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Contents aminopeptidases,and the purple acid phosphata&es.
Despite their structural versatility and variations in metal ion
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2.1. Biochemical Characterization and Function 3338 first coordination sphere are found across the entire family
2.2. Structural Characterization 3341 of enzymes (Figure 1), but in the proposed models for
2.3. Catalytic Mechanism 3344 catalysis, the identity of the attacking nucleophile, the
2.4. Biomimetics of PAPs 3345 stabilization of reaction intermediates, and the relative
3. Ser/Thr Protein Phosphatases 3347 contribution of the metal ions vary substantially.
3.1. Biochemical Characterization and Function 3347 Here, an updated review of the current understanding of
3.2, Structural Characterization 3348 metallohydrolase-catalyzed reactions is presented. The mo-
3.3, Catalytic Mechanism 3350 tivation is to present, compare, and criti_cally assess current
4 35 Exonucleases 3351 m_odels for metal ion ass_lsted hydrolytic reaction mecha-
I41 Biochemical Characterization and Function 3351 nisms. The focus here is on four systems, purple acid
- e phosphatases (PAPs), Ser/Thr protein phosphatases (PPs),
4.2. Structural Characterization 3352 3-5' exonucleases, and-Bucleotidases (8\Ts), which have
4.3. Catalytic Mechanism 3354 contributed to major advancement of our current understand-
5. 5'-Nucleotidases 3355 ing of the catalytic mechanisms that operate in such enzymes.
5.1. Biochemical Characterization and Function 3355 Although three of the four enzymes (PAPSs, PPs, dridTs)
5.2. Structural Characterization 3356 are evolutionarily relatedf the enzymes selected for this
5.3. Catalytic Mechanism 3357 review are diverse with respect to their structure, metal ion
6. Conclusions 3358 composition, and function. The authors have concentrated
7. Abbreviations 3359 mainly on references covering the past decade; however,
8. Acknowledgments 3359 relevant earlier Iite_zrature is included where appr(_)prigte. We
9. References 3359 extend our apologies to researchers whose contributions may

not have been covered by this review.
In terms of the catalytic mechanism, the identity of the

1 Introducti reaction-initiating nucleophile and the roles of the metal ions
- Introauction in catalysis are addressed. Where possible, predicted struc-
Binuclear metallohydrolases are a structurally diverse tures of transition states and their stabilization are discussed.

group of enzymes that use binuclear metal ion centers toEach description of an enzyme family concludes with an
catalyze the hydrolysis of amides and esters of carboxylic illustration of the currently accepted model for its catalytic
and phosphoric acids. Representatives are listed in Table 1Mechanism. The various models proposed for the hydrolytic
together with their metal ion composition and, if known, their r€action mechanism are compared in context with observed
metabolic role(s). Several of these enzymes are either targetd/ariations in physicochemical and functional properties.
for drug design against a wide variety of human disorders, Slm_llar to W|Icox’§ review, this ar'glcle reflects the_ recent
including osteoporosis, cancer, cystic fibrosis, and depression.achievements of bioinorganic chemists. However, since many
or are of significance in bioremediation since they can be binuclear metallohydrolases are targets for the development
modified to degrade pesticides or organophosphorus nerveof drugs, pesticides and anti-warfare agents, structural
gases. blologls_ts e_md th_ose myolved in drug dl_scovery and develop-
In 1996, Wilcox summarized the then current knowledge Ment will find this review useful and timely.
about the structure, function, and mechanism of all known )
binuclear metallohydrolasésin subsequent years more 2. Purple Acid Phosphatases
specialized articles followetl focusing on the binuclear . . o )
manganese-containing arginases, catalases, and erfaleses, 2.1. Biochemical Characterization and Function

Ser/Thr protein phosphatases (in particular calcinedrin), PAPs (E.C. 3.1.3.2) are the only binuclear metallohydro-

lases where the necessity for a heterovalent active site
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4144. Fax: ++61 7 3365 4273. E-mail: schenk@ug.edu.au. . o - PP
t University of Queensland. been established. PAPs are glycosylated, resistant to inhibi-
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The enzyme isolated from mammals (pig, bovine, mouse,

rat, and humati~>) is a~35 kDa monomeric protein with  Oxidation of the heterovalent di-iron site is also accompanied
an Fe(lll)-Fe(ll) center; the amino acid sequences of animal py a change in color from pinkifa = 515 nm) to purple
PAPs are highly conserved with at least 85% iderfitfhe (Amax = 560 nm)16.22.24.27.29

characteristic color of PAPs is due to a charge-transfer Plant PAPs have been extracted from red kidney bean,
transition @max = 510-560 nm;e = ~3000-4000 M* soybean, sweet potato, duckweed, and tor?faf. Most
cm™) in the active site from a conserved tyrosine ligand to characterized plant PAPs are homodimers with a subunit
the ferric ion??-24 Interestingly, mammalian PAPs can easily molecular weight of ~55 kDa3%3235 A heterodimeric
(and reversibly) be oxidized to the inactive diferric form due intracellular PAP has recently been reported for tonato,
to the low redox potentiabé340 mV) of the divalent iroR>26 with 63 and 57 kDa subunits. The same organism also has
It has thus been suggested that PAP activity may be regulatedwo secreted, monomeric isoforms with molecular weights
in vivo by reversible oxidation/reduction of the active site.  of 84 and 57 kD&* The amino acid sequences of homo-
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metal ion composition and physiochemical properties of this
novel plant PAP have not yet been determined.

A monomeric fungal PAP has been identifiedAspergil-
lus ficuumwith a molecular weight of-85 kDa3’ The metal
ion composition is unknown. No bacterial PAP has yet been
characterized, but evidence has accumulated that indicates
the occurrence of this enzyme in only a limited number of
microorganisms?

The proposed biological roles for PAP are diverse and
dependent on the organism. Mammalian PAPs have been
implicated in iron transport during pregnaftgand macro-
phage-specific generation of reactive oxygen species (ROS)
through Fenton chemistry in response to the invasion of the
host organism by pathogeffs#? Of particular interest is the
observation that, in animals, PAP is secreted into the bone-
resorptive space where it may be required for normal bone
turnoveri® PAP levels are elevated in patients with metabolic
bone diseases such as osteoporosis and cancers with bone
metastase®. A transgenic mouse in which the enzyme is
overexpresséd exhibits increased bone resorption leading
to a mild form of osteoporosis, while the transgenic mouse
knock-out® exhibits the opposite phenotype (osteopetrosis).
It has been speculated that PAP participates in bone
resorption by dephosphorylation of bone matrix proteins such
as osteopontiff Because of its high expression levels, PAP
has become the most commonly used histochemical marker
for osteoporosi&? making it a major target for the develop-
ment of chemotherapeutic agefts.

Although only one PAP-encoding gene has been identified
in mammalé&®4° two isoforms have been observed, 5a and
5b5051 The 5a isoform represents the intact polypeptide
chain, while isoform 5b is the product of a proteolytic
cleavage in an exposed loop, sometimes referred to as the
repression loop, close to the active $it&257 Since pro-
teolysis significantly increases the activity of the enzyme, it
has been proposed that isoform 5a, expressed in osteoclasts,
effectively represents a proenzyme which, upon secretion
into the bone-resorptive space, is activated by proteolytic
cleavage?°6:57 Importantly, proteolytic cleavage does not
only increase the reactivity of PAP but also alters its
preference for substrates. In particular, since the cleaved
isoform efficiently catalyses the dephosphorylation of ATP,
whereas the intact enzyme displays a preference for ZDP,
it has been proposed that isoform 5b may act as an ATPase.

Plant PAPs may play a crucial role in mobilizing organic
phosphate esters in the soil during germinatfoHowever,
the study of the physiological function(s) of plant PAPs is
greatly complicated by the fact that plants contain a multitude
of genes encoding different isoforms of this enzythEor
example,Arabidopsis thalianavas shown to have at least
29 different isoforms? Evidence has accumulated which
suggests that different isoforms may be expressed in different

dimeric plant PAPs are homologous, sharing at least 65%tissue types in response to a variety of environmental
identity?! However, sequence conservation between plant factorsé®¢! In tomato, phosphate starvation induces the

and mammalian PAPs is low<R0% sequence homology)
and is limited predominantly to residues in the catalytic
center (vide infraf! The metal ion composition in plant

PAPs is the Fe(lll-M(ll) type, where M is zinc or

manganes& 323536 Thus, while plant PAPs have a chro-
mophoric center similar to that of their animal counterparts
(Amax = ~550 nm) their activity cannot be regulated by

expression of one intracellular and two secreted P&PS.
Interestingly, in addition to acid phosphatase activity, each
of these isoforms can also act as an alkaline peroxidase. It
has been hypothesized that PAPs with peroxidase activity
may be involved in the generation of RG%*and that the
extracellular production of ROS is associated with the
oxidative burst that occurs during the plant’'s response to

reversible oxidation/reduction. Interestingly, a sequence pathogen attack while the intracellular ROS production
database search has revealed that plants contain a secongiay be connected to an increase in respiratory electron

type of PAP that resembles the mammalian enzyth&be

transport and @uptake during biotic and abiotic stressés.
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Table 1. Representative Group of Binuclear Hydrolytic Enzymes
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enzyme metal center metabolic role(s) pharmacology
purple acid phosphatases* Fe(HiFe(ll); bone resorption, iron transport, target for anti-
Fe(ll)—2zn(ll); generation of reactive osteoporotic drugs
Fe(l1)—Mn(ll) O, species
Ser/Thr phosphatasés* Fe(Il)—Fe(ll); glycogen metabolism, muscle targets for
Fe(Il)—=zn(ll); contraction, signal transduction, development of
Mn(Il) =Mn(Il) neuronal activities, cell cycle immunosuppressants
progression, RNA splicing
ureases Ni(15-Ni(ll) hydrolysis of urea target for pesticides and drugs
against pyelonephritis, kidney stones,
and peptic ulcers
leucine aminopeptidase Zn(HEn(11) protein degradation, target for drugs against myeloid leukemia,
amino acid biosynthesis cystic fibrosis, and eye lens aging
3'-5' exonucleases* Mn(I5-Mn(11) correction of errors during
DNA replication
EcoRV endonuclease Mg(HMg(ll) DNA metabolism
5'-nucleotidases* Zn(I)—=2zn(ll); maintenance of balanced
Co(I)—Co(lIl) nucleotide concentrations
phosphotriesterake Zn(I)—2zn(ll); removal of organophosphates target for development of
Cd(I)—Cd(); as response to toxic stress biocatalyst to remove
Zn(I)—Cd(lly; organophosphorus nerve agents
Co(Il)—Co(ll) (e.g., Sarin)
metallof-lactamases Fe(bHFe(ll); virulence factors potential antibiotic
Zn(1)—Zn(ll) and/or vaccine targets
inositol monophosphatase MgHMg(ll) signal transduction target for development of drugs against

manic-depressive disorders

aMetal ion compositions, metabolic roles, and pharmacological potential are indicated. The “*” indicates systems that are discussed in detail in
this review. The in vivo metal ion composition for these enzymes is not established.
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Figure 1. Diversity of proposed mechanisms for binuclear metallohydrolases. (A) Purple acid phosphatase, (B) urease, (C) leucine amino-
peptidase, (D) alkaline phosphatase, (E}' 3xonuclease, (F) inositol monophosphatase, (G) phosphotriesterase, and (H) EcoRV endonuclease.

demonstrated by metal ion replacement studies which have
shown that the Zn(ll)-derivatives of pig, bovine, rat, and
human PAPs are kinetically indistinguishable from the native
di-iron forms28:53546%72 \while the di-iron derivative of red
kidney bean PAP has properties very similar to those of the

2.2. Structural Characterization

Over the past decade crystal structures of PAPs from red
kidney beart?3 sweet potat6? pig,° ratf667 and humaff
have been reported. To date, only structures of the inactive
oxidized state have been determined for mammalian PAPs.

