circular dichroism71 spectra of JBU in the presence of thiolate 

competitive inhibitors (Figure 4).

The structure further revealed that the thiolate group of BME bridges the two Ni(II) ions, 

consistent with magnetic and spectroscopic evidence.42c,43,44,71 The crystal structure of 

BME-inhibited BPU further revealed the chelating mode of the inhibitor to the metal center, 

with the alcoholic moiety interacting with Ni1 assisted by a hydrogen bond with the 

carbonyl oxygen of the conserved αGly280 (the BPU residue-numbering scheme is used 

here for urease-inhibitor complex structures). Finally, a second molecule of BME is found to 

form a disulfide bond with αCys322, a residue located on the mobile flap, with a hydrogen 

bond that arises between its α-hydroxyl group and the carbonyl oxygen atom of αAla366, 

positioned on a neighboring loop. This interaction decreases the flexibility of the flap, 

sealing the entrance to the active site by steric hindrance, an inhibition mode that could be 

inferred for all cases in which a thiol acts as a urease inhibitor.41,66b,72

Acetohydroxamic acid (AHA) belongs to a class of compounds known for their urease 

inhibitory properties.72,73 AHA is a slow-binding inhibitor for plant, bacterial, and fungal 

ureases, and has also been used for medical treatment against pathogenic bacteria.74 

Structures of urease complexed with AHA are available for BPU (PDB code 4UBP),55 HPU 

(PDB code 1E9Y),59 and a mutant of KAU (PDB code 1FWE).48 In all cases, the 

hydroxamate oxygen atom bridges the two Ni(II) ions, while the carbonyl oxygen of AHA 

chelates Ni 1 in a similar fashion as observed for BME (Figure 5).

This binding mode is assisted by two H-bonds between the carbonyl AHA O atom and 

αHis222 NεH, and between the AHA-NH group and the Oδ2 atom of the nickel-bound 

αAsp363 residue. In the case of BPU, the latter interaction induces a 35° rotation around the 

Cβ–Cγ bond of the side chain of αAsp363, revealing the viability of such a conformation 

change during enzyme catalysis.

Phosphate (PHO) is an additional competitive inhibitor for urease,75 and the inhibition is 

pH-dependent, with values of Ki increasing in the pH range 5–8.72,76 At pH higher than 7.5–

8.0 there is no competitive inhibition. The analysis of this pH dependence suggested that 

phosphate inhibition of urease involves at least two protonation sites, with pKa’s of ca. 7.2 

and 6.5, associated with the inhibitor or with active site residues. The structure of BPU 

crystallized in the presence of phosphate (PDB code 1IE7)56 revealed the unprecedented 
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presence of a tetrahedral phosphate molecule bound to the binuclear nickel center through 

three atoms, a phosphate oxygen that bridges the two Ni(II) ions and two oxygen atoms that 

are bound terminally to each Ni center, with the fourth phosphate oxygen pointing away 

from the metal center and toward the cavity opening (Figure 6).

The H-bonding network established between the inhibitor and the active site residues 

suggests that the inhibitor is formally bound as the neutral phosphoric acid H3PO4 in the pH 

range 5–6.5, with the pKa observed at ca. 6.5 assigned to the production of the H2PO4
− 

species that exists in the pH range 6.5–7.2. Above this pH, loss of the second phosphate 

proton to form HPO4
2− further destabilizes the interaction of the inhibitor with the 

enzyme.56

Boric acid, B(OH)3, is a competitive inhibitor of urease with maximum activity in the pH 

range 6–9.72,77 The structure of BPU crystallized in the presence of B(OH)3 (PDB code 

1S3T) has been determined (Figure 7).57 In the structure, a molecule of the inhibitor bridges 

the Ni(II) ions with two oxygen atoms, displacing three water molecules and leaving in 

place the bridging hydroxide. The third inhibitor oxygen points away from the metal center, 

toward the cavity opening. The geometry and coordination number of the Ni(II) ions are 

largely invariant as compared to the resting state of the enzyme. The detailed analysis of the 

H-bonding network surrounding the inhibitor established that the protonation state 

corresponds to the neutral B(OH)3 molecule.

The most effective inhibitors of urease so far discovered are amide and ester derivatives of 

phosphoric or thiophosphoric acid.21e In the latter case, the inhibitory activity is effective 

only upon conversion to the oxygen analogue.78 Regardless of the nature of the derivative, 

the actual inhibitor is diamidophosphate (DAP), obtained by the hydrolysis of the 

precursor.79 The structure of BPU crystallized in the presence of phenyl-

phosphorodiamidate (PPD) (PDB code 3UBP)53 indeed revealed the presence of a molecule 

of DAP, produced in situ by the hydrolysis of PPD and production of phenol (Figure 8). A 

specific hydrogen-bonding pattern stabilizes the inhibitor and directs its orientation in the 

cavity, allowing the assignment of the Ni-bound DAP atoms to either oxygen or nitrogen. 

DAP is bound to Ni1 and to Ni2 through one oxygen atom and one nitrogen atom, 

respectively. The second DAP oxygen symmetrically bridges the two nickel ions, while the 

second DAP nitrogen atom points away toward the cavity opening. The Ni1-bound oxygen 

atom receives a hydrogen bond from αHis222 NεH, while the Ni2-bound DAP NH2 group 

forms two hydrogen bonds with the carbonyl oxygen atoms of αAla170 and αAla366. The 

Ni-bridging DAP oxygen atom is at hydrogen bonding distance from the αAsp363 Oδ2 

atom. The DAP molecule thus replaces the tetrahedral cluster of four water/hydroxide 

molecules found in native BPU. In DAP-inhibited BPU, the flap is in the closed 

conformation, which allows the formation of two additional hydrogen bonds between the 

distal DAP NH2 group and the αAla366 O and αHis323 Nε atoms.

Citrate is a poor urease inhibitor at concentrations higher than 800 mM, while at lower 

concentrations (100–600 mM) the inhibition is masked by an activating effect.58 The 

structure of a complex between citrate and BPU (Figure 9) shows the presence of a 
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carboxylate group that binds the nickel ions in the active site, with several hydrogen bonds 

involving the polar groups of the inhibitor with the surrounding residues.58

Fluoride has been reported to act as mixed competitive/ uncompetitive,41a competitive,80 

pseudo-uncompetitive slowbinding81 or competitive slow-binding82 inhibitor in a series of 

inconsistent kinetic studies. Two structures of fluoride-inhibited ureases have been deposited 

in the PDB (PDB codes 4GOA for JBU and 4CEX for BPU, at 2.20 Å and 1.59 Å 

resolution, respectively), but are not yet released.

2.5. Mechanism

In the absence of structural data regarding reaction intermediates that have short lifetimes, 

the available structures of urease in the resting hydrated state, bound to boric acid (an 

analogue of the substrate), and with diamidophosphate (an analogue of the intermediate or 

transition state of the hydrolysis reaction) provided a basis for the proposal of a reaction 

mechanism for enzymatic urea hydrolysis (Figure 10).16a

In the following discussion, the BPU residue-numbering scheme will be used. The presence 

of the tetrahedral water/ hydroxide cluster in the proximity of the dinickel center in the 

native enzyme, together with the binding mode of DAP, suggests an orientation-specific 

mode of substrate binding in the enzyme active site that is designed to stabilize a tetrahedral 

transition state. The mechanism requires that, upon urea entrance into the active site channel 

with the flap in the open conformation, the structurally characterized hydrated active site of 

the resting enzyme (Figure 10A) evolves toward an initial substrate-bound intermediate 

where urea replaces the three water molecules bound to the Ni(II) ions (Figure 10B). In 

particular, urea initially binds the more electrophilic and coordinatively unsaturated Ni1 

using the urea carbonyl oxygen, an event that must be concomitant with the displacement of 

water molecules from the active site due to steric hindrance. The Ni1-bound urea O atom is 

stabilized in this position through the formation of an H-bond donated by the NεH group of 

αHis222, analogous to what is observed in the structures of native BPU, as well as in BPU 

complexed with boric acid, diaminophosphate, phosphate, and acetohydroxamic acid. This 

step is supported by docking and density functional quantum chemistry calculations,83 

which also suggest that flap closure facilitates urea coordination to Ni2 via its −NH2 group. 

This interaction is stabilized by a specific H-bonding network (H-bond donors on the urea 

carbonyl oxygen side and H-bond acceptors on the urea amide group side) that locates and 

steers the substrate to a precise orientation thus allowing hydrolysis to occur (Figure 10C). 

Urea is a poor chelating ligand because of the low Lewis base character of its NH2 groups. 

However, the formation of strong H-bonds with the nearby carbonyl oxygen atoms could 

enhance the basicity of the NH2 group and facilitate the interaction of the amide nitrogen 

with Ni2. The viability of a bidentate urea coordination mode is supported by the crystal 

structure of BPU in complex with citrate58 and B(OH)3;57 boric acid has a triangular shape 

and dimensions similar to those of urea, is isoelectronic with it, and has the same neutral 

charge, so it can be considered an inert structural analogue of the substrate. In the structure 

of urease complexed with B(OH)3, two of the borate hydroxide moieties replace the water 

molecules terminally bound to Ni1 and Ni2, while the third borate hydroxide replaces the 

distal solvent molecule. This substrate-binding mode involves a direct role of both Ni ions in 
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binding and activating the substrate, therefore providing a rationale for the presence of a 

bimetallic active site in urease and explaining the low reactivity of urease containing a single 

Ni ion.64 The presence of the Ni-bridging hydroxide in the complex of urease with B(OH)3, 

placed at 2.1 Å from the B atom, in a direction almost perpendicular to the plane of the 

molecule, suggests its role as the nucleophile attacking the carbon atom of urea, to yield a 

tetrahedral transition state/intermediate (Figure 10D).

The bridging urea binding mode is the most efficient method to render the central carbon 

atom of urea electron poor and therefore prone to nucleophilic attack by the bridging 

hydroxide. The kinetic inertia of a doubly coordinated nucleophile could be overcome by the 

weakening of the Ni–OH bonds upon substrate binding, as suggested by kinetic data on the 

inhibition of KAU with fluoride,81 by the structure and reactivity of inorganic models,84 and 

by theoretical studies.83 The high reactivity of the nickel-bridging hydroxide is also 

supported by the ability of the enzyme to hydrolyze PPD79a and perhaps phosphate, where 

the enzyme would simply induce an oxygen atom (or hydroxide) exchange on the phosphate 

moiety. In this framework, only molecules able to react with the bridging hydroxide may 

bind the enzyme in a tridentate mode, as observed for DAP and PHO. This would explain 

why DAP strongly inhibits urease when DAP is formed by enzymatic hydrolysis of PPD, 

whereas it is a weak inhibitor if externally added to the native enzyme.79a The nucleophilic 

attack by the Ni-bridging hydroxide onto the sp2 carbon atom of urea yields a tetrahedral 

transition state containing an sp3 carbon. The formation of a tetrahedral intermediate located 

between the two Ni(II) ions is supported by the structure of urease containing DAP in the 

active site (formed in situ from PPD) that replaces the cluster of four water/ hydroxide 

molecules.53 The tetrahedral DAP bound to the dinickel center represents an ideal transition 

state, or intermediate, analogue of the enzymatic reaction, while the structure of the PHO-

inhibited urease supports the idea that the enzyme active site cavity is made to stabilize 

tetrahedral moieties. Closure of the flap would also be responsible for the stabilization of the 

catalytic transition state through the formation of multiple H-bonds with active site residues. 

The nucleophilic attack onto the Ni-bridging urea molecule profoundly modifies the 

electronic structure of the substrate and, in particular, increases the pKa of the distal urea N 

atom not involved in Ni-binding, as supported by density functional theoretical 

calculations.83 Furthermore, after the formation of the tetrahedral intermediate, the nickel-

bridging −OH group, now part of a diamino-(hydroxy)methanolate moiety (Figure 10D), 

must now have a very low pKa, and can therefore transfer the proton to the distal urea NH2 

group, forming a C–NH3
+ bond.53 This proton transfer step could be mediated by αAsp363 

Oδ2 through a dihedral rotation along the Cα–Cβ bond of the aspartate bound to Ni2, a 

movement observed to occur in the case of the AHA–BPU complex,55 to bring this 

carboxylic oxygen atom, shown to be deprotonated,85 close to the bridging hydroxide or, 

alternatively, to the distal −NH2 urea group. The higher pKa observed in the pH vs urease 

activity profile (ca. 9.5) corresponds to the estimated pKa for the bridging hydroxide, 

suggesting that indeed the bridging hydroxide moiety must carry a proton for the enzyme to 

work properly.

By moving closer to the active site upon closure of the flap, the neutral imidazole side chain 

of the conserved αHis323 stabilizes the nascent C–NH3
+ group (Figure 10D, E).53 

Therefore, in this structure-based mechanism the bridging hydroxide acts as both the 
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nucleophile and the general acid, while αHis323 acts as a general base, not by deprotonating 

the hydrolytic water, but by stabilizing the positive charge that develops on the transition 

state. This scheme is supported by the structure of DAP-inhibited BPU, in which the active 

site flap is in the closed conformation, allowing αHis323 to approach the Ni environment in 

the active site, and by the 103-fold reduction in kcat upon mutation of αHi320 in KAU 

(corresponding to αHis323 in BPU).50 The structure of the PHO–BPU complex also reveals 

that another active site residue, αAla366, is important for the modulation of the protonation 

state of the distal urea −NH2 group by adopting two different conformations, acting as a 

molecular switch able to provide stabilization for the protonation of the distal urea NH2 

group. The formation of the C–NH3
+ moiety after proton transfer, and its stabilization by the 

catalytic histidine, causes the breakage of the distal C–N bond, with the subsequent release 

of ammonia.83 The resulting carbamate spontaneously decomposes into another molecule of 

ammonia and hydrogen carbonate. The opening of the active site flexible flap facilitates the 

release of products thus allowing bulk water to rehydrate the active site, regenerating the 

resting state of the enzyme (Figure 10A). These steps could possibly occur in a concerted 

manner. This structure-based mechanism is in agreement with all available kinetics data, in 

particular with the pH dependence of the enzyme activity and with the uncompetitive 

inhibition by fluoride, suggested to replace the bridging hydroxide81 and therefore 

strengthening the hypothesis of the bridging hydroxide acting as nucleophile.