The two subunits in the plant PAPs are linked via a disulfide native Fe(ll-Zn(ll) form.”™ Furthermore, spectroscopic
bridge. Each subunit has an N-terminal domain of unknown nd magnetochemical measurements also support similar

function and a C-terminal domain that contains the catalyti- 2Ctive site geometries and properties. The di-iron derivative
cally active site (Figure 2%-%* In contrast, the animal of red kidney bean PAP is redox-active and has an anti-
enzymes have a single domain, which is structurally related ferromagnetically coupled binuclear center with an exchange
to the C-terminal domain of plant PAPs (Figureé’®# The ~ coupling constant (3| ~ 10-20 cnt?) similar to that
active site is formed by loops at the endg3edtrands in the ~ determined for the animal enzym®&s® Also, *H NMR
middle of aa-B-B-o cluster in both plant and mammalian studies of the di-iron derivative of the red kidney bean
PAPs. Despite the low overall sequence homology betweenenzyme and native mammalian enzymes provided strong
PAPs from these two kingdoms, the seven metal-ligating evidence that the coordination environment of the chro-
amino acids in their active sites are invariant (Figuréa).  mophoric Fe(lll) centers is very similar in both systems, an
The equivalence of their active site structures has also beerobservation also supported by comparable charge-transfer
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PAPs, in agreement with extended X-ray absorption fine
structure (EXAFS) studies, which determined metalktal
distances for the Zn(ll) derivatives of pig PAP in the range
3.2-3.3 AsLe2

The presence or absence of terminal and bridging aqua/
hydroxo ligands and the protonation state of the bridging
water molecule have been points of some conjecture. The
initial structure of red kidney bean PAP revealed no evidence
of water molecules in the first coordination sphere of the
two metal ions due to the limited resolution of the crystal-
lographic dat&?®3To account for spectroscopic, kinetic, and
magnetochemical d&&3 5 the coordination environments
of the Fe(lll) and Zn(ll) were completed by modeling a
hydroxide ligand bound to the Fe(lll), &6 ligand to Zn(ll),
and a bridging hydroxide (Figure 2353 The presence of a
bridging oxygen atom was subsequently observed in the
electron density maps for pig and rat PAP, which were
interpreted in terms of a hydroxide grofi#’ The pig PAP
structure also contains a phosphate ion bridging the two metal
sites® while in the rat PAP structure, a sulfate anion is bound
monodentately to the redox-active irbhPulsed electron
nuclear double resonance (ENDOR) and EXAFS studies of
the Fe(lll)-Fe(ll) and Fe(lll}-Zn(ll) forms of pig PAP have
since confirmed the presence of the bridging hydroxide
ligand in the resting stafé:£¢In addition, ENDOR measure-
ments have also supported the presence of a water ligand,
coordinated terminally to the redox-active divalent metal ion.
However, in the same study, no evidence for a terminal,
Fe(lll)-bound water molecule was found for the resting
enzyme, suggesting that the trivalent metal ion is five-
coordinaté®® This observation contrasts with crystallographic
data reported for rat PAP, where an area of electron density
associated with the Fe(lll) site has been assigned to a terminal
solvent (HO/OH) moleculé®’” However, the sulfate ion

bound at the Fe(ll) site in this structure may be partially
Figure 2. Ribbon representation of the overall structure of PAPs responsible for recruiting this solvent molecule.

from (A) sweet potato (PDB code 1XZW), and (B) pig (PDB code Th for th tonati ilibri f the bridai
1UTE). Sweet potato PAP is homodimeric; each subunit contains e K, for the protonation equilibrium of the bridging
two domains, an N-terminal domain (in blue) of unknown function water ligand depends on the metal ion composition. Mag-
and a catalytic C-terminal domain (in magenta). The structure was netization and electron paramagnetic resonance (EPR) mea-
solved complexed with phosphate (not shown). The metal ions are surements have indicated that the Fe@e(ll) center in
colored orange fordFe(lllt) and tl"”e fordM”('!)- I\I/IammalhaBn tFr’]AFt’S pig PAP is weakly antiferromagnetically coupled at pH 4.9,
are monomeric and contain only one domain. In panel B, the two | ;

Fe ions are shown as orange spheres and the bound phosphate ?%lhslifot;]el Fﬁgﬂﬁgjﬂg%ﬁgmgég;ﬂe Swegt p:)\;[a:io r?ni]yr\r)e
shown as a stick model. gly coup pr: ese observations have

been interpreted in terms of the presence qf-laydroxo

transitions in the visible regioff. The Fe(lll) site in PAPs  bridge in the mammalian PAPs and«eoxo bridge in the

is coordinated to the oxygen of a deprotonated tyrosine, theSWeet potato enzyme at that §#*

nitrogen atom of a histidine, and the oxygen atoms of two  To date, most crystal structures of PAPs have been
aspartate residues, one of which bridges the two metal sitesdetermined in the presence of the tetraoxoanions, phos-
(Figure 4). Although no binding constants have been phate3-6658tungstateé? or sulfate’” bound to the active site.
reported, metal ion replacement studies indicate that Fe(lll) The structure of the phosphate complexes in red kidney bean,
is tightly bouncd?8535470.7273780 The divalent metal site  pig, rat, and human PAPs all showuer*-5*-PQO2" coor-
(Zn(11), Fe(ll), Mn(11)) is coordinated to the oxygen atom dination mod®& with the phosphorus approximately equi-
of the bridging aspartate, the nitrogen atoms of two histidine distant from the two Fe sites, although limited resolution
residues, and an asparagine oxygen atom. Its binding affinity precluded the establishment of the proper orientation of the
is reduced compared to Fe(lll), enabling the generation of phosphate in the structure of the rat enzyfhén these
mononuclear, inactive Fe(lll) half-apoenzynt&g37® A structures, the phosphate ion is invariably involved in an
property observed among many binuclear metalloenzymesextensive network of hydrogen bonds and is assumed to be
is the presence of a high- and low-affinity binding site for coordinated in the protonated,lPlO,~ state, reflecting the
the metal ions (see also below). For comparative purposes,pH conditions under which the proteins were crystallized
the high-affinity site is labeled M1, while the low-affinity  (pH 4.5, 5, 6.4, and-66.5 for the red kidney bean, pig, rat,
site is M2 (Figure 4). The crystallographic metahetal and human enzymes, respectively). The structure of pig PAP,
distances are in the range 3:3.3 A for red kidney bean  resolved to 1.55 &® shows that the uncoordinated oxygen
PAP (Fe(llly-zn(l1)), 3.3 A for the Fe(lll-Mn(ll) center atoms of the phosphate group form hydrogen bonds with
in the sweet potato PAP, and 3:3.5 A for mammalian  His195(296) (2.76 A) and His92(202) (2.68 A), while the
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Source Motif 1 Motif 2 Motif 3 Motif 4 Motif 5 Length
Plants Red kidney beans GDLG 25 GDLSY 32 GNHE 79  VLMH 35 GHVH 459

Sweet potato GDIG 25 GDLSY 32 GNHE 79 VLVH 35 GHVH 473

Sweet potato” GDWG 29 GDNSY 33 GNHD 89 VIGH 33 GHDH 313
Animals Human GDWG 34 GDNSY 34 GNHD 87 VAGH 33 GHDH 325

Rat GDWG 34 GDNSY 34 GNHD 89 VAGH 33 GHDH 327

Pig GDWG 34 GDNSY 34 GNHD 89 VAGH 33 GHDH 338
Fungi A. ficuum NDMG 25 GDLSY 84 GNHE 151 VMSH 33 GHIH 614
Bacteria M. tuberculosis GDQG 40 GDLCY 31 GNHE 89  VCMH 35 GHEH 529
Metal binding site” 1 X 1 2 2 21

*Mammalian-like plant PAP."® "Numbers 1 and 2 indicate ligands that coordinate to the metal ion in site M1
or M2, respectively. X indicates the metal ion-bridging ligand.

Figure 3. Partial sequence alignment of PAPs from different kingdoms and sources. Only the five conserved motifs containing the seven

metal ion-coordinating residues (in bold) are shéWithe number of amino acid residues separating the motifs and the total sequence

lengths are indicated.
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Figure 4. Active site of red kidney bean PAP. Fe(lll) binds to the
high-affinity metal site M1, and Zn(ll) is bound to the low-affinity
site M2. The seven metal ion-coordinating residues and the two
histidines (His202 and His296) are highly conserved among PAPs
from different sources. Tyrl67 forms a charge-transfer complex
with Fe(lll).

the coordination environment of the two six-coordinate metal
ions. The protonation state of phosphateRB, ") is defined

by the hydrogen bonds which are distributed differently in
two subunits of the molecule. In one subunit, O3 and O4
(uncoordinated oxygen atom) are protonated, while in the
other, O1 and O3 are protonated, demonstrating structural
flexibility. 84 A similar u-7?n?-H,PQO;~ mode of coordination
has only been observed in the phosphate complex of the di-
Ni(ll) urease fromBacillus pasteurif® Related coordination
modes have been reported fon?-1>-C0O?~ complexes of
iron, cobalt, nickel, copper, and zifg®°! as well as for

the u-n?>n?>-S0O?~ complex of the Mn(lI)-Mn(Il) bacte-
riophagel protein phosphataséRP)??

The structure of rat PAP has also been determined in the
presence of sulfat¥, which coordinates monodentately to
the redox-active iron and forms hydrogen bonds with Asn91
and His92. Both metal ions in the active site have six ligands,
with one Fe(lll)-bound and one bridging water ligand
completing their first coordination spheres. The location of
the sulfate group relative to the binuclear metal center is
further stabilized through interactions with an adventitiously
bound Zn(Il) (present in the crystallization solution). Red
kidney bean PAP was crystallized recently in the presence
of sulfate but absence of zZn(ll) in the buffer (Guddat, L.
W., and Schenk, G., unpublished results); interestingly,
sulfate does not coordinate to the binuclear center but forms

two coordinated oxygen atoms interact with His92(202) (3.17 & number of strong hydrogen bonds in the second coordina-
R), Asp52(164) (3.04 A), and His223(325) (3.13 A) as well tion sphere, including one to the bridging water molecule.
as with the u-hydroxy bridge (the residue numbers in Depending on the source and/or tissue type from which
parentheses refer to the sequence of red kidney bean PAP)mammalian PAPs are extracted, they are either monomers
In red kidney bean PAP, tungstate coordinates to the metalof ~35 kDa (isoform 5a) or heterodimers with disulfide-
centers in a mode similar to that of phosphaten{-n*- linked ~20 and~16 kDa fragments (isoform 5b; vide supra).
WO42") with a series of hydrogen bond contacts to the The crystal structures of intact pig and rat P&P in

four residues, His323(221), His296(195), His202(92), and combination with N-terminal amino acid sequencing and
Asn201(91) (the numbers in parentheses refer to the sequencenass spectrometry, have identified an exposed loop that is
of pig PAP)% No large conformational changes are observed susceptible to proteolytic cleavagi@*5¢5’Several proteases

in the active site of red kidney bean PAP upon binding of (trypsin, papain, cathepsins K and L) have been shown to
phosphate and tungstate; superposition of the active sites otleave within this loop; generally, the nicked enzyme has
the resting and both the phosphate- and tungstate-boundsignificantly increased reactivity, but this increase appears
forms reveal minor orientation differences for His295 and to be protease-dependéat’ Substrate specificity and the
His296 (only the latter residue is conserved throughout pH dependence of kinetic parameters are also altered upon

PAPs)83
The observed-;?nr?-H,PQO,~ coordination mode in sweet
potato PAP is unique among PAP structuie®ne oxygen

proteolysis??5456 Site-directed mutagenesis studies have
identified loop residues Ser145 and Aspl146 in rat PAP as
important contributors to the regulation of enzyme activ-

atom of the bound phosphate anion (O2) acts as a bridgeity.535” A similar role for these residues has also been

between the Fe(lll) and Mn(ll) ions; O1 and O3 complete

proposed for the human enzyrtfdn addition, the observa-
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tion that the mode of fluoride inhibition is uncompetitive at A His296
pH 4.9 or above but noncompetitive at lower pH values has H R NH
been interpreted in terms of a regulatory role for a second N F His202
aspartate residue in the loop (Asp158), at least in human HN\yN\H{' K N o
PAP56 Because of its role in the regulation of enzyme R \o" H
activity, the exposed loop is commonly referred to as / A
“repression” loop. Its structural flexibility has recently been His325 /= ”/
demonstrated by a comparison of two structures of intact HN N © o\ P2 N /
(uncleaved) human PAB.The recombinant enzyme ex- \/

pressed inPichia pastorishas an overall and active site Asp13%

O//Fe(lll) /M(II)\N \
structure similar to that of other PAPs, with the two metal ° : / \\\ His286
NH
@"167 A

ions linked via both a phosphate ang-tydroxo bridge. In N
sp164 'O >/ ?
Asn201

O

contrast, human PAP expresseddscherichia colicrystal-

lizes in a distinctly different manner. Here, Asp145 (corre-
sponding to Asp147 in rat PAP) bidentately coordinates to
the metal ions in the active site, occupying a position

equivalent to that of the phosphate group in pig PAP and B Y

the human enzyme expressedPirpastoris®>8Furthermore, N o0z
Asn89 (Asn91 and 201 in pig and red kidney bean PAPs, i N ( (
respectively; Figure 4) is prevented from coordinating to the \_ R \ /
redox-active iron due to steric interactions with the loop N\KPOQ\ aa ¥
residue Asn143; an additional water molecule completes the P H::\ /P\ M // His323
first coordination sphere inste&¥.There is no space for I o) G“) o} N’ Y/
substrate binding in this closed conformation of the active \%N\ /0\\ J/
site, and thus, the enzyme is expected to be catalytically ) M~
inactive. Thus, the two structures of human PAP are believed ASP135> ° o \O// NN
to represent an active, open and an inactive, closed form of b \L His286
the intact enzymé& Upon proteolytic cleavage, the equilib- NH,
rium between the two forms might be altered in favor of the TYI87 asptes O
active, open form, explaining the observed activation by Asn201
proteolysis. The presence of the equilibrium between open
and closed forms is supported by the observation that the
Fe(ll)—2zn(Il) derivative of human PAP is insensitive toward
proteolysis; the enzyme is always in the active statehich C His296 i
indicates that metal ion substitution shifts the equilibrium VN His202
toward the open conformation, possibly due to the inability \ o \ /
of Aspl45 to form au-carboxylate complex. However, —N ] N ¥
further studies (e.g., using site-directed mutagenesis) are . /P\ H His323
necessary to assess the physiological relevance of the “'st T o I o\ f y/
inhibitory, closed form of animal PAPs. N o

R NS
2.3. Catalytic Mechanism Asp135) 0/ TN NN

transphosphorylatiof? and the measurements of kinetic and Asn201

solvent isotope effect¥,supported by isotope labeliffgand

site-directed mutagenesis studiebave led to the emergence  Figure 5. Proposed mechanism of hydrolysis by PAPs. (A)
of a mechanistic model for PAPs and PPs that invokes a Substrate binding; (B) ““fC'ﬁOph".'C attack ﬁ“d rr:alea_se of Ileav(ljng
direct transfgr of the phosphqryl group of the substrate to ag\rl%ugr’ gﬁger:%aqg;artr:%?e?:u}eg ?scégetesﬁef’o? doestg”sa)t-e IS replaced by
metal-coordinated, nucleophilic solvent molecule.

In the initial step of the catalytic cycle (Figure 5), substrate intact enzyme, phosphate may not directly coordinate to the
binds to the divalent metal ion (site M2; Figure 4), facilitated metal center, possibly because the majority of active sites is
by the rapid exchange of the bound water ligdh®.1t is in the closed conformatioH.In contrast, pig PAP has a more
uncertain if the substrate binds in a mono- or bidentate acidic pH optimum (pH~ 5),*”8and based on a combination
manner to the active site prior to hydrolysis. For the Feflll)  of EPR, EXAFS, and resonance Raman spectroscopic data,
Zn(Il) derivative of bovine PAP, it was shown that the it has been proposed that in this enzyme phosphate adopts a
addition of the reaction product (and inhibitor) phosphate bidentate coordination geometry at that ##42.989Thus, it
does not affect the spectroscopic properties of the trivalentis possible that the precise substrate coordination may be
metal ion greatly at the pH of optimal activity (pH 6.5), pH-dependent.
suggesting monodentate binding to the divalent metalon. Another point of conjecture is the identity of the reaction-
In contrast, at lower pH phosphate perturbs the Fe(lll) site, initiating nucleophile (Figure 5). Metal ion replacement
consistent with the formation of @-phosphate compleX. studies demonstrated that the nucleophile is bound to the
A similar observation has been reported for a proteolytically trivalent metal ior”-"8Initially, for both pig and red kidney
cleaved human PAP (pH optimum a6.3), whereas in the  bean PAPSs, it was suggested that the hydroxide terminally

° ° \\‘ :
The observation of both an apparent lack of a burst of ‘< Q N e
product formation and the absence of enzyme-catalyzed Y67 NH,
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o Glu3es human enzymes may indicate that the rate-limiting step

His295 y H occurs after hydrolysis. However, an analysis of the structure

i N SH N His201 of sweet potato PAP has revealed that an associative
transition state is likely to be stabilized by the tripodal

— _gf (f coordination of the oxyphosphorane, which leads to effective

Ny \ o /N H charge neutralizatioff. Furthermore, leaving group pro-

P/ \:H N His322 tonation by residue Glu365 may also contribute to the relative

His324 / ——= o I\ ”/ insensitivity of the sweet potato enzyme toward the leaving
HN Q N / group K.%* The fact that Glu365 is not conserved among

—N / o \ PAPs explains observed mechanistic variations. However
H 1
\/ p /( N in human PAP, similar to the sweet potato enzyme, the

; __—Fe&(n) M1
Asp134 o/ NG // SN N associative transition state may be stabilized via residue

\\ His285 Asp158, located in the flexible repression IG8iNotably,
Q NH both sweet potato and proteolytically cleaved human PAPs
Y168 Asp163 'O

N

NH have considerably higher substrate turnover rates than other
Asn200 PAPs, especially at lower pH. This has been interpreted in
terms of Glu365 and Aspl58 acting as proton donors for
Figure 6. Proposed transition state in sweet potato PAP. An the leaving groups, at least at low pff* At higher pH, a
associative mechanism is promoted via transition state stabilizationconserved histidine residue (His195, His195, His296, and
by His295 and Glu363! His295 in pig, human, red kidney bean, and sweet potato
PAPs, respectively (Figure 4)), is the likely proton donor
bound to Fe(lll) attacks the substrate, leading to the release(Figure 5)83-656780The significance of this histidine residue
of the product alcohol and the formation ofugphosphate  has been demonstrated by site-directed mutagenesis studies
complex in the active sit¢’* However, the observation (by  of rat PAP where its replacement by alanine and glutamine
ENDOR) that no terminal Fe(lll)-bound hydroxide group |eads to a drastic drop in reactivity.A second histidine
may be present in the resting state of pig PAP argues againstesidue in the active site (His92 or 202 in pig and red kidney
this (although the possibility that substrate binding may pean PAPs, respectively; Figure 4) is not likely to act as
promote the binding of a water molecule to Fe(lll) cannot proton donor, but mutations of this residue to alanine,
be ruled out at preserfjlt could also be shown that fluoride asparagine, or arginine in rat and red kidney bean PAPs
can replace the bridging hydroxide group in pig PABpon support a model where it plays an important part in the

the further addition of phosphate, a ternary PRAPO, optimal orientation of both the nucleophile and the substrate
complex was formed, where phosphate binds to both metalduring catalysi§°102
ions, as observed in the crystal structure of pig PAPhus, In the final step of the catalytic cycle (Figure 5), the bound

in this instance, fluoride has been proposed to replace thephosphate group is disp|aced' and at least two water

bridging nucleophilé*-* This hypothesis is in agreement mglecules from the solvent are required to regenerate the
with the crystal structure of the manganese-containing sweetactive site for another catalytic cyclélo3

potato PAP, where the bridging water molecule has been
replaced by an oxygen atom of the bound phosphate d¢foup, iomimeti
and recent fluoride inhibition studies of human P&P7-100 2.4. Biomimetics of PAPs

The precise nature of the transition state of PAP-catalyzed In recent years, considerable attention has been devoted
reactions may vary between enzymes from different sources,toward the synthesis, X-ray structures, and physicochemical
or different isoforms from the same source. Both pig and characterization of binuclear Fe(HM(ll) complexes to
red kidney bean PAPs display a similar Bransted correlation mimic the active site of purple acid phosphat#¥estudies

with By & —0.4% The maximum value off, for the on these synthetic analogues are a convenient strategy to gain
hydrolysis of a dianionic monoesteris—1.3 1% indicative insight into structural and spectroscopic properties and the
of a dissociative mechanism. While the snfajlof —0.4 in catalytic mechanism of the corresponding metalloenzymes.

pig and red kidney bean PAPs is not unambiguously Construction of accurate synthetic unsymmetrical models is
consistent with such a mechanism, it is in contrast to the not a simple matter, since considerable attention must be
absence of a Brgnsted correlation in sweet potato PAP, whichgiven to ligand design in order to achieve a coordination
has been interpreted in terms of an associative mechanisnenvironment which is similar to that imposed by the unique
(i.e., bond formation between the nucleophile and the topology of the protein. Often, synthetic models are binuclear
phosphorus atom occurs prior to hydrolysis; Figuré46). complexes containing symmetrical ligands, since the prepa-
Interestingly, neither intact nor cleaved human PAP displays ration of the ligands is greatly simplified>1°” However,
a significant Bransted correlation, suggesting a transition stateunsymmetrical ligands presenting two potentially different
similar to that of the sweet potato enzy&fen addition, the coordination environments allow the generation of hetero-
observation that both intact and cleaved human PAPs appeabinuclear Fe(lllx>M(Il) complexes!®®1% Such systems
to have similar transition states supports the regulatory modelinclude a single terminal F€Ophenolattbond which is crucial
described above, whereby the intact enzyme exists inin mimicking structural, spectroscopic, electrochemical, and
equilibrium between inactive, closed and active, open catalytic properties of PAPs.
conformation$8 The HL ligand (where L= 2-bis[{ (2-pyridyl-methyl)-
Since the electron-withdrawing potential of the leaving aminomethyl-6-{ (2-hydroxy-benzyl)-(2-pyridyl-methy})
group affects the reactivities measured for both pig and red aminomethyl]-4-methyl-phenol; Figure 7) is able to selec-
kidney bean PAPs, the rate-determining step in catalysis istively generate homo- and heterobinuclear [FeftH{AC)(u-
likely to be associated with hydrolysi$?3 At first glance, phenoxide)M(INI complexes when the reactions are carried
the lack of a Brgnsted correlation in the sweet potato and out with stoichiometric amounts of H, Fe(CIOy)3:9H,0,
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Figure 7. Schematic illustration of the #i ligand. L = 2-bis-
[{ (2-pyridyl-methyl)aminomethyt6 (2-hydroxy-benzyl)-(2-pyridyl-
methyl)} aminomethyl]-4-methyl-phendfs-114

and M(CIQ,),*6H,0 in CH;OH in the presence of sodium
acetatg%s-114

The crystal structures of the mixed-valence FeftN)(l1)
complexes show that the Fe(lll) ion is coordinated by the
tridentate hard site of & which contains the terminal
phenolate, while the M(Il) ion lies in the other tridentate
compartment containing the soft pyridyl groups (Figure 7).

In all of the structures, the metals are in distorted octahedral

environments, separated by3.5 A and are bridged by two

Mitic et al.

Figure 8. Crystal structure of the [LFe(llI-OAc),Cu(ll)]*
complex, showing the coordination environments of both Fe(lll)
and Cu(ll) metal iond1? The following color scheme applies: red
for O, blue for N, gray for C, and white for H.

parameters compare very well with those observed for
reduced uteroferrii’2°7>115The half-wave potential of 0.38
V versus NHE observed in the cyclic voltammogram of this
complex is ascribed to the Fe(ll)Fe(ll)/Fe(lll)Fe(lll) couple
and closely resembles the corresponding redox potential of
uteroferrin (0.344 V vs NHE) indicating that both species
have similar Fe(ll) Lewis acidities. Therefore, the binuclear
iron complex can be considered as a good synthetic analogue
for the redox properties of the metalloenzyme.
Potentiometric titrations of the complexes listed in Table
2 in water/ethanol (30:70) have revealed three proton-

exogeneous carboxylate groups and the central phenolateation equilibria in the pH range-4101%¢-113 |t has been

ligand (Figure 7). As an illustration, the crystal structure of
[LFe (1l (u-OAc)Cu(I]* is shown in Figure 82
The principal physicochemical properties including elec-

proposed that upon dissolving the complexes the dissoci-
ation of the first carboxylate leads to a species described as
[(OH)Fe(lID)(u-OAC)M(I)(OHy)], where the a1 value is

tronic spectra and electrochemical data and protonationconsistent with the dissociation of the Fe(lll)-bound terminal

constants for the [LFe(llI){-OAc),M(Il)] © complexes are
listed in Table 2. The electronic spectra of all complexes in
CH5CN solution show absorption maxima in the range-522

555 nm attributed to the terminal phenolate-to-Fe(lll) charge-

water molecule. Dissociation of the second carboxylate
bridge results in the formation of a species in which a second
water molecule is bound to the Fe(lll) center and, upon its
deprotonation (K., an Fe(ll)u-OH)M(Il) species is

transfer transition. Molecular mechanics calculations and anformed. Finally, deprotonation of the M(ll)-bound terminal

analysis of molecular orbitals indicate that the contribution

water molecule bond ) leads to the [(OH)Fe(llI}y-

of the bridging oxygen phenolate to the charge-transfer OH)M(II)(OH)] species. The distincti,s values observed

transition is negligiblé!* The antiferromagnetic coupling
constant of-7.4 cm* for the Fe(lll)-Fe(ll) complex H =
—=JSS; S = 2 andS, = 5/2) and the Mesbauer data (which
show isomer shift and quadrupolar splitting values typical
of coupled Fe(lll) and Fe(ll) ions) confirm the mixed-valence
character of the binuclear iron compl&%, and these

Table 2. Physicochemical Properties of PAP Mimetics

for the complexes (Table 2) are in agreement with the trend
observed for the first deprotonation of the [M(I1){8)e]>"
complexes. Moreover, it is important to note that th&p
values related to the deprotonation of the Fe(llDH, bond

are comparable to theg values determined from the acidic
limbs of the pH dependence parameters for PAP%79:85

[Fe(tmm(n] Amax (NM) e(Mlcm™?) Elyz (V) E?2 (V) pKa1 PKaz PKas
M(Il) = FeP 555 4560 —0.49 0.38
= Mn¢ 544 2680 —-0.47 0.84 5.80 7.76
=Znd 540 3700 —-0.51 4.84 5.99 7.97
=Cuw 546 3400 —0.60 —0.90 5.25 6.20 7.82
= Nif 522 2600 —-0.54 0.76 5.30 6.80 8.61
Pig PAP }
Fe(ll)—Fe(lly 515 4000 0.35
Fe(lll)—Cu(l)? 545 3400
Red Kidney Bean PAP
Fe(lll)—zn(Inh 544 3200
Sweet Potato PAP
Fe(lll)—Mn(inyh 560 3200

a All models have been generated using the ligand Z-&spyridylmethyl)aminomethyt6-{ (2-hydroxybenzyl)(2-pyridylmethy}aminomethyl]-
4-methylphenol). For comparative purposes, corresponding data for PAPs are inélEdzm. Neves et &% ©From Karsten et &i® ¢ From
Lanznaster et d@® € From Lanznaster et &2 f From Batista et al** 9 From Twitchett et al® " From Schenk et & ' Potentials measured vs

NHE. | From Bernhardt et &°
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Table 3. Kinetic Parameters for the Hydrolysis of BDNPP by
PAP Mimetics?