An alternative reaction mechanism has been proposed that features different roles for the 

two Ni(II) ions, with Ni1 binding and activating urea, and Ni2 binding and activating the 

nucleophilic water by turning it into a hydroxide ion.18b,21a,40,46 This mechanism entails a 

reaction intermediate that would bridge the two Ni ions in a bidentate mode via two O 

atoms. It has been recognized, however, that this mechanism raises two problems:21a first, 

the general base with a pKa = 9.018b,86 required for deprotonation of the Ni2-bound water 

molecule (pKa = 10.663) at the optimum pH for enzyme activity (pH 8), which is not found 

anywhere in the vicinity of the active site; second, the role of αHis323 as general acid, 

which must be protonated at pH 8.0 even though it has a pKa of 6.5.64 An attempt to resolve 

these problems involved the introduction of the so-called reverse protonation hypothesis,21a 

which would result in only 0.3% of all urease molecules being in the optimal protonation 

state for catalysis at pH 8.0, resulting in a very low enzymatic efficiency.

The presence of nickel as an enzyme metal cofactor in urease has intrigued the bioinorganic 

chemistry community since its discovery.20 The structure-based mechanism discussed above 

could help to explain the requirement for Ni(II) ions instead of the more common and less 

toxic d10 closed-shell Zn(II) commonly observed in hydrolytic enzymes. The latter ion has 

large positive charge density, which renders it able to act as a Lewis acid by polarizing 

substrates and preparing them for nucleophilic attack by hydroxide, and is resilient toward 

deleterious redox state changes. However, these properties are also applicable to Ni(II), 

which additionally features an open-shell d8 electronic configuration that induces 

stereoelectronic restraints not available in the case of Zn(II). This property could be 

exploited by Ni(II) to drive the two substrates, urea and water, into the optimal spatial 

topology necessary for catalysis. Furthermore, Ni(II) has a higher affinity toward 

nitrogenous-based ligands than Zn(II),87 thereby better stabilizing the binding of a urea NH2 

group. Finally, Ni(II) ions possess multiple available binding sites due to their preference for 
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octahedral coordination sphere (as opposed to Zn(II), mostly tetrahedral88), thus facilitating 

both the bridging binding mode of urea and the stabilization of the metal ion binding to the 

protein through multiple sites for amino acid ligands.

Attempts to substitute the essential Ni(II) with other ions such as Zn(II), Co(II), and Mn(II) 

have been carried out to check the viability of a urease-based catalysis with nonnative 

metals. Removal of both Ni(II) ions by treating JBU with EDTA at low pH causes 

irreversible denaturation of the protein.89 Removal of a single Ni(II) ion from JBU was 

obtained by dialysis in the presence of citrate, and substitution of the more labile metal ion 

with Zn(II) or Co(II) produced catalytically inert urease.90 This inactivation was also 

observed for KAU reconstituted with Zn(II), Co(II), and Cu(II), while in the case of the Mn 

derivative ca. 0.3% of the activity was retained.91 The crystal structure of the Mn derivative 

of KAU was determined (PDB code 1EF2, Table 1), with active site features essentially 

identical to those of the native Ni-bound form.52 Some differences were observed 

concerning a significantly higher disorder of the Mn-bound aspartate carboxylate group. 

Recently, an alternative urease in Helicobacter mustelae (Hm) has been reported, which is 

characterized by the absence of Ni(II), by inactivation in the presence of oxygen, and by 

Fe(II)-induced expression, observations that suggested the presence of Fe(II) ions in its 

active site.92 This hypothesis was later confirmed, and the reported crystal structure showed 

little or no changes as compared to the Ni(II) enzyme, while the catalytic efficiency 

appeared to be much smaller.60 All together, these observations suggest that, in addition to 

the identity of the metal ions, the precise position and mobility of the metal ligands, as well 

as those of protein residues in the active site not involved in metal binding, are important in 

achieving optimal urease activity.

2.6. Conclusions

The health and environmental effects of urease activity are very significant. The structural 

and functional studies on urease that have been carried out in past years have paved the way 

toward the structure-based design and development of new and efficient inhibitors. These 

could lead to improved therapeutic strategies for the treatment of infections by ureolytic 

bacterial pathogens as well as to modern agricultural applications by enhancing the 

efficiency of nitrogen soil fertilization.68b

3. GLYOXALASE I

3.1. Biological Significance and Enzymology

Glyoxalase I ((R)-S-lactoylglutathione methylglyoxal lyase (isomerizing), EC 4.4.1.5, Glo I) 

is a widely distributed enzyme found in bacteria,93 fungi,94 protoctista,95 plants,96 and 

animals94 that catalyzes the conversion of a hemithioacetal to a 2-hydroxythioester (Scheme 

2).97 It is not ubiquitous, as the gene for Glo I is not found in the protozoans Entamoeba 
histolytica, Giardia lamblia, and Trypanosoma brucei.98

The hemithioacetal is derived from the spontaneous reaction of an α-ketoaldehyde and a 

thiol. The most important α-ketoaldehyde is methylglyoxal, which is a naturally occurring 

toxic metabolite that derives from both enzymatic and nonenzymatic processes.97 
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Methylglyoxal accumulates when Glo I is suppressed or when glutathione (γ-glutamyl-L-

cysteinylglycine, GSH), the most common, though not exclusive,98,99 thiol cofactor involved 

is depleted, leading to glycation products.97 Methylglyoxal is capable of forming adducts 

with nucleic acids and amino acids leading to protein, DNA, and RNA modifications and a 

number of cytotoxic effects.97 In these ways, Glo I has been linked to oxidative stress and to 

the aging process.100 Thus, inhibitors of Glo I have been found to be potent antimalarial 

agents for Plasmodium falciparum.101 An antibiotic strategy targeting bacterial Glo I 

enzymes has also been suggested.102 In addition, increased expression of Glo I supports the 

high glycolytic rates found in tumors, and the overexpression of Glo I in multidrug resistant 

tumors points to the possible role of methyglyoxal toxicity in chemotherapy.103

Glo I is the first of two enzymes in the glyoxalase system. The second enzyme in this 

pathway, Glo II, hydrolyzes the thioester produced by Glo I to produce the corresponding α-

hydroxy acid (Scheme 2). Thus, the glyoxalase system has been accepted as an important 

pathway for detoxifying and controlling the level of methylglyoxal in cells by converting it 

to D-lactate, as opposed to L-lactate arising from glycolysis.104 However, this role has been 

challenged based in part on organisms or mutants that lack a functional glyoxalase system, 

but have no observable effect.98,105

When the enzyme system was discovered in 1913, it was thought to be a single enzyme that 

could convert α-ketoaldehydes directly to α-hydroxy acids.106 Thirty-seven years later, the 

two activities now associated with Glo I and Glo II were identified.107 In fact, such an 

enzyme has recently been discovered in E. coli and converts methylglyoxal to lactate 

without employing a thiol or going through a thioester.108 This “Glo III” has several 

homologues, including human DJ-1,109 which is linked to early onset Parkinson’s disease. 