Km I‘Cat I<Ca{Km
[Fe(lDM(IN)] M) (s (™M) kealKuncat
M@l) =MnP  21x10°% 7.1x10* 33x10! 3.9x 1
=7n° 8.1x10°% 1.1x10°% 13x10! 6.1x1C
=Cu 1.1x102 18x10°% 16x10' 1.0x 10
= Ni® 38x10°% 44x10% 12x10! 24x1CG

aAll models have been generated using the ligand 2{{2s[
pyridylmethyl)aminomethy-6< (2-hydroxybenzyl)(2-pyridylmethy})
aminomethyl]-4-methylphenol. From Karsten et & ¢From Lan-
znaster et al® 9 From Lanznaster et 41> ¢From Batista et al*i!
kuncar = uncatalyzed turnover number.
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Figure 9. Proposed reaction mechanisms for the hydrolysis of
BDNPP by Fe-Zn and Fe-Cu complexes, respectively. In the-Fe

Zn complex, the proposed nucleophile is terminally coordinated to
Fe(lll),**3while in the Fe-Cu complex, the nucleophile is proposed
to be the metal ion bridging oxygés#?

Catalytic activities of the FeMn, Fe-Zn, Fe-Cu, and

Chemical Reviews, 2006, Vol. 106, No. 8 3347

that catalyze the dephosphorylation of serine and threonine
residues. Approximately 30 different PPs have been identified
in the human genome, while in ti#e thalianagenome, more
than 90 have been obsern/&@!’Multiple copies have also
been identified in both bacteria and arch&&g!®

There are two distinct gene families of PPs, labeled PPP
and PPME Although both gene families employ a similar
catalytic strategy via a binuclear metal center, they have
different protein folds and are not evolutionarily related. It
is therefore likely that the two families have emerged as a
result of convergent evolution to produce enzymes with
similar catalytic mechanisni&? Advances in our understand-
ing of Ser/Thr protein phosphatases-catalyzed reactions have
been greatly aided by recent investigations of the structures
and functions of two PPPs (human PP5 and bacteriophage
APP) and two PPMs (human PP2C and PstP/Ppp from
Mycobacterium tuberculogisPP5 is widely expressed in
mammalian tissues and was shown (i) to convert breast
cancer cells from estrogen-dependent to estrogen-independent
phenotypes, and (i) to inactivate an apoptosis signal regulat-
ing kinase'?'22 The precise biological role oflPP is
unknown, while PP2C has been implicated in a number of
cellular stress response proces$é$?There are numerous
proteins that contain PP2C-like domains. These include yeast
adenyl cyclase, SpollE phosphatase frBacillus subtilis
and mammalian mitochondrial pyruvate dehydrogen#se.
PstP/Ppp is a broad-specificity PPM domain encoded in the
M. tuberculosiggenome. The role of PstP/Ppp is to dephos-
phorylate the targets of 11 Ser/Thr protein kinases which

Fe—Ni complexes have been measured with the activated mediate essential developmental and metabolic sig?frs.

substrate 2,4-bis(dinitrophenyl) phosphate (BDNPP). Kinetic thjs review, the main focus is on structural and mechanistic
parameters are summarized in Table 3. These reactions argt,dies of these four PPs.

strongly dependent on pH, giving rise to bell-shaped pH
versus rate profiles and pH optima in the range—6.0
7.0109°113 |n each case, the two protonation equilibria
associated with catalytic activity are in good agreement with
the Ka1 and K43 determined by potentiometric titrations

(Table 2). Thus, the catalytically active species is of the type

[(OH)Fe(ll)(u-OH)M(I1)(OHy)]. For the Fe-Zn complex,

it has been postulated that diester hydrolysis is likely to occur
via a mechanism similar to that proposed for red kidney bean
PAP, where substrate (bound as monodentate ligand) is

activated by the divalent metal ion, followed by intra-
molecular nucleophilic attack of the terminally Fe(lll)-bound
OH~ group on the phosphorus atom (Figure 92} In

contrast, a combination of mass spectrometry and EXAFS

data collected for the FeCu complex has indicated that the
ferric site in the resting state of this complex may be five-
coordinate, lacking the terminal water/hydroxide liga#d.

A similar observation has been reported for the resting state

of pig PAP (see abovéy. Thus, similar to pig and sweet

potato PAPs, the FeCu complex is likely to employ the

bridging hydroxo/oxo group as the initiating nucleophile
(Figure 9B)36.6486.99

3. Ser/Thr Protein Phosphatases

3.1. Biochemical Characterization and Function

The reversible phosphorylation/dephosphorylation of serine,

All PPPs characterized to date share extensive sequence
and structural homology in their catalytic cores. The metal
ion coordinating amino acid side chains and most of the
catalytically relevant residues are conser¢é&dirthermore,
the six amino acid ligands of PPPs are also conserved in
other binuclear metallohydrolases including PAPs ahd 5
NTs (which have an additional tyrosine and glutamine ligand,
respectively).! However, variations between different met-
allohydrolases, and specifically between different PPPs, exist
with respect to their metal ion compositions. For comparison,
PAPs in their active state are heterovalent (Fe{N)(1l),

M = Fe, Zn, or Mn (see section 2)), and while the
biologically relevant metal ion composition iri-BITs is at
present unknown, enzymatic activity is generally highest for
Co(Il)—Co(ll) derivatives (see section 5). For PPPs, the
identity of the physiologically relevant metal ions are also
uncertain. For PP2B (also known as calcineurin) aRéP,
heterobinuclear FeZn centers have been identified or
generated in vitrd®127-129nitial studies using a combination
of experimental techniques including EPR and reversible
reduction and oxidation by dithionite and hydrogen peroxide,
respectively, led to the suggestion that PP2B from bovine
brain may be active in the heterovalent FeHBn(ll)
state'?® A similar conclusion was reported faPP13° More
recently, catalytically active PP2B was extracted under
reducing conditions, indicating that the Fe@tgn(ll) state

is the active speci€$13? Also, the observation that the

threonine, and tyrosine residues in proteins is a key intra- recombinant expression 8PP inE. colileads to a dramatic
cellular control mechanism in eukaryotes and prokaryotes increase in intracellular manganese concentrations has been
and is regulated by protein kinases and phosphatasesinterpreted in terms of manganese being the most likely in
respectively. Among the phosphatases are the Ser/Thr proteirvivo metal ion for this enzymé&?3 Gradual addition of Mn(Il)
phosphatases (PPs; E.C. 3.1.3.16), a large group of enzymeto APP, monitored by EPR, has demonstrated that the active
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site has a homobinuclear Mn(HMn(ll) center:3+135Similar observations highlight the similarity of the mechanisms of
to PAPs, the two metal binding sites are distinguished by PAP- and PPP-catalyzed reactions, a correlation which can
considerable differences in their affinities for the metal ions, be expanded to include members of the PPM family, since
with Kp values of~2 and~160uM, respectively:3* A recent PP2C is also inhibited by phosphate in a manner similar to
redox titration study of the FeZn derivative of APP has PPPs and PAP$?
determined the redox potential for the Fe(lll)/Fe(ll) couple
to be ~120 mV13 Although it is not known if PPPs are  3.2. Structural Characterization
able to conduct hydrolytic reactions in the oxidized form, .
the possibility exists that these enzymes may be regulated Crystal structures of several PPPs have been determined
in vivo by reversible oxidation/reduction, as has been over the past decade, including those for rabbit muscle
speculated for the PAP& Also, it has been proposed that, PP%****’and both bovine and human PP2B (calcineutfy!®
as an alternative mechanism to reconstitute enzyme activity, More recently, structures fotPP> and PP5* have been
On'y one meta' ion may be present in the resting state reported. In general, the Catalyt|C domaInS_ are StFUCtura”y
rendering the enzyme inactive. The second metal ion may conserved with a sequence homology ranging from 35% to
enter the active site upon substrate binding, thus, reconstitut-45%: For instance, the catalytic domain of PP5 has been
ing a fully active enzymé3® A similar mechanism has also ~ determined to 1.65 A resolution and shows a similar overall
been proposed for the proofreading activity of DNA poly- fold to that of PP1 and PP2B, with root-mean-square
merases (see section 4). deviations (rmsd) of-2 A for 270 G atorr_ls%38 Similar to
Apart from Mn(Il), ZPP can also be activated by Ni(Hy, other PPPs, PP5 has an N-terminal domain, but it is extended

while activity in other PPPs such as PP1 and PP2A can be!© include whatis known as a tetratricopeptide repeat domain
reconstituted with Mn(ll), Fe(ll), and Co(If It appears (Figure 10). Interestingly, proteolytic cleavage in this domain

thus that within the group of catalytically active PPPs, leads t‘?t thte Fe”?f‘?"a' t(')f the three r?p;e?t m?t\';? ggd a
divalent metal centers are the rule, but various combinationsCoNcoMitant significant increase in catalytic activity,

may occur. For instance, X-ray fluorescence and anomalousSU99€sting a regulatory mechanism similar to that of mam-
dispersion data indicate the presence of three different metamalian PAPS (see section 2). _ _
ions, Mn(ll), Fe(ll), and Zn(ll), in the ratio 1:0.35:0.15in  While PP is considerably smaller than its eukaryotic
the active site of PPE8 counterparts (221 amino acid residues as compared to 330

Less is known about the metal ion requirements of PPMs. residues for PP1 and 524 for PP2B), its three-dimensional

; ; : fold in the catalytic core is very similar to that of other
The biologically relevant metal ions are unclear, but human . . .
PP2C is activated most efficiently by both Fe(ll) and Mn(lly "~ PS? ith the active site located on the surface of the
and to some extent by Mg(ll), while Cu(ll), Ni(ll), and zn(ll)  Protein in a shallow gAroove. The structure/6tP has been
tend to inhibit enzyme activit{2® For the recently detected determined to 2'125 resolution |n'the' presence qf both
Pst/Ppp fromM. tuberculosis metal ion analysis detected Mn(ll) and sulfate®> The metal-coordinating residues in all

only the presence of manganese: no significant quantities OfPPPs characterized to date are identical, and their relative
iron or zinc were foundt? Further'more in assays, Mg(ll) geometries are well-conserved. The active sites of PPPs are

ca(ll), Ba(ll), zn(ll), and Li(l) were not able to substitute thus exemplified here by the structure Z#P (Figure 11).
Mn(ll) in vitro, even at concentrations as high as 4 1.

The pH optima of PPPs are at neutral to moderately
alkaline pH®4! An analysis of the pH dependence of the
keat fOr the hydrolysis ofpNPP by APP has indicated the
presence of at least two protonation equilibria relevant to
catalysis (Kaz ~ 7.7, Kaz ~ 8.6)14! The more acidic
equilibrium is likely to describe the deprotonation of a
divalent metal ion-bound water molecule, the proposed
nucleophile, while the basic limb may be associated with a
residue involved in substrate bindifg.Similar to PAPs,
PPPs display a decreasing affinity toward substrates at
increasing pH values.

For the best characterized member of the PPM family,
human PP2C, a pH dependencekgf similar to that of the
PPPs has been reported, witkap~ 7 and Ky, ~ 9.142.143
The K, is also proposed to be associated with the
deprotonation of a metal ion-bound water molecule, while a
site-directed mutagenesis study has identified a histidine
residue (His62) as the likely group that needs to be
protonated for catalysis, possibly in order to act as a proton
donor for the leaving grouff?®

PPPs are inhibited by a number of tetraoxo anions to an
extent similar to that of PAPS"144 For instance, at their

respective optimal pH, both groups of enzymes are moder- _. _ : -
- s Figure 10. Ribbon diagram depicting the overall fold of PP5 (PDB
ately and competitively inhibited by orthophosphaie { code 1WAO). The N-terminal tetratricopeptide repeat is circled.

1 mM) 4144 Both are also strongly inhibited by orthovana- - proteolytic cieavage within the repeat segment leads to significant
dater*+1*5Since phosphate and vanadate are believed to bejncrease in reactivitys152The two metal ions are shown as purple

substrate and transition state analogues, respectively, thesepheres.
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Figure 12. Ribbon diagram depicting the overall fold of PP2C
(PDB code 1A6Q). The orientation and structure of the circled
region (flap region) varies between different PPM structures. It is
hypothesized that the location of this region relative to the binuclear
center may play an important role in the regulation of enzyme
activity 117 The two metal ions are shown as purple spheres, and
the bound phosphate is shown as a stick model.

Figure 11. The active site ofiPP complexed with sulfate (PDB
code 1G5B). Sulfate binds in two different modes to the active bound structures of sweet potato PAP and the di-Ni(ll) urease
site, (A) monodentately to the metal ion in site M2 and (B) from B. pasteurii®*8In summary, structural similarities in
g:qd degﬁaé?gbrﬁ'iwaﬂﬁg g'ltslﬁgg;g ztgimﬁ;fgc'ﬂ%i% rt]’”n?gge the active site of PAPs and PPPs support the hypothesis that
has been observed for pﬁosphate in the active site of sweet potat(pOth systems employ a similar catalytic m‘_aChamsm'
PAP 64 PPMs are unrelated to PPPs (and PAPSs) in terms of overall
structure and sequenéeCrystals of human PP2C were
The two metal ions are separated by 3.5 A and, similar to obtained in the presence of Mn(ll) and phosphate. The
PAPs, are bridged monodentately by an oxygen atom of aprotein consists of two domains, an N-terminal catalytic
conserved aspartate (Asp49). Additional ligands to the metal domain of 290 amino acid residues, and a smaller 90 residue
ion in site M1 are His22, Asp20, and three water molecules C-terminal domain (Figure 12). The N-terminal domain has
(or one water molecule and a bidentately bound sulfate a central pair ofs-sheets that are flanked on either side by
ligand; Figure 11). The Mn2 site is coordinated by nitrogen a pair of a-helices. The binuclear metal center is held in
atoms from His139 and His186, and three oxygen atoms, place by the loops at the ends of tffestrands'?®®> PPPs
one of which is donated by Asn75. The remaining two contain two sandwichefloSo8 motifs with parallels-strands
oxygens are either from a bridging water molecule and a in the catalytic core. Loops at the C-terminal ends of these
monodentate sulfate, or from a bidentate sulfate (Figure 11; parallel strands contain the ligands to the metal ions in the
note that the asymmetric unit contains three enzyme mol- active site. A similar arrangement is also observed in PPMs;
ecules, in two of which sulfate binds terminally to M2 and however, the two sandwichgtisheets have an antiparallel
in one it binds in a bidentate mode). Similar to PAPs, the orientation. Recently, the crystal structure of another member
two metal centers can be distinguished with respect to theirof the PPM family, the catalytic domain of resting.
metal ion affinitiest> However, in contrast to PAP4PP tuberculosisPstP/Ppp, has been determined to 1.957A.
displays a higher affinity in site M2Kp(Mnll) ~ 2 uM). Despite low overall sequence homologyl(7%), the struc-
The active site geometry of PP5 is in essence equivalenttural fold of the bacterial enzyme resembles that of human
to that of APP238 although it is, at present, not known if the PP2C, with an rmsd of 2.2 A for all € atoms within the
two metal centers have different binding affinities. The bulk of the catalytic domain. Furthermore, the residues and
structure was solved in the presence of phosphate, whichsolvent ligands in the immediate vicinity of the metal centers
binds in a bridging, bidentate mode to the metal ions. Overall, are strictly conserved. There are, however, two striking
the geometric arrangement in the active site of PP5 in the differences. First, the presence of an additional C-terminal
presence of phosphate is very similar to that observed for domain in human PPC2, and second, a small subdomain, or
pig and red kidney bean PAP% flap, associated with the catalytic domain, has different
Structures of the resting statesA®P and PP5 have not orientations in the two enzymes (Figure 12). Associated with
yet been solved, but crystallization #PP in the presence this subdomain is a third metal ion in PstP/Ppp that is not
of sulfate results in two distinct active site conformatighs. present in PP2&- The specific role of the third metal ion
In one conformation, sulfate is monodentately bound to the is unclear, but it may fulfill a regulatory function by
site M2 metal center and a bridging water molecule ensuresmodulating the location of the flap relative to the binuclear
six-coordinate, distorted octahedral geometries for both metalactive site. The flap region may thus play a role similar to
ions (Figure 11A). This arrangement is equivalent to the that of the mobile loop in mammalian PAPs (see section 2).
sulfate-bound structure of rat PAP (see sectioff Blter- In the active sites of resting PPMs, the metal ions are
natively, sulfate is also found to bind to both metal ions in separated by-4 A and bridged by a water molecule (Figure
an unusual tripodal arrangement (Figure 11B), where three 13). In addition, the increased metahetal distance in these
of the ligand oxygen atoms coordinate to the metal ions. This enzymes in comparison to PAPs and PPPs is consistent with
arrangement is rare but has been observed in the phosphatea bridging aspartate residue coordinated-ih,3 rather than
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Figure 13. The active site of PstP/Ppp (PDB code 1TXO). Two

Mn(ll) ions are present in the active site (M1 and M2). A third Q NH His139
manganese (M3) is observed in the flap region. The bridging >/NH2

aspartate ligand coordinates inl,3 mode contrasting the-1,1 Asp49 O

mode observed in PAPs and PPPs. Asn75

Figure 14. Proposed mechanism of hydrolysis by PPPs. The
u-1,1 mode. Site M1 is further coordinated by four oxygen bridging water molecule between the two metal ions is in an ideal
atoms, two from conserved aspartate residues (Asp191 andposition for a direct in-line nucleophilic attack on the phosphorus
Asp229 in PstP/Ppp) and two water molecules, while site atom of the substrate.
M2 is also coordinated by a backbone carbonyl oxygen
(Gly39) and three water molecules. It is not known if the
two sites differ with respect to their metal ion affinity.
Interestingly, in PP2C, none of the oxygen atoms of bound
phosphate directly coordinate to the metal idftdnstead,
two oxygens form hydrogen bonds with three water ligands,
two of which are terminally bound to the metal ions and
one is bridging. Two additional hydrogen bonds between
phosphate oxygen atoms and the conserved Arg20 further
stabilize the ligand!"12>

backbone carbonyl oxygen atom of His186, whose side chain
coordinates to the metal ion in site M2 (Figure 11). Notably,
the same hydrogen bonding interaction is also conserved in
PAPs8465 Another interesting correlation between PPPs and
PAPs is the unusual tripodal coordination modes for sulfate
and phosphate in the active sitesA®fP and sweet potato
PAP, respectively (Figure 11B), an observation consistent
with a role of the bridging water molecule as a nucleo-
ph ile 64,92

Kinetic isotope studies withPP and PP2B have shown

; ; that as a consequence of the nucleophilic attack a highly

3.3. Catalytic Mechanism dissociative transition state is form&@:15415%At least inAPP,

The previous discussion has illustrated that different PPPsthe cleavage of the phosphoester bond is rate-limitthg.
are likely to employ the same mechanistic strategy to catalyzeHengge and co-workers have shown that the equatoti@l P
hydrolysis of phosphate ester bonds. Furthermore, thebonds in the trigonal bipyramidal transition state are strongly
reaction mechanism of PPPs is closely related to that of polarized, a conformation that is stabilized by interactions
PAPs. with the two metal ions and the conserved active site residues

In the initial step (Figure 14), substrate binds to the active Asn75, Arg53, Argl62, and His78! As the bond order
site. On the basis of steric considerations, it has beenbetween the phosphorus and the oxygen atom of the leaving
proposed that the likely binding mode involves the formation group decreases, the development of negative charge on the
of a u-phosphate bridge, since this would be the least latter will facilitate its protonation. The most likely candidate
rearrangement required to accommodate the leaving ¢fdup. as a proton donor, supported by both structural and site-
Interactions between the noncoordinating oxygen atoms of directed mutagenesis studies, is Hi§768141
the substrate and the positively charged, conserved residues Following the decay of the transition state and the release
Arg53, Arg162, and His76 stabilize this conformation in the of the leaving group, phosphate is anticipated to remain
enzyme-substrate complex (unless mentioned otherwise, bound to the active site in a tripodal coordination mode, as
residue numbers are corresponding to AR® sequence). observed in the structures of sulfate-bouP (Figure 11)

In the next phase of catalysis, a nucleophilic attack on and phosphate-bound sweet potato PAP.
the phosphorus atom induces hydrolysis (Figure 14). Kinetic  In the final stage of catalysis, the active site has to be
isotope effects and the apparent lack of phosphoenzymeregenerated for the next cycle by expulsion of the phosphate
intermediates have indicated that a water molecule (hydrox-group and the formation of a-hydroxide bridge. His76
ide) coordinated to the binuclear metal center is the only needs to be protonated in the process, but the identity of the
likely nucleophile$®4153In the enzyme-substrate complex  proton donor is currently unknown.
described above, the only water molecule present in the The mechanism employed by PPMs has received less
active site is the one bridging the two metal ions (Figure attention than that of other binuclear metallohydrolases
14). This is in an ideal position for an in-line attack on the and is based mainly on research from Denu and co-
phosphorus with an O(N)P—O(R) angle of~180 (O(N) workers®142143|n the current model, substrate binds in a
and O(R) are the oxygen atoms of the nucleophile and mode similar to that of phosphate in the active site (Figure
leaving group, respectively§® The assignment of the 15); no direct coordination to the metal ions occurs, but the
bridging water molecule as the nucleophile is further conserved residue Arg20 assists in enhancing substrate
supported by the observation that its orientation relative to binding and orientatiof® In this conformation, the bridging
the substrate is stabilized via a strong hydrogen bond to thewater molecule is proposed to be the most plausible
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Figure 15. Proposed mechanism of hydrolysis by PPMs. The
substrate does not coordinate directly to the metal ions. Instead, it
is hydrogen-bonded to two terminal water ligands. Residue Arg20
plays a crucial role in substrate orientation. The bridging water
molecule is proposed as nucleophile and is activated through
hydrogen bonding with Asp229.

nucleophile, activated via hydrogen bonding interaction with
an aspartate ligand to the metal ion in site M1 (Asp229 in
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a remarkably low-error frequency during replication. The
estimated mutation rate of1071° to 1072 per replicated
base pair is attributed to both high-fidelity polymerase activ-
ity and low-error frequency in the proofreading procggs.”

Six classes of DNA polymerases have been identified,
distinguished by their amino acid sequences and structural
characteristic$° These classes are labeledEascoli DNA
polymerase | (Pol I)E. coli DNA polymerase II (Pol II,
which also includes archaebacterial and eukaryotic DNA
polymerases)E. coli DNA polymerase Il (Pol Ill), DNA
polymerase D (found in euryarchaea), as well as families X
and Y, which lack 35 exonuclease activit}£®181

Pol 1l is different from other DNA polymerases, since it
contains the DNA polymerase and3 exonuclease activites
on separate subunit® 182 Apart from theo subunit (130
kDa), which contains the polymerase activity, and the
subunit (28 kDa), which contains thé-8 exonuclease
activity, the catalytic core of Pol Ill has a third component,
a small 9 kDa protein labeled tifesubunit!6:183.184Although
its precise role is unknown at present, it has been shown
that thed component binds to the N-terminal domain of the

PstP/Ppp; Figure 15). From an analysis of the pH dependence subunit!®>1#Consequently, the'®’ exonuclease activity

of kinetic parameters, aiq of ~7.5 is associated with this
nucleophilet*? A Brgnsted correlation has shown that the
transition state of PP2C develops a moderate charge buildup
similar to that reported for pig and red kidney bean
PAPs%142 This observation is consistent with a partially
dissociative mechanism. The breakage of theOPbond is

not likely to be rate-limiting, since pre-steady-state kinetics
measurements have detected an initial product burst, followed

is increased by a factor of 2. A combination of NMR and
electrospray ionization mass spectrometry has further indi-
cated that the subunit does not directly interfere with the
active site structure but may assist binding of substrate to
the active site of the'ss’ exonucleasé®’188 Additionally,
componentf also increases the thermostability of the
subunitt®®

Apart fromE. coli, 3-5' exonucleases have been identified

by a slower steady-state rate (instead, the release of phosphati@, and at least partially characterized from, various sources.

is proposed as the slowest step in the catalytic cyfei®).
The release of the leaving group necessitates its protonation

Examples are the humanr-@&pair exonucleases 1 and 2
(TREX1 and TREX2)601%0the human Werner syndrome

A recent site-directed mutagenesis study indicates that theproteini®-19 the exonuclease components of human,

likely proton donor in PP2C is a histidine residue (His62 in
PP2C)}*3 Interestingly, although the overall structure of the
active sites of PP2C and PstP/Ppp frbintuberculosisare
very similar, the latter does not have a histidine residue
corresponding to His62 in PP2E.At present, no candidate

mouse, and rat p53*the 3-5' exonuclease activity of the
human metastasis suppressor NM23ff1Choristoneura
fumiferananucleopolyhedroviral ‘3repair exonuclease (V-
TREX);1% the 3-5' exonuclease activity associated with
apurinic/apyrimidinic endonuclease (Apel) found in human

as general acid has been identified for the reaction catalyzedeukemia cell$®7 E. coli exonuclease 1% and the 35

by bacterial PPMs.