However, Glo III apparently does not require a metal ion,108b although its activity is 

enhanced by Fe(II) and inhibited by Zn(II) and Cu (II)108b

Early work on the bioinorganic chemistry of Glo I enzymes using metal activation assays of 

apoenzyme showed that the enzymes from mammals, yeast, and Pseudomonas putida94,110 

were activated by Zn(II) as well as by other divalent metals.111 Based on these precedents, 

all Glo I enzymes were assumed to be Zn metalloenzymes until the discovery that E. coli 
Glo I was not active with Zn(II) bound, but was maximally activated by Ni(II) ions, and to a 

lesser extent by Co(II), Mn(II), and Cd(II) (kcat = 338 s−1; Km = 27 ± 0.4 μM; kcat/Km = 

12.4 × 106 M−1 s−1 using methylglyoxal and GSH; % E. coli Glo I activity: 100 Ni(II); 30.9 

Co(II); 8.1 Mn(II); 6.8 Cd(II)).112 This report was followed by others resulting from studies 

in Gram-negative bacteria,111b,113 Gram-positive bacteria,114 and the trypanosome 

protozoans Leishmania major99a,115 and Trypanosoma cruzi116 that found metal activation 

characteristics similar to that of the E. coli enzyme. Thus, two classes of Glo I have emerged 

based on metal activation: class I, which can be activated by Zn(II), and class II, which 

cannot be activated by Zn(II) and is maximally activated by Ni(II) ions.16b

3.2. Structure

The origin of the active site metal preferences in the two classes of enzyme derives from 

subtle structural differences between the dimers formed by both classes of the enzyme. The 
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primary structure of Glo I enzymes (Figure 11) also separates into two classes that correlate 

with the metal preferences for activation.93

Class I (Zn(II) activated) is associated with a protein that has a longer length (∼180 amino 

acids vs ∼130 amino acids) and features an N-terminal extension as well as additional loops 

that are absent in the Ni(II)-activated class II enzymes. It is now recognized that most 

eukaryotic Glo I enzymes fall into class I, while most bacterial Glo I enzymes fall into class 

II.97 The correlation between amino acid sequence and metal preference that distinguishes 

class II from class I enzymes is supported by the apparent exceptions in this distribution. 

Exceptions include the P. putida enzyme,110 which is a bacterial class I enzyme and 

resembles the eukaryotic enzymes in terms of metal activity and amino acid sequence; one 

of three enzymes from Pseudomonas aeruginosa,113a GloA1, GloA2, and GloA3, the first 

two of which belong to class II and the latter to class I and feature the corresponding 

polypeptide lengths and metal preferences; and the Glo I from L. major,99a,115 which is a 

class II enzyme from a eukaryote and features the shorter amino acid sequence and Ni(II) 

activation.

Crystal structures of class I enzymes (mouse, PDB code 2ZA0;117 and human,118 with S-(N-

hydroxy-N-p-iodophenylcarbamoyl)glutathione, 1QIN, with S-p-nitrobenzy-

loxycarbonylglutathione, 1QIP, with benzylglutathione, 1FRO, with an N-hydroxypyridone 

inhibitor, 3VW9, and a Q33E/ E172Q double mutant, 1BH5) and class II enzymes (L. 
major, 2C21;99a L. infantum;119 E. coli,120 apo, 1FA8; with Ni(II) bound, 1F9Z; with Co(II) 

bound, 1FA6; with Zn(II) bound, 1FA5; and with Cd(II) bound, 1FA7; C. acetobutylicum,114 

with Zn(II) bound, 2QH0, or Ni(II) bound, 3HDP) are available. Comparisons of the 

structures show that both classes of Glo I are members of the βαβββ protein structure 

superfamily and are homodimers, or in some cases fused dimers (e.g., S. cerevisiae121 and P. 
falciparum122), composed of monomer units that have two structurally equivalent domains 

that provide one Glu and one His involved in binding the metal at the dimer interface (Figure 

12).

The N-terminal extension in the class I enzymes wraps around the second subunit, and the 

longer of the extended loops forms three turns of a helix that sterically restricts the metal site 

in the class I enzyme.118a Despite the structural similarity of the two metal sites in the 

homodimeric class II enzyme, the sites are nonequivalent in terms of metalation. Metal 

binding studies suggest that the enzyme saturates at one Ni(II) ion,112b and NMR has been 

used both to confirm the stoichiometry and to demonstrate asymmetry in the two metal 

binding sites not detected by crystallography.123

Both classes of enzyme feature conserved His-Glu-His-Glu residues (His5, Glu56, His74, 

and Glu122 in the E. coli sequence) that form the protein ligands to the metal sites (Figure 

11). The human enzyme and several other enzymes from multicellular eukaryotes feature 

substitution of Gln for the first His residue. However, the presence of the His residue, rather 

than Gln, in the amino acid sequence from several class I enzymes (Figure 11) argues 

against this substitution being a determinant of the enzyme class. Mutation of His5 to Gln in 

the E. coli enzyme resulted in lower affinity for all divalent metal ions, but did confer some 

low level activity on the Zn(II) complex.112b
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The available Glo I crystal structures provide strong evidence that activity correlates with the 

geometry of the metal site, with active divalent metals having octahedral geometry (Figure 

13).118b,120,124

In the Ni(II) complex of E. coli Glo I, the Ni is six-coordinate with octahedral geometry and 

features two cis-His ligands and two monodentate trans-Glu ligands, where pairs of His and 

Glu residues are provided by each protein subunit, and thus the active site forms at the 

subunit interface.120 The remaining two coordination positions are occupied by water 

molecules.120 The lack of a Cys residue in the Ni complexes is consistent with the nonredox 

role of the Ni-containing active sites in Glo I enzymes.11 The same overall structure is also 

observed for the metal sites in the less active Co(II) complex and the weakly active Cd(II) 

complex.120 However, the Zn complex has no activity and forms a five-coordinate site with 

trigonal-bipyramidal geometry that is missing one aqua ligand (Figure 13).120 These 

crystallographic results are consistent with the structural information regarding the metal 

sites obtained in solution by X-ray absorption spectroscopy (XAS).125 The results from the 

E. coli enzyme contrast with the Zn(II) site in human Glo I, where the enzyme can support a 

six-coordinate Zn complex using Gln33, Glu99, His126, Glu172, and two aqua ligands,118b 

similar to the Ni complex of E. coli Glo I. The relationship between coordination geometry 

and activity is further supported by the structural data from Glo I isolated from C. 
acetobutylicum that has a different quaternary structure such that the ligands forming the 

active sites are derived from the same polypeptide chain.114 Nonetheless, it has the shorter 

amino acid sequence typical of the bacterial enzymes and is activated by Ni(II), but not by 

Zn(II) ions, and therefore belongs to class II. The structure of the Ni(II) complex reveals that 

it is six-coordinate with a structure similar to that of the E. coli enzyme, and a five-

coordinate Zn(II) complex with one aqua ligand.114

3.3. Mechanism

The metal preference of the active site, Zn(II) vs Ni(II), does not appear to be a factor in 

optimizing catalysis, as the kcat/Km values are similar (∼106−107 M−1 s−1) for class I and II 

enzymes.112b Kinetic studies of metal-substituted E. coli Glo I (Ni(II), Co(II), Cd(II), 

Mn(II), and Fe(II)) reveal little effect on Km for the hemithioacetal of methylglyoxal and 