4. 3-5 Exonucleases

4.1. Biochemical Characterization and Function

3'-5' exonucleases (E.C. 2.7.7.7) are part of the DNA
replication process and catalyze the hydrolysis'@éé8minal
nucleotides from single-stranded DNA, although double-
stranded DNA can also be a substr&fe’%? Their primary
role is in proofreading during replication, where misincor-
porated nucleotides will be excised (via hydrolysis of the
3'-terminal phosphodiester bond), thus, ensuring genome
integrity 163169

In general, 35 exonucleases are a component of DNA
polymerases, large multifunctional enzymes that also contain
polymerase and's’ exonuclease activitidd? 173 In most

exonuclease activities &. coli RNase T°° and the human
DNA damage checkpoint protein hRa#f9.Their overall
sequence homology is low, with20% identity?°! However,
three conserved sequence motifs are recognized, termed Exo
I, Exo I, and Exo lll, that contain most of the metal-
coordinating and catalytically relevant amino acid resi-
duest®8192.202207 Exq ||| generally displays greater sequence
variability than the other two motifs.

3-5' exonuclease activity has a strict requirement for
divalent metal ions, in particular Mg(ll), Mn(ll), and
Zn(11),208-211 glthough it is not known which metal ion is
preferred in vivo. For the subunit of Pol lll, rates of
hydrolysis are optimal in the presence of Mn(ll) withka;
of 334 min compared to &4 of 20 min? for an enzyme
reconstituted with Mg(I1}#° For a catalytically competent
enzyme, two metal ions are required in the active site.
Mutations that affect metal ion binding generally lead to a

systems studied to date, the three catalytic activities residesignificant loss in enzyme activity, as was shown by site-

in different structural domains of the same polypeptide chain.
Apart from their obvious role in DNA synthesis, DNA
polymerases from thermophiles (e.@hermus aquaticys
have become a routine reagent in molecular biology, finding
application in techniques such as the polymerase chain
reaction (PCR}/#1">DNA polymerases are characterized by

directed mutagenesis experiments on various exo-
nuclease&%®22-218 For example, a mutation of the second
coordination sphere residue Asp424 to alanine in thg 3
exonuclease oE. coli Pol | resulted in complete loss of
enzymatic activity, since only one metal ion was able to bind
to the active sité®®
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Similar to PAPs, 35 exonucleases have a high- and low-
affinity site for the metal ions (sites M1 and M2, respectively;
see below). In the case of T4 DNA polymerase, Mg(ll)
binding studies utilizing fluorescence steady-state emission
have shown a high-affinity metal binding sit€¢y(= 5.1 M)
and a low-affinity site Kp = 2.5 mM)?22° Lanthanide binding
(Eu(lll) and Tb(lll)) to 3-5 exonuclease domains in T4
DNA polymerase and. coli Pol | has been analyzed by

Mitic et al.

the pH dependence of enzymatic activilg,] indicates a
lower K, value of~7.7 (for thee subunit ofE. coli Pol 111)

and ~9.8 (for 3-5' exonuclease oE. coli Pol I) that is
associated with a mechanistically relevant protonation equi-
librium 158189 For thee subunit, the catalytic rates fqN-
dTMP hydrolysis are-1 st at pH < 6.5 and~7 s at pH

> 9.01% The observation that this'-3' exonuclease has
substantial activity even at low pH values has led to the

luminescence spectroscopy. These studies have confirmeduggestion that, depending on the pH, a different reaction

the presence of a high-affinity site in both systems Wdth
values of 0.8 and 1.8M, respectively; binding affinities to
a lower affinity site could not be determined accuratély.

mechanism may apph#? Details of the mechanism of &'
exonuclease-catalyzed reactions will be discussed below.
Interestingly, recent pre-steady-state kinetic studies with

EPR spectroscopy has shown, for the Pol | enzyme, that siteshe 3-5' exonuclease activities of RB69 apd9 polymerase

M1 and M2 have Mn(ll) binding affinities corresponding to
Kp values of 2.54M (tight) and 600uM (weak), respec-
tively.??? Interestingly, the addition of the reaction product
deoxythymidine 5monophosphate (dTMP) increased the
affinity of site 2 ~100-fold, while site M1 was largely
unaffectec??? A recent Mn(ll) titration of thee subunit of

E. coli Pol lll (monitored by EPR) has also demonstrated a
significant variation in metal ion binding affinity for sites
M1 and M2 in this enzymeKp = 15 and 300uM,
respectively) (Miti¢ N., and Schenk, G,, unpublished results).
Mn(ll) can only bind to site 2 in the presence of dTMP; in
its absence, a mononuclear center is formed with Mn(ll)
bound to site M1 Kp = 10 uM). Thus, substrate/product-
induced formation of a catalytically fully active binuclear
center may be a regulatory mechanism to control proofread-
ing activity in vivo, allowing for an optimal coordination

between the processes of DNA synthesis and proofreading

(e.g., a permanently active exonuclease may affect the
selectivity of the editing process).

Most previous kinetic studies of-8' exonucleases utilized
radiolabeled single-stranded or primeéemplate DNA sub-
strates, the latter with mismatched-t8rmini158.186.223224
Assays with single-stranded DNA have shown that ¢he
subunit is far more reactive than thes8 exonuclease activity
of E. coli Pol I, with k. values of ~200 and~1 s,
respectivel\:>8 More recently, thepara-nitrophenol ester of
deoxythymidine 5monophosphatepNP-dTMP) has been
used as substrate to directly monitor spectrophotometrically
the formation of the product of the hydrolytic reactipaya-
nitrophenolt8225In general, it has been found that the rates
of hydrolysis of pNP-TMP by various exonucleases are
significantly lower than those determined for the hydrolysis
of polynucleotide substrates. For exampig,values reported
for the hydrolysis ofpNP-TMP and single-stranded DNA
by thee subunit of DNA Pol Il are 0.32¢ (at 25°C and
pH = 8.0) and 200 s' (pH = 8.0), respectively®224Similar
trends have been observed for thé&'3exonuclease domains
of E. coliDNA Pol | and T7 DNA polymeras&>2?°A region
(residues 144157) in T7 DNA Polymerase has been
identified as being crucial for DNA binding during catalysis.
While the deletion of this region does not affect thHeb3

under single turnover conditions have provided no evidence
for a pH dependence of the activity in the pH range-6.5
8.5%7This difference has been interpreted in terms of a rate-
limiting step preceding the excision of the&-t8rminal
nucleotide.

4.2. Structural Characterization

The first 3-5' exonuclease structure reported was for the
proofreading activity fronE. coli DNA Pol 1.172 Over the
past decade, several crystal structures'é¥ &xonucleases
have been determined. Among them are those Bawillus
stearothermophilud?® bacteriophages TZ230 T4231
and RB6%:%? phage $29;?2® Desulfurococcussp. Tok;?3
Sulfolobus solfataricys® Pyrococcus kodakaraengi& 23’

T. aquaticug®® Thermococcusp. 9 N-7;2%° and Thermo-
coccus gorgonariu® Recently, crystal structures of thke
subunit ofE. coli Pol Il and of human TREX2 have been
solved?01.241A structural comparison reveals that despite low
sequence homology (e.g+17% sequence identity between
the e subunit ofE. coli Pol Ill and 3-5' exonuclease domain

of T4 DNA polymerase§# their overall structural fold is
conserved with the characteristic five-stranded, antiparallel
p-sheet structure in the center surrounded by several
o-helices (Figure 16).

The active sites of most-8' exonucleases are very similar,
with four conserved carboxylate groups and a histidine or
tyrosine side chain (Figures 17 and 18), and are located in
geometrically equivalent positions. In addition, their bi-
nuclear metal centers have very similar coordination environ-
ments. The exceptions are the recently isolated and charac-
terized 3-5' exonuclease activities associated with DNA
polymerases of class D (see above) frethanococcus
jannaschif*®244 and Pyrococcus horikosh#*® Unlike 3-5'
exonucleases from the Potlll classes, these enzymes
contain predominantly histidine-rich active sites, similar to
those of PPPs (Figure 11) and nucleases such as Mrel1 from
Pyrococcus furiosu¥*®

An initial analysis showed that in the absence of a substrate
analogue or product the exonuclease active site'df 3
exonuclease from Pol | contains only one metal ion. This
observation is in agreement with spectroscopic data, which

exonuclease active site, it leads to a substantial decrease ofaye demonstrated that the addition of dTMP to the enzyme

the hydrolytic activity in the presence of DNA substrates,
indicating that substrate binding may trigger conformational
changes required for optimal catalytic efficiertéy.

A majority of 3-5' exonucleases have optimal activity in
alkaline environments with pH optima ranging from 7.5 to
10.2158.189.216The pH dependence of th&, values of thee
subunit of E. coli Pol Il for the substratepN-dTMP
associates a basic amino acid withk,p>8.5 in substrate
interactions (possibly Arg158¥? Similarly, an analysis of

facilitates the formation of catalytically active binuclear
centers (see above). The crystal structure-& 8xonuclease
from Pol |, crystallized in the presence of dTMP, shows two
metal ions with different coordination geometries separated
by ~3.9 A (Figure 17B).72 Site M1 has five ligands and is
coordinated by five oxygen atoms from Asp355, Asp501,
and Glu357, the phosphate group from dTMP, and an
hydroxide group. This site has a high affinity for the metal
ion and is occupied by a metal ion even in the absence of
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Figure 17. Active site structures of various'-8' exonuclease
domains. (A) Human TREX2 (PDB code 1Y97); (B) DNA Pol |
(PDB code 2KZM); (C)E. coli exonuclease | (PDB code 1FXX);
and (D) exonuclease of bacteriophage T4 DNA polymerase (PDB
code 1INQY). Three aspartate residues and one glutamate are highly
conserved among'-®' exonucleases and coordinate to the two
divalent metal ions in the active site. Additionally, active sites
generally contain a conserved tyrosine or histidine residue which
does not act as a ligand but plays an important role in catalysis.
Note that structure A has no metal ions present (enzyme was
crystallized in the apo forfi?) and structure C has only one metal

ion present as a result of crystallization conditions (the enzyme
was crystallized in the absence of substrate/product, and under these
conditions, only one metal ion bind¥%

Site M1 Site M2
His162

Figure 16. Comparison of overall structure and fold of the 3
5'exonuclease domains from various DNA polymerases. (A) The
€ subunit of bacterial DNA Pol Il (PDB code 1J53); (B) human
TREX2 (PDB code 1Y97); (CE. coli exonuclease | (PDB code
1FXX); (D) exonuclease domain of bacteriophage T4 DNA
polymerase (PDB code 1NOY); (E) human antiviral ribonuclease
ISG20 (PDB code 1WLJ); (F) exonuclease from the hyperthermo-
philic archaeonP. kodakaraensigPDB code 1WN7); (G) exo-
nuclease domain of DNA Pol | (PDB code 2KZM); and (H)
bacteriophag@®29 DNA polymerase (PDB code 1XHX). There is

a significant structural similarity of the exonuclease domain in
various DNA polymerases. The active site metal ion(s) are shown
as spheres, and the products of the exonuclease reaction (TMP and
UMP molecules) in the case of tlesubunit (A) and 1ISG20 (E)
are shown as sticks.

dTMP (i.e., this site is equivalent to the chromophoric Fe(lll)-
binding site in PAPSs). Site M2 has six ligands, but only one
is from the protein. The metal ion is coordinated to six
oxygen atoms, one from the bridging Asp355, two from the rigyre 18. Active site structure of the subunit ofE. coli DNA
bound phosphate group of dTMP, and three from water pol Il complexed with dTMP at (A) pH= 8.5 and (B) pH= 5.8.
molecules. This site represents the low-affinity site (site M2; Only the phosphate moiety of dTMP is shown for clarity. The
equivalent to the redox-active site in mammalian PAPs).  phosphate group bidentately coordinates Mn(ll) in site M2 or M1
An interesting discovery has been reported for the crystal at high or low pH, respectively. The two Mn(ll) ions are shown as
structure of thes subunit ofE. coli Pol Ill, determined in  PurPle spheres.
the presence of Mn(ll) and dTMP at two different pH values three from Asp12, Asp167, and Glul4 and two from bound
(pH 5.8 and 8.5; Figure 18! With respect to the amino  phosphate, one of which is bridging (Figure 18B). The
acid side chains in the active site, and the coordination coordination geometry is trigonal bipyramidal and very
geometry of the two Mn(ll) ions, the two structures are very similar to that of site M1 in the '35’ exonuclease fronk.
similar. The two metal ions are separated by 3.7 A, and no coli Pol | (Figure 17B). The Mn(ll) in the low-affinity site
bridging water molecules are present. The primary differ- M2 has highly symmetric octahedral geometry with six
ences between the two structures are the bridging mode ofoxygen ligands, only one from the protein (the bridging
dTMP and the coordination of terminal water molecules. In carboxylate of Asp12; Figure 18). The remaining ligands are
the low pH structure, the Mn(ll) ion in the high-affinity site  provided from four terminal water molecules and from the
M1 has five ligands and is coordinated by five oxygen atoms, bridging phosphate. Again, this site is very similar to the
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corresponding site in thé-3' exonuclease frork. coli Pol T
| (Figure 17B). A 5(
In the high pH structure (Figure 18A), the metal ion in H162 ¢ p i
site M1 is still five-coordinate; however, the phosphate group NH) /‘ o R
of dTMP only interacts with its bridging oxygen atom. The e /P\O/
fifth ligand is a water molecule occupying nearly the same g1a 9 R HQ /
position as the terminal oxygen atom of the phosphate group ‘\//\ \Mm \h}nz/o\
of dTMP in the low pH structure. In contrast, a second o// ~ O/\ L
oxygen atom from this phosphate group displaces one of the N0 D12\$
water ligands in site 2 in this high pH structure. Both at low D‘@/ /O\H o

and high pH, the conserved residue Hisl62 plays an
important mechanistic role. At low pH, it is protonated and
hydrogen-bonded to the terminal oxygen ligand from the
bound phosphate group in site M1 (Figure 18B). At high
pH, it is deprotonated and within hydrogen bonding distance
of the water ligand coordinated to site M1, which is expected

to lower the (X, value of this ligand. The mechanistic N (\ S R

implications of this observation will be discussed below. f_\‘H\\‘oA-- """" l HO\_

Similar interaction of substrate/product has been previously Et4 | /0\\

observed in other exonucleases. ‘\/L __int M Z/l\H
Similar coordination geometries have been observed in o 0 /o o

other 3-5' exonucleases, for example, in the proofreading
activity of Pol | (Figure 17B) and the recently published
structures of the human interferon-induced antiviral ribo- ‘Oxk/
nuclease ISG2®” and human TREX2% The observed 103
structural similarities in '35 exonucleases suggest that these
enzymes employ a common catalytic mechanism, outlined
in the next section.

H162

/ ~NH
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Figure 19. Proposed mechanism of hydrolysis by theubunit of
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4.3. Catalytic Mechanism

The hydrolysis of nucleic acid diester bonds by53
exonucleases results in the formation of a deoxynucleoside
5-monophosphate and a freé-I8/droxide group at the
shortened DNA substrate. The following discussion on the
mechanism of 35" exonucleases is mainly based on recent
insights gained from the crystal structures and kinetic studies
for the e subunit ofE. coli Pol Ill, but since the active site
residues and geometry are conserved, it is likely that the

mechanism shown in Figure 19 is generally valid for this E. coli DNA Pol Il at high pH. (A) Substrate binding: (B)

group of .en-zymeggg,zw,zw . ) . nucleophilic attack and release of leaving group; (C) regeneration
In the initial stage of catalysis, a nucleic acid substrate of the active site; the product-bound state resembles that of the
binds to the active site of the enzyme. Pre-steady-state kineticc—dTMP complex at low pH (Figure 18B). Adapted with permis-
measurements with the subunit have shown that the sion from ref 189. Copyright 2002 American Chemical Society.
enzyme-DNA complex is formed rapidly, withk: = 280
s 1.224 Although DNA binding itself is thus not likely to be ~ from T4 DNA polymerase based on the pre-steady-state
the rate-limiting step in the reaction, the structure of the DNA Kkinetic studies with matched and mismatchede3mini of
duplex has a significant effect on the catalytic efficiency of the primer-DNA duplex. Different rate constants for matched
3-5' exonucleasé* The preferred substrate is single- (1 s!) and mismatched'3ermini of the primers (5¢)
stranded DNA,; it has been shown that in a series of duplex implicated “melting” of DNA duplex as the necessary
DNA oligonucleotides with increasing numbers of mis- activation step, that is, the rate-limiting step prior to the fast
matched base pairs at thet8rminus the rate of hydrolysis ~ exonucleolytic cleavage (100%.248
increased?* To accommodate observed catalytic rates, a The precise coordination of the substrate in the active site
model has been proposed that invokes a mechanism, wherebys, at least in the subunit ofE. coli Pol Ill, pH-dependent
DNA binds rapidly to the active site in a form that is not (see above}*! In the structure of the subunit—dTMP
susceptible to hydrolysi&# Structural rearrangements (DNA  complex, determined at pH 8.5, the phosphate group of
“melting”) lead to activated DNA, termed DNA*, thatis the  dTMP binds with two oxygen atoms to the metal ions: one

preferred substrate for-8' exonuclease. The rate constant
for hydrolysis derived from this model is in good agreement
with rate constants determined for the hydrolysis of single-
stranded DNA substraté% The observation that duplex
DNA binds rapidly to the enzyme, but hydrolysis is delayed,
has led to the suggestion that DNA “melting” may be the
rate-limiting step in the proofreading reacti&A A similar
conclusion has been drawn for the53 exonuclease activity

bridges the metal ions, and one is terminally bound to the
site 2 metal ion (Figures 18 and 18}.Importantly, the site
1-coordinated water molecule forms strong hydrogen bonds
with the deprotonated His162 and Glul4 side chain, which
leads to the generation of the reaction-initiating hydroxo
nucleophile (Figure 19A). The significance of His162 is
illustrated by a comparison td-3' exonuclease fror&. coli

Pol I. Instead of a histidine residue, this enzyme has a
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tyrosine ligand in the equivalent positidtf. The higher 5. 5 -Nucleotidases

basicity of the histidine side chain in thesubunit ofE. coli

Pol Il is likely to promote formation of a more potent 5.1. Biochemical Characterization and Function
nucleophile, a proposal that is consistent with the observed
increased reactivity of this enzyme relative to the Pdt5'3
exonucleasét! Attack by this nucleophile on the phosphorus
leads to the formation of a trigonal-bipyramidal transition
state (Figure 19B). At present, it is not known if bond

5'-NT (E.C. 3.1.3.5) is a member of the calcineurin super-
family (see section 3) of binuclear metallophosphati3és
and catalyzes the dephosphorylation of ribo- and deoxyribo-
nucleoside 5monophosphates to the corresponding nucleo-

formation precedes bond breakage in this mechanism.Sides, thus, forming the catabolic arm responsible for
However, from the crystal structure of thedTMP complex, ~ Maintaining balanced nucleotide podis.

it has been inferred that following the abstraction of a proton 2 -NTS have been isolated _frorr;sgumergl;s sources, Lgclud—
by Glul4 the transition state collapses to form product N9 Multiple mammalian speciés;>*° birds?>*arthropods;
molecules®241 It is postulated that a site 2-bound water '€Ptiles?®! plantsi®2263and bacterig> 2% In animals, two

molecule acts as proton donor for the leaving alcohol group YPes of >NTs are present, but of these, only one form,
(Figure 19B)2*1 The phosphate group of the deoxynucleoside 'aPeled ecto-SNTs, has a binuclear centéf.* Ecto-S-
5-monophosphate remains coordinated with two oxygen NTs are typically bound to the outer surface of the plasma

atoms to the metal ions. However, while one oxygen is still mémbrane with their C-terminus anchored via a glyco-
bridging, the other one is now terminally bound to the site SY/Phosphatidylinositol (GPI) group, but have also been
M1 center (Figure 19C), in a mode simiiar to that observed S0lated in soluble form¢"2%*The amino acid sequences of
in the low pH structure of the subunit complexed with ~ Mmammalian ecto&NTs are highly conserved, with an

: identity of greater than 85%?% In bacteria, different forms
O o, et L ricre Sopears o S hav s boen et 425 majorty o
exonucleas@l these enzymes seem to be binuclear systéhi& and
) although the overall sequence homology between homo-
It has been speculated that the role of metal ion M2 (lower gimeric mammalian ecto 8T and the monomeric bacterial
affinity site) isto st_ablhze the negative char_ge on the oxygen enzymes is low, their active site and substrate binding
atom of the leaving group. Kinetic studies of thé53 residues are conservéd:270

exonuclease domain of. coli Pol | employing DNA The best-characterized-ST to date is theE. colienzyme.
substrate analogues (deoxyrideSghosphorothiolates, where 6571 anrichment of the growth medium indicated tBatoli

a sulfur atom replaces the oxygen at thés@ving position) 5 NT contains at least one tightly bound zinc atd.
vv_erezgazgged out in order to probe the reaction mecha- Similarly, metal ion analyses of T purified from bull
nism=4>#These studies have shown that in the presencegeming| plasma, chicken gizzard, and snake venom have
of Mg(ll) the rate of exonucleolytic cleavage of S-containing ¢nawn these enzymes to contain at least one zinc atom per
substrates decreased 60 000-fold relative to that of O- j.tive site26! Interestingly, the Co(ll) derivative of the
containing substrates, whereas in the presence of Mn(ll), theenzyme is most activd*2720ther divalent metals, including
decrease was only 600-fold. These data represent the firStmanganese and magnesium, also promote actRigf2273
direct evidence that the low-affinity metal binding site \yhijle an excess of zinc has an inhibitory effé&Similar
interacts with th(.e'leavmg group by stabilizing its negative , PAPs, the metal ion composition does affect not only
charge®™® In addition, crystal structures of the-8 exo- reactivity, but also the pH dependence of kinetic param-
nuclease domain oE. coli Pol | complexed with single-  gters254.264.273rr E. coli 5'-NT with AMP as the substrate,
stranded DNA (deoxyribo-3&-phosphorothiolates) and Mn(ll) e optimal pH varies from 8.0 with manganese to 6.0 with
or Zn(ll) were consistent with the proposal that the sulfur 5 mixture of cobalt and calciuR$*273The pH dependence
atom in the 3position of the substrate does affect the binding s a5 governed to some extent by the nature of the
of the metal ion in the low-affinity sité! substrate’3 For di- and triphosphates, the optimum pH range
In the structures of the subunié—dTMP complex, is broad, ranging between pH 5.5 and 8.5. The etiNEs
determined at high and low pH (Figure 18), the phosphate derived from chicken gizzard and rat liver exhibit a pH
group of dTMP binds with two oxygen atoms to the metal optimum of 7.55%274while other enzymes exhibit broader
ions. One oxygen bridges the metal ions, and one is pH optima: pH 6.8-8.0 for the rat renal enzyr® and pH
terminally bound to one of the two metal ions, site 2 or site 8.0—9.0 for guinea pig skeletal muscle enzy&2’¢
M1, respectively (Figures 18 and 13}.Thus, at low pH, E. coli 5-NT hydrolyzes all 5ribo- and 5-deoxyribo-
substrate binding may displace the proposed nucleophile atnucleotides (including di- and triphosphates), with a prefer-
site M1 (see above). Instead, a site M2-bound water ence for AMP?52:264273The enzyme also hydrolyzes uridine
molecule, activated via a hydrogen bonding interaction with diphosphate suga®8-?’?and the synthetic substrates lpis-
Aspl03, has been proposed to act as the nucleophile (Figurenitrophenyl phosphate amqEnitrophenyl phosphatg{NPP),
18)18 Thus, in the proposed mechanisms at low and high which are widely used to assay enzyme activities in metallo-
pH, crucial roles for residues Asp103 and His162 are invoked hydrolaseg53258260The animal ecto-5NTs are more spe-
for the activation of proposed nucleophiles, a hypothesis cific. AMP is purported to be the major physiological
which awaits further substantiation via site-directed mu- substrate, and ADP and ATP are competitive inhibitors of
tagenesis studies. The proposed pH dependence of theAMP hydrolysis?®5276 Additionally, ecto-5-NTs do not
catalytic mechanism of the subunit of E. coli Pol Ill is hydrolyze p-NPP2%8 Inhibitors of the 5NTs include ad-
reminiscent of pH-mediated changes in the reaction cycle enosine 5[a,3-methylene]diphosphate (AMPCP)277:278
of some PAPs. For both sweet potato and proteolytically and concanavalin A*276but phosphate has no inhibitory
cleaved (activated) human PAPs, evidence has accumulate@ffect?® The selective inhibition by ATP and ADP of di-
that supports a model where the identity of the proton donor but not monoesterase activity iB. coli 5-NT has been
for the leaving group depends on pH (see ab&%&). interpreted in terms of two substrate binding sites, a catalytic
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site with high affinity and an inhibitory site with low affinity
for substraté’® The presence of two distinct substrate binding A
sites may also account for the observed deviatioB.afoli
5-NT from common MichaelisMenten behavior, sug-
gesting uncompetitive substrate inhibiti#3:264.273:279,280
This deviation is not observed in enzymes from other
sourceg’5277:281