GSH, indicating that substrate binding is not affected.112b A roughly 5-fold difference is 

observed in kcat/Km from Cd(II) to Ni(II).112b

Solvent isotope exchange studies of class I enzymes using deuterated α-ketoaldehydes 

indicate that proton abstraction by a catalytic base to form an enediol(ate) is a feature of the 

reaction mechanism for Glo I (Figure 14).126

Whether the reaction proceeds by the pre-equilibrium shown in Scheme 2, involving one 

substrate (hemithioacetal), as long assumed, or a two substrate ordered mechanism involving 

coordination of the thiol followed by reaction of the α-ketoaldehyde in the active site to 

form the hemithioacetal, or both, is controversial.127 At least in the case of the class I Glo I 

from yeast, kinetic studies designed to maximize the difference between these two 

mechanisms point to the two substrate ordered mechanism.128 When the class II enzyme 

from E. coli was examined using α-deuterated phenylglyoxal substrate and GSH, no kinetic 

isotope effect (KIE) was observed for the Ni(II) enzyme.129 In contrast, when the Cd(II)-
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bound E. coli enzyme kinetics were examined, the observed kcat(H)/kcat(D) of 2.3 indicated 

that proton transfer was partially rate-limiting, and the results were consistent with a 

mechanism where proton abstraction as well as other steps contributed to the mechanism of 

product formation.129 One possible explanation for the difference between the Ni(II)- and 

Cd(II)-bound enzyme kinetics is that differences in the extent of polarization of the substrate 

result from different metals in the active site, with Cd(II) being less polarizing and therefore 

less efficient at lowering the energy barrier for proton abstraction. Differences in aqua ligand 

exchange rates may also play a role,129 particularly for the Ni(II) enzyme where a slower 

on-rate for the substrate might suppress the observation of the KIE.

Once formed, the enediol(ate) can be protonated at the alternate C atom to complete the 

isomerization. Based in part on crystal structures of inhibitor complexes (vide supra), 

mechanisms involving coordination of the enediolate have been proposed (Figure 14),118b as 

have mechanisms that involve activating metal-bound water molecules to serve as catalytic 

bases without binding the substrate to the metal.130 The crystal structures reveal the apparent 

importance of two cis-aqua ligands in the active site, which could indicate the need for two 

cis-coordination positions, or a mechanism that employs proton transfers involving both 

aqua ligands. Coordination of the substrate with loss of a carboxylate ligand has the 

attractive feature that the Ni(II) site is always charge neutral, and consistent with model 

chemistry.131 Efforts to distinguish these mechanisms have employed kinetics and XAS 

studies of the E. coli Ni(II) enzyme in solution in the presence of various inhibitors, 

mutations, etc.,132 and the crystal structure of human Glo I obtained in the presence of the 

transition state analogue, S-(N-hydroxy-N-p-iodophenylcarbamoyl)glutathione.118b The 

latter structure reveals a five-coordinate Zn center in which both water molecules and 

Glu172 are displaced upon binding the inhibitor, which binds in a bidentate fashion. Glu172 

was proposed to play a role as the catalytic base in the deprotonation and reprotonation of 

the substrate, a role that is consistent with computational models.133 Both R- and S-

enantiomers of substrates are bound and stereospecifically reprotonated. The presence of 

two chemically equivalent Glu ligands suggests that one (Glu172) might be the catalytic 

base for the S-enantiomer, while the other (Glu99) serves that role for the R-enantiomer.133c 

The corresponding residues in the E. coli enzyme are Glu122 and Glu56, and XAS studies 

of a hydroxamate inhibitor (L-γ-glutamyl-N-hydroxy-N-methyl-L-glutaminylglycine) 

complex are consistent with substitution of both aqua ligands, although evidence for the 

release of a carboxylate was not specifically observed.132 Although changes in metal ligands 

greatly affect metal binding affinities, mutation of Glu56 in E56A-E. coli Glo I resulted in 

the reduction of enzymatic activity to <4% of wild type under conditions of metal 

saturation,129 consistent with similar mutations of class I enzymes118c and the putative role 

for the carboxylate as a catalytic base.

3.4. Conclusions

Despite 100 years of research on glyoxalase I enzymes, fundamental questions remain 

concerning the physiological role of these enzymes and the reaction mechanism. The 

relatively recent discovery that the class II glyoxalase I enzymes are maximally activated by 

Ni(II) and not by Zn(II) raises additional questions about the advantages conferred by Ni(II) 
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activation. In any event, the characterization of the Ni(II) Glo I enzymes has provided an 

excellent example of a nonredox biological role for nickel.

4. ACIREDUCTONE DIOXYGENASE

4.1. Biological Significance

Acireductone (1,2-dihydroxy-5-(methylthio)pent-1-en-3-one) dioxygenase holds a special 

place in nickel bioinorganic chemistry: the enzyme from Klebsiella oxytoca is the only 

metalloenzyme that uses the same protein, but different metal ions (Fe(II) and Ni(II)), to 

catalyze distinct chemical reactions (Figure 15).9,16c,134 Furthermore, it is also the only 

example of a nickel-containing dioxygenase.

The Fe(II)-dependent enzyme, Fe-ARD (EC 1.13.11.54; E2′ or ARD′), catalyzes a key step 

in the methionine salvage pathway (Figure 15),16c that is, the conversion of acireductone to 

4-(methylthio)-2-oxobutanoate, the α-keto acid precursor of methionine, and formate. The 

Ni(II)-dependent enzyme, Ni-ARD (EC 1.13.11.53; E2 or ARD), catalyzes the conversion of 

acireductone to 3-(methylthio)propionate, formate, and carbon monoxide.16c Ni-ARD is not 

found in eukaryotes,135 and the precise function of Ni-ARD in K. oxytoca and other bacteria 

is not clear.136 The Ni-ARD pathway is generally regarded as providing a shunt in the 

methionine salvage pathway that aids in the regulation of methionine.16c,136b However, the 

CO product is a known neurotransmitter in mammals,137 an enzyme substrate for carbon 

monoxide dehydrogenase (see Review by Ragsdale15 in this Thematic Issue), an important 

structural element in the active site of Ni,Fe hydrogenase (see Review by Lubitz14 in this 

Thematic Issue), and a signaling molecule for the transcriptional regulator CooA138 in 

bacteria.139

The methionine salvage pathway (Figure 15) plays a critical role in regulating metabolism in 

both prokaryotes and eukaryotes.16c,140 Reaction of methionine with ATP produces S-

adenosylmethionine (SAM), which is used by a number of methyl transferases and in the 

biosynthesis of polyamines and in ethylene production in plants.16c Both are essential 

biological products, as polyamines are involved in cell growth and division,141 and ethylene 

is required for plant development and fruit and vegetable ripening.142 Methylthioadenosine 

(MTA) is a byproduct of these two processes that has a strong regulatory effect on the 

reactions involving SAM.143 As such, the intracellular concentration of MTA is tightly 

controlled by the methionine salvage pathway.144

4.2. Enzymology

The CO-producing enzyme that was later shown to contain Ni(II) was initially purified and 

characterized from K. oxytoca as a monomeric protein.136a Both Fe-ARD and Ni-ARD were 

obtained upon overexpression of a single open-reading frame in E. coli that produced 

identical 20.2 kDa proteins that could be separated by chromatography.134 The only 

difference between them was found to be the metal ion present: Ni(II) for the CO-producing 

enzyme and Fe(II) for the enzyme on the methionine salvage pathway.134 The protein has 

micromolar affinity for metals and a slightly higher affinity for Ni(II) than for Fe(II) (Kd ≤ 

0.1 μM (Ni); Kd ≤ 0.4 μM (Fe)).16c,145 Further, the two enzymes could be interconverted by 
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removing the metal present and reconstituting the apoenzyme with the alternative metal 

ion.134 It was also observed that reconstitution with other metal ions could confer the same 

type of activity as Ni-ARD (e.g., Mn(II) and particularly Co(II)) and that Mg(II) 

incorporation led to Fe-ARD activity.16c,134 In fact, examination of the composition of 

native enzyme from K. oxytoca showed that 20% contained Co(II) in place of Ni(II).135 The 

ability of Co(II) to substitute for Ni(II) and the general metal ion promiscuity are also 

features of the nonredox Ni(II) enzyme glyoxalase I (vide supra).

Despite the fact that ARD catalyzes an oxidation, the metal ions involved are not redox 

active. Neither Ni-ARD nor Fe-ARD exhibits an EPR signal under either anaerobic or 

aerobic conditions and in the presence or absence of acireductone, consistent with both 

metals being divalent and a lack of redox activity.135 Neither enzyme exhibits electronic 

absorptions below 300 nm at millimolar concentrations,135 and both give well-defined 

hyperfine-shifted NMR spectra,145,146 observations that are consistent with high-spin 

divalent metal centers in both cases. These results were confirmed by X-ray absorption 

spectroscopy (XAS) analysis of the enzyme and enzyme–substrate (ES) complexes,145,146 

which are consistent with six-coordinate high-spin metal sites that do not exhibit an edge 

energy shift in the ES complex that is large enough to support a change in the metal ion 

oxidation state. This is perhaps not surprising given that acireductone reacts readily with O2 

under basic conditions to give the products that are produced by Fe-ARD catalysis.135 Thus, 

Ni-ARD appears to alter the oxidative chemistry of acireductone.

Analysis of enzyme kinetics is consistent with an ordered mechanism that requires binding 

of both acireductone and O2 in order to produce products.135 Both enzymes have similar 

kinetic constants (Table 2), and this, plus the fact that many metals will substitute for Ni(II) 

or Fe(II), indicates similar mechanisms for the two enzymes that do not involve metal-based 

redox chemistry (vide infra).

4.3. Structure

Beginning with the identification of invariant potential metal ligands in the amino acid 

sequences of ARD proteins (Figure 16), early structural work on the Ni-ARD from K. 
oxytoca using NMR and XAS played an important role in identifying the Ni(II) ligands and 

in establishing the interaction between the metal site and acireductone.146

The presence of paramagnetic Ni(II) led to missing or broadened resonances for residues 

95–103, 135–144, and 162–166 in the assignment of sequential amino acid residues. These 

regions include putative metal ligands His96, His98, Glu102, His137, and His140.147 Three 

of these His residues are invariant among known ARD sequences, though His137 is not 

conserved (Figure 16). From the hyperfine-shifted NMR spectrum obtained on the Ni(II) 

complex, three His ligands were observed, two coordinated via the Nε and one through the 

Nδ.146 The hyperfine-shifted NMR of the ES complex obtained upon anaerobic addition of 

substrate gave a complex pattern of hyperfine-shifted resonances that indicated direct 

coordination of the substrate.146 This pattern is similar to that obtained from a model Ni(II) 

hydroxamate complex.148 His → Ala mutations of the four His residues identified by NMR 

showed that the mutation of His137 had no effect on enzyme activity,16c,145 while mutation 

of the invariant His residues inactivated the enzyme and resulted in decreased solubility.145 
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Similarly, mutation of Glu102 to Ala resulted in reduced solubility and metal affinity that 

indicated it was also a ligand.145 Replacement of His98 with Ser led to a variant that was 

soluble and well folded, and displayed reduced metal binding capacity,145 but was 

nonetheless able to produce CO from oxidation of acireductone in the presence of high 

concentrations of Ni(II). XAS data on the wild-type Ni-ARD showed that Ni(II) was six-

coordinate with O/N-donor ligands, of which three to four were His imidazole ligands.146 A 

similar structure was obtained upon addition of substrate, except that the best model 

involved only two to three His imidazole ligands, suggesting that a His ligand was lost upon 

substrate coordination.146 NMR and XAS data obtained on Fe-ARD gave very similar 

results,145 indicating that Fe(II) is bound in the same site as Ni(II). The difference between 

the two proteins that leads to distinct chemical and physical properties has been attributed to 

a structural entropy switch,149 and not to differences in metal site structure. This entropy 

switch was shown to interconvert the protein tertiary structure between conformations that 

featured a closed, solvent inaccessible (Ni-ARD), or an open, solvent accessible (Fe-ARD), 

active site.149

The first molecular structure of ARD was obtained using NMR spectral data on the K. 
oxytoca enzyme,150 and this was subsequently refined using residual dipolar couplings 

(PDB 1ZRR, Figure 17).151

The structure showed that ARD belongs to the cupin structural superfamily. The structure 

that emerged provided a model of the active site (Figure 18) that was later shown to be 

consistent with the metal site structure in the crystal structure of mouse ARD (PDB 1VR3) 

with an unknown metal (assumed to be Ni(II)) bound.152

The bacterial and mouse enzymes show similar protein structures, despite the relatively low 

level of sequence homology between the two proteins (23% identity; 41% similarity, Figure 

16). The metal sites are shown to involve ligation by the four protein ligands identified by 

spectroscopy and mutagenesis (His96, His98, Glu102, and His140 in the K. oxytoca 
structure), leaving two cis sites available for coordination of substrate (Figure 18).

4.4. Mechanism

The analysis of the enzyme kinetics is consistent with a sequential, ordered mechanism, in 

which both acireductone and O2 bind before product is released.16c,135 Ni-ARD does not 

bind O2 in the absence of acireductone, but a red shift in the electronic absorption spectrum 

of the substrate from 305 to 345 nm indicates that acireductone binds to the enzyme in the 

absence of O2.135 XAS, model studies, and computational chemistry are consistent with a 

bidentate binding mode for acireductone (vide supra).146,148,153

The reaction with O2 is proposed to proceed via formation of a C-1 organic peroxide.135 

Given the lack of evidence for metal-centered redox chemistry in either the resting enzyme 

or ES complex and the reactivity of acireductone in the absence of ARDs (vide supra), this 

peroxide is derived from O2 attack on the coordinated ligand, rather than a mechanism 

involving O2 activation at the metal. Dioxygenases exhibit two limiting mechanisms, both of 

which are exemplified by mononuclear, non-heme, Fe-containing dioxygenases.154 In one 

mechanism, a reduced, redox active metal (e.g., Fe(II)) is used to activate dioxygen for 
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oxidation of the substrate. In the alternate mechanism, the metal serves to activate the 

substrate toward reaction with O2 by acting as a Lewis acid. This appears to be the case for 

dioxygenases that require Fe(III). The first mechanism requires a redox active metal capable 

of reducing O2, while the latter mechanism does not require a change in the redox state of 

the metal. The use of Ni(II) in a dioxygenase to activate O2 is unexpected from the 

standpoint that Ni(II) in an O/N-rich ligand environment, such as that found for Ni-ARD, 

does not typically have biologically accessible redox chemistry (see the Introduction). The 

structural characterizations of Ni-ARD (vide supra) show no evidence of the cysteine 

thiolate ligation that might give rise to redox chemistry, and no evidence of redox state 

change upon substrate binding, and are therefore consistent with a nonredox role for the Ni 

center. The absence of Cys ligation in the active site of Ni-ARD is also not unexpected for a 

dioxygenase, since nickel thiolates are sensitive to oxidation by dioxygen155 and no example 

of a dioxygenase featuring Cys ligation of the metal center is known.154 However, NiSOD, 

with two Cys ligands, clearly defies this rationalization (see Review by Valentine et al.13 in 

this Thematic Issue).

Formation of the C-1 peroxide could proceed by a one-electron radical mechanism leading 

to the formation of superoxide, or via a two-electron mechanism that forms peroxide. 

Evidence supporting a radical mechanism (or a mechanism involving radical side reactions), 

as opposed to a carbanion, was obtained using cyclopropyl-substituted acireductone as a 

suicide inhibitor.135 The course of the reaction of the C-1 peroxide catalyzed by Ni-ARD 

and Fe-ARD was studied using a 14C- and 2H-labeled desthio analogue of acireductone 

and 18O.136a,140b These studies established that formate was derived from C-1 and that the O 

atoms from O2 were incorporated into formate and the carboxylic acid product for both 

enzymes, and not into CO for Ni-ARD. Conversely, when 2-14C-labeled substrate was used, 

all of the label was found in the CO molecule produced by Ni-ARD catalysis, establishing 

C-2 as the source of CO.136a These results were interpreted in terms of a mechanism 

involving the formation of an organic cyclic peroxy intermediate (Figure 18).16c,135

The difference between Ni-ARD and Fe-ARD was proposed to lie in the nature of the cyclic 

peroxide formed: a five-membered ring produced by attack of the C-1 peroxide on C-3 and a 

four-membered cyclic peroxide produced by attack at the C-2 position (Figure 19).135 These 

reactions were proposed to be supported by different coordination modes of acireductone to 

Ni and to Fe (the “chelate hypothesis”) involving coordination of the C-1 oxygen in both 

cases, but coordination of the C-2 oxygen atom gave a five-membered chelate ring with 

Fe(II) and coordination of the C-3 oxygen atom produced a six-membered chelate ring with 

Ni(II).135

Recent model studies support the proposed mechanism for Ni-ARD, but challenge the view 

that the coordination mode of the organic substrate determines the regiospecificity of the 

oxidation.156 A Ni(II) complex with a bulky acireductone derivative, [(6-

Ph2TPA)Ni(PhC(O)C(OH)C(O)Ph)]ClO4, where 6-Ph2TPA = N,N-bis((6-phenyl-2-

pyridyl)methyl)-N-(2-pyridylmethyl)amine), was studied and found to catalyze the oxidation 

of the substrate with the regiospecificity of Ni-ARD (Figure 20).156b NMR showed that the 

substrate binds to Ni(II) to form a six-membered chelate ring like that shown in Figures 19 

and 20.156b Mechanistic studies of the model are consistent with an initial two-electron 

Maroney and Ciurli Page 21

Chem Rev. Author manuscript; available in PMC 2017 November 07.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



oxidation of the substrate to form 1,3-diphenylpropantrione and HO2
−,157 which then form a 

five-membered cyclic peroxy intermediate like that shown in Figure 19, resulting in the 

formation of the expected products, including CO.157 However, when the corresponding 

Fe(II) complex was studied, it was shown to bind the acireductone derivative in the same 

manner, forming a six-membered chelate ring, and gave the products expected for Ni-ARD 

catalysis upon reaction with O in dry solvent.156a When O2 was added to the reaction, the 

products expected for Fe-ARD catalysis were obtained.156a Thus, a change of 

regiospecificity was demonstrated without a change in the structure of the chelate. This 

change in regiospecificity was attributed to hydration of the triketone reaction intermediate, 

which in turn leads to the formation of a cyclic peroxy intermediate (Figure 20).156a This 

chemistry can be related to the tertiary structure of the enzyme, which features a closed site 

protected by a hydrophobic tryptophan loop in Ni-ARD, but has a more open and solvent 

exposed site in Fe-ARD.149

The “chelate hypothesis” for the different regioselectivities of the oxidations catalyzed by 

Ni-ARD and Fe-ARD has also been challenged based on computational chemistry.153 The 

results of mixed quantum-classical molecular dynamics simulations coupled with density 

functional theoretical calculations agree with the model studies that acireductone binds 

forming a six-membered chelate ring to both Ni(II) and Fe(II).153 Following electrophilic 

attack of O on C-1 of the substrate, the five-membered cyclic peroxo intermediate is 

formed.153 However, regioselectivity is proposed to be determined by the electronic 

structure of the metal center, which affects the O–O cleavage step; Ni-ARD immediately 

produces the products, while Fe-ARD forms an additional intermediate that proceeds 

through an epoxy-like transition state to yield products (Figure 21).153

The additional intermediates are partially stabilized by charge transfer mediated by Fe(II) 

that does not occur for Ni(II).153 Thus, the proposed Fe-ARD mechanism relies on transient 

redox chemistry, while Ni(II) is a simple Lewis acid. In this regard, it is worth noting that 

the additional intermediates suggested for Fe-ARD would not be available to the 

nonenzymatically catalyzed reaction, nor would they be stabilized by transient redox 

chemistry for the Mg-substituted ARD, both of which give the Fe-ARD products.

4.5. Conclusions

Bacterial ARDs are an interesting case of one protein that produces two enzymes. 

Depending on the metal ion bound, Fe(II) or Ni(II), the enzymes provide either on-pathway 

catalysis (Fe-ARD) or an off-pathway shunt that also produces carbon monoxide (Ni-ARD). 

Ni-ARD is also the only known Ni(II) dioxygenase and, since it lacks any redox activity, is 

an example of a dioxygenase that activates the substrate (acireductone) by interaction with a 

Lewis acid, which also alters the course of the oxidation relative to the nonenzymatic 

oxidation. Mechanistically, it is clear from model and computational chemistry that a 

difference in the coordination of the substrate is not required in order to obtain the different 

products observed for Ni-ARD and Fe-ARD. However, whether this difference arises in the 

enzyme from reaction with water, as suggested by the chemical models, or from different 

reaction pathways being favored by the electronic structures of the two metals, as suggested 

by theory, remains an open question.
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Figure 1. 
(A) Ribbon scheme of the functional oligomer (αβγ)3 of B. pasteurii urease. (B) Ribbon 

scheme of the functional oligomer (αβγ)3 of K. aerogenes urease. (C) Ribbon scheme of the 

functional oligomer [(αβ)3]4 of H. pylori urease seen through the ternary axis (left panel) 

and rotated by 90° along the horizontal axis (right panel). (D) Ribbon scheme of the 

functional oligomer [(α)3]2 of C. ensiformis urease seen through the ternary axis (left panel) 

and rotated by 90° along the horizontal axis (right panel).
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Figure 2. 
Ribbon scheme of the active site flap of B. pasteurii urease, highlighting the open and closed 

conformations observed in the native and the DAP-inhibited structures, respectively.
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Figure 3. 
CrystalMaker drawing of the crystallographic structural models for the active site obtained 

for B. pasteurii urease (PDB code 2UBP) in the native state. The nickel ions are represented 

in gray, while CPK coloring is used for all other atoms. Hydrogen bonds are shown as thin 

blue lines. The BPU residue-numbering scheme (all residues belonging to the α subunit) is 

used. The residue indicated with the letter “K” is the carbamylated lysine.
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Figure 4. 
CrystalMaker drawing of the crystallographic structural model for the active site obtained 

for B. pasteurii urease complexed with β-mercaptoethanol (BME) (PDB code 1UBP). The 

nickel ions are represented in gray, while CPK coloring is used for all other atoms. 

Hydrogen bonds are shown as thin blue lines. The BPU residue-numbering scheme (all 

residues belonging to the α subunit) is used. The residue indicated with the letter “K” is the 

carbamylated lysine.
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Figure 5. 
CrystalMaker drawing of the crystallographic structural model for the active site obtained 

for urease from B. pasteurii complexed with acetohydroxamic acid (AHA) (PDB code 

4UBP). The nickel ions are represented in gray, while CPK coloring is used for all other 

atoms. Hydrogen bonds are shown as thin blue lines. The BPU residue-numbering scheme 

(all residues belonging to the α subunit) is used. The residue indicated with the letter “K” is 

the carbamylated lysine.
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Figure 6. 
CrystalMaker drawing of the crystallographic structural model for the active site obtained 

for B. pasteurii urease complexed with phosphate (PHO) (PDB code 1IE7). The nickel ions 

are represented in gray and phosphorus is in orange, while CPK coloring is used for all other 

atoms. WAT = solvent molecule. Hydrogen bonds are shown as thin blue lines. The BPU 

residue-numbering scheme (all residues belonging to the α subunit) is used. The residue 

indicated with the letter “K” is the carbamylated lysine.
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Figure 7. 
CrystalMaker drawing of the crystallographic structural model for the active site obtained 

for B. pasteurii urease complexed with boric acid B(OH)3 (PDB code 1S3T). The nickel ions 

are represented in gray and boron is in green, while CPK coloring is used for all other atoms. 

WB = nickel-bridging hydroxide. Hydrogen bonds are shown as thin blue lines. The BPU 

residue-numbering scheme (all residues belonging to the α subunit) is used. The residue 

indicated with the letter “K” is the carbamylated lysine.
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Figure 8. 
CrystalMaker drawing of the crystallographic structural model for the active site obtained 

for B. pasteurii urease complexed with diaminophosphate (DAP) (PDB code 3UBP). The 

nickel ions are represented in gray and phosphorus is in orange, while CPK coloring is used 

for all other atoms. Hydrogen bonds are shown as thin blue lines. The BPU residue-

numbering scheme (all residues belonging to the α subunit) is used. The residue indicated 

with the letter “K” is the carbamylated lysine.
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Figure 9. 
CrystalMaker drawing of the crystallograhic structural model for the active site obtained for 

B. pasteurii urease complexed with citrate (PDB code 4AC7). The nickel ions are 

represented in gray, while CPK coloring is used for all other atoms. The BPU residue-

numbering scheme (all residues belonging to the alpha subunit) is used. The residue 

indicated with the letter “K” is the carbamylated lysine.

Maroney and Ciurli Page 38

Chem Rev. Author manuscript; available in PMC 2017 November 07.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 10. 
Structure-based urease catalytic mechanism of the enzymatic hydrolysis of urea. The BPU 

residue-numbering scheme is used.
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Figure 11. 
Sequence alignments of selected class I and class II glyoxalase I enzymes created using 

Clustal W2. Amino acids are colored by property (hydrophobic (red), acidic (blue), basic 

(purple), other (green)). Metal binding residues are highlighted in yellow. Residues marked 

with an asterisk (∗) are invariant; those marked by other symbols represent low (:) and 

moderate (.) variability. The N-terminal extension and additional loops found in class I 

enzymes are highlighted in blue. The S. cerevisiae sequence was truncated after 226 of 326 

residues.
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Figure 12. 
Ribbon diagram of the crystal structure of E. coli Glo I, (PDB code 1F9Z) showing the two 

subunits of the homo dimer in cyan and gray and the location of the two Ni sites (green 

spheres) at subunit interfaces.
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Figure 13. 
Comparison of the metal site structure of the Ni(II) complex (panel A, PDB code 1F9Z) and 

the Zn(II) complex (panel B, 1FA5) of E. coli Glo I showing the change in coordination 

number and geometry for the two metals. The nickel and zinc ions are represented in gray 

and dark blue, respectively, while CPK coloring is used for all other atoms. WAT = solvent 

molecules. Protein residues are distinguished by letters indicating the two different subunits 

of the enzyme.
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Figure 14. 
Putative reaction mechanism for the isomerization catalyzed by Glo I that involves 

coordination of the substrate.
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Figure 15. 
Simplified diagram of the methionine salvage pathway, illustrating key products, 

intermediates, and catalysis by Ni-ARD vs Fe-ARD.

Maroney and Ciurli Page 44

Chem Rev. Author manuscript; available in PMC 2017 November 07.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 16. 
Sequence alignments of selected ARD enzymes created using Clustal W2. The sequences 

are numbered from Met0, since this residue is cleaved in the mature enzyme. Amino acids 

are colored by property (hydrophobic (red), acidic (blue), basic (purple), other (green)). 

Metal binding residues are highlighted in yellow. Residues marked with an asterisk (∗) are 

invariant; those marked by other symbols represent low (:) and moderate (.) variability.
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Figure 17. 
Ribbon diagram of the NMR structure of K. oxytoca Ni-ARD (PDB code 1ZRR) showing 

the cupin fold and the location of the metal ion (green sphere) with the ligand environment 

shown as sticks.
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Figure 18. 
Metal site structure of K. oxytoca Ni-ARD (PDB code 1ZRR), showing the His3Glu 

coordination of the metal site and the two cis-aqua ligands in the positions used in binding 

substrate. The nickel ion is represented in gray, while CPK coloring is used for all other 

atoms. WAT = solvent molecules.
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Figure 19. 
Proposed reaction mechanism illustrating the chelate hypothesis to explain the 

regioselectivity of the reactions catalyzed by Ni-ARD vs Fe-ARD. The results of 

incorporation of 18O and 14C labeling studies are indicated by the red O atoms and the 

asterisks (∗).

(Adapted with permission from ref 1. Copyright 2007 John Wiley & Sons, Ltd.)
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Figure 20. 
Model chemistry illustrating the role of substrate hydration in determining the 

regioselectivity of the reactions catalyzed by Ni-ARD vs Fe-ARD.
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Figure 21. 
Mechanisms for Ni-ARD vs Fe-ARD catalysis from computational modeling indicate that 

the electronic structure of the metal ions leads to additional intermediates in the Fe-ARD 

reaction pathway.
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Scheme 1. 
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Scheme 2. 
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Table 2

Kinetic Constants for K. oxytoca ARDs

Ni-ARD Fe-ARD

Km(O2) 110 μM 47 μM

Km(R) 50 μM 52 μM

Ks(R) 25 nM 53 nM

kcat 5.0 × 10−2 s−1 2.6 × 10−2 s−1
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