The precise biological role(s) of 2Ts is still obscure.
In bacteria, these enzymes are believed to play a role in the
hydrolysis of extracellular nucleoside diphosphate sugars to
nucleosides and nonphosphorylated sugar products which are
readily transported into the cell, thus, providing a carbon
source for the cef®® The activity of 3-NTs within E. coli
cells is repressed by a protein inhibitor, possibly to prevent
the disruption of nucleic acid metaboligitt:269.272,282

Ecto-3-NTs are present in most animal tissé&sand have
been proposed to play a key role in nucleotide salvage by
dephosphorylating oxy- and deoxynucleotides. The abun-
dance of extracellular adenine nucleotides and the highFigure 20. Ribbon diagram depicting the overall fold & coli
affinity of ecto-3-NTs for AMP suggest that adenosine is 5-NT in complex with (A) ATP and (B) AMPCP (PDB codes 1HP1
the major nucleoside produced by ecteNd's. However, ~ 2nd 1HPU, respectively). The N-terminal domain is green, the
other extracellular nucleotides are also dephosphorylated b C-terminal domain is blue, the domain-linking helix is blue, and

Yihe metal ions are silver. Adapted with permission from ref 288.
this enzyme, albeit with decreased efficierdey. Copyright 2001 Elsevier pub”ghing P

Additionally, ecto-5NTs have been ascribed a role in the
inactivation of ATP, and the formation of adenostfawhich Site M1 Site M2
may be of particular importance in controlling the function His217
of ATP as an intercellular messengdeéfin the final step of
ATP inactivation, ecto-5NTs catalyzes the dephosphoryl- A4t
ation of AMP to adenosine, which can interact with specific \ < o / RH

receptors to induce an array of physiological functions ) NH,
including vasodilation, lipolysis, a decrease in glomerular ”N/\\ o S N )v
filtration rate, the inhibition of renin release, and the HiWN TN O/ Asnmio
inhibition of both neurotransmitter release and immune/ \ /
inflammatory respons®8283Although ecto-5NT may not /: o \

be the only enzyme that is involved in the generation of >\O "\ N 52
extracellular adenosine, there is evidence that its expression 72 \\NH °

and activity is functionally associated with adenosine receptor Gin254 & o
activation?®+286 |ts preference for AMP implicates ecté-5 0 /,/,N
NT in a wide range of physiological functiod%¥ suggesting Asp120\)l\o‘__NH 7

a possible role as a drug target.

His117

Figure 21. The active site ofE. coli 5-NT. In the absence of
substrate analogues or products, the two metal centers are five-

.The2§7r)2/838tal _structure OE. (?0“ 5'NT has b.e‘?” deter- coordinate. Adventitious carbonate (or acetate) is present as a
mined287:288 |t is a monomeric protein consisting of an consequence of the crystallization conditig#s.

N-terminal domain linked via aro-helix to a smaller
C-terminal domain (Figure 20). There are relatively few binding site in PAPs¥° Site M2 (Figure 21) is coordinated
interactions between the two domains, and they are separatego the nitrogen atoms of two histidine residues (His217 and
by a layer of water molecules& The substrate binding pocket His252) and an asparagine oxygen atom (Asn116). The
is located on the C-terminal domain, while the binuclear metal-ligating residues and the catalytic histidine are highly
active site is situated on the N-terminal domain, close to the conserved both betweerrHTs from different sources and
domain interface within a cleft approximately 20 A deep and in a number of other phosphoesterases, including PAPs and
15-17 A wide?253.287 PPPs121.287 Also shown in Figure 21 is the catalytic
The active site contains two Zn(ll) ions and has a positive His117-Asp120 dyad. Site-directed mutagenesis studies
electrostatic potential, attracting negatively charged phospho-have also invoked a catalytic role for the second coordination
ester substrates to the active $t€The zinc ions are 3.3 A sphere residue Glu118 (the Glu118GIn mutant is onBo
apart and, similar to PAPs, bridged monodentately by Asp84 as active as the wild-type), although its precise function in
and by either a water molecule or an adventitious bicarbonatethe active site remains to be determirfé&d.
or acetate ion (Figure 22§ The zinc ions are five- The structure oE. coli 5'-NT has also been determined
coordinate, with trigonal bipyramidal geomet#/.Site M1 in the presence of the bound ADP analogue AMPCP, ATP,
(Figure 21) has Zn also coordinated by two oxygen atoms and the reaction products adenosine and phosphate. In the
from Asp41 and GIn254 and one nitrogen atom from His43 presence of AMPCP, the active site contains two Mn(ll) ions
and represents the site with high affinity for the metal ion due to inclusion of manganese in the crystallization solu-
(i.e., this site is equivalent to the chromophoric Fe(lll)- tion2”° The metal ions are six-coordinate in an octahedral

5.2. Structural Characterization
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environment, bound to the seven amino acid ligands shown His217
in Figure 21, in addition to two water molecules and one of
the phosphate oxygen atoms (coordinated to Mn2, which A ° =
corresponds to Zn2 in Figure 21). One of the water/hydroxide /\\—/<

molecules bridges the two metal ions, while the other is HN o o N~/ NH,
terminally bound to Mn1 (corresponding to Zn1). Thus, the His43\)\>N\ N Z \Q\/Asnﬂs
active site geometry is similar to that observed for rat PAP ~/ \ ©

in the presence of bound sulfate (see sectiofi” Z)he 5
structure of the substrate analogue/inhibitor-protein com- o /
plexes indicate that the substrate binding pocket for nucleo- Gin254 \P
tides is mainly formed by residues in the C-terminal domain,

while N-terminal amino acids provide most of the catalytic HZN
residues’® Substrate binding is facilitated predominantly by Asp1zo r \(_/\ At 10
- . . . rg
HN
His117

His252

?

a hydrophobic stacking interaction between the ADP ana-
logue and the aromatic residues of Phe429 and Ph€491.
The comparison between-BIT structures with bound
AMPCP and ATP identified two distinct structural confor-
mations?®8 In the open form (ATP-bound structure; Figure
20A), the substrate binding pocket €25 A distant from
the catalytically active site. In the closed form, both the
substrate binding pocket and the active site are situated in
close proximity at the domain interface (AMPCP-bound Aspsa
structure; Figure 20B). The domain-connectindpelix acts Aspa1
as a hinge region facilitating the 9&otation required to —
toggle between open and closed conformatiShsThe NH
significance of domain rotation for catalysis has been TN O N/
demonstrated in two variants &. coli 5-NT with fixed His43 ~ >Z"\ /Z"\o%\/ Asn116
open (3-NT-O) or closed (5NT-C) conformatior?®® As /° g o N
expected, 5NT-O is unable to hydrolyze AMP. In contrast, /—( o o P E>/\ _
5-NT-C is approximately half as active as the wild-type P/ q His252
enzyme. The residual activity has been ascribed to partial Gln254 b ™~
interdomain rotation (432, presumably enabling substrate

)
binding, but with decreased efficiengs?. ASM r HZN\(NHZ
HN_/\ Arg410

5.3. Catalytic Mechanism

His217

His117

The bulk of mechanistic studies of-BITs have been
focused on thé. coli enzyme, but since all but one of the
catalytically relevant residues are conserved, the general
features of the reaction mechanism are anticipated to be
similar in the nonbacterial'NTs 252

In the initial step of the reaction cycle, the enzyme is in Aspsa
the open conformation allowing unhindered access for the Aspdt o
substrate to the C-terminal domain containing the substrate —
binding pocket. A structural comparison by circular dichro- NH
ism between resting wild-typ€. coli5'-NT and the 5NT-O ””/\\N // ., / \/N”z
mutant strongly suggests an open conformation for the former  his43 > /
in solution?>® Subsequently, substrate binding induces con- |\ c|> N
formational change via domain rotation, thus, positioning the / \H/ />/\
substrate in the interdomain region adjacent to the active site. Lo g His252

n.

His217

Asn116

In the second step of catalysis, the phosphate group is ®|
proposed to bind monodentately to the low-affinity metal Q /N TH
ion (site M2 in Figures 21 and 22). Hydrogen bonding ASM [/ \{_/\Argm
interactions between the phosphate group and the side chains o Y HN

of His117 and Arg410 ensure optimal orientation of the
substrate for attack by a nucleophile (Figure 22A). The
precise identity of this nucleophile is subject to debate, with
two metal-bound water molecules (one bridging the metal
ions and one terminally bound to the metal ion in site M1;
Figure 22B) proposed as likely candidatés2®8In accord

with the E. coli 5'-NT crystal structure with bound AMPCP  attack with an O(N)-P—O(R) angle of 155(O(N) and O(R)

(Figure 20B), the water molecule coordinated terminally to represent oxygen atoms of the nucleophile and the leaving
site M1 is 3.2 A distant from the phosphorus atom of the group, respectively¥:227°The K, values reported for Zn(ll)-

substrate and in an ideal position for an in-line nucleophilic bound water molecules in a range of model complexes

His117
Figure 22. Proposed mechanism of hydrolysis By coli 5'-NT.

(A) Substrate binding; (B) nucleophilic attack and release of leaving
group; (C) regeneration of the active site (see text for details).
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depend strongly on the coordination environment and range Another group of binuclear metalloenzymes with great
from 7.3 to 10.8°9-2% SinceE. coli 5'-NT is an efficient pharmacological potential is the metaffielactamase family.
catalyst even at pH 6, it seems likely that thi€,f the pB-Lactamases are of profound importance due to their ability
terminal water molecule is lowered through hydrogen bond- to hydrolyze, and thus inactivatg;lactam antibiotics. Of
ing interactions with His117 (Figure 22A). The pH depen- these, the metallg-lactamases are a major concern, since
dence of kinetic parameters fot-HT-catalyzed reactions  they hydrolyze virtually all knowrg-lactams and because
has not yet been analyzed in detail, but based on pH optimathere are no efficient inhibitors known to d&é3“Crystal
ranging from 5.5 to 9 for different enzymes, it appears that structures of several members of the metghtactamase
in some 5NTs the likely candidate for the role of a superfamily have been solved recerif§.31° The structure
nucleophile is the bridging water ligand, which is expected of the zinc-dependemi-lactamase fronFluoribacter gor-
to have a lower i, value?92.2%7 manii (FEZ-1) shows that the aspartate residue coordinated
Similar to the other binuclear metallohydrolases, the terminally to one of the zinc ions in the active site (Asp120)
transition state is proposed to be a pentacoordinated phosforms a hydrogen bond with the bridging water molecule,
phoryl species stabilized by hydrogen bonding interactions thus, activating the latter for its role as a nucleopPle1®
with the side chains of Asn116, His117, and Arg41%5ince Site-directed mutagenesis studies in the related metallo-
no general acid is positioned appropriately for protonation lactamase L1 fromStenotrophomonas maltophilidtave
of the leaving group, a role for a solvent water molecule as further lent support to the catalytic role of this aspartate
the proton donor has been invok&8l After hydrolysis, the residue; specifically, it has been suggested that it positions
tetrahedral phosphate ion remains bound to the active sitethe bridging nucleophile suitably for cataly$#4. This
in a bidentate fashion (Figure 22C), as observed in the crystalhydrogen bond interaction between a terminal aspartate
structures of pig and red kidney bean purple acid phos-ligand and a bridging water molecule is a common
phatase&%The release of the leaving group is presumably feature among the structurally characterized metailo-
assisted by a structural rearrangement, which returns thelactamase&!5-31°which is also observed in PPMs. A similar
protein to its open conformation. This latter step offers an hydrogen bonding interaction is established via a backbone
explanation for the observed substrate inhibition, since carbonyl oxygen atom from a histidine ligand for PAPs and
substrate molecules bound to a low-affinity, inhibitory sitt PPPs (see sections 2 and 3). Also of interest is the
may prevent domain rotation and thus the release of reactionobservation that FEZ-1, unlike most binuclear metallo-
products?>3 hydrolases, does not have a metal ion-bridging amino acid
In the final step of the catalytic cycle, phosphate is ligand, while one member of the metajielactamase family
removed and the catalytic site is regenerated for the next(rubredoxin:oxygen oxidoreductase (ROO) fr@@sulfasibrio
cycle. The crystal structure &. coli5'-NT complexed with gigas'® has a bridging aspartate ligand in thel,3
phosphate and adenosine indicates that phosphate mayoordination mode like PPMs and-8 exonuleases, and
change its coordination from bi- to monodentate prior to three others (human gloxylase Il (GOX), RNase Z frBm
being released? In the crystal structure of the dizinc enzyme  subtilis and the phosphorylcholine esterase (Pce) domain
in the resting state, both metals are five-coordinate and noof the virulence factor choline-binding proteirt1f318.319
terminal water ligand is presefft, and at present, it is  have an aspartate residue ind,1 coordination mode, as
uncertain when the terminally bound water ligand enters the ghserved in PAPs, PPPs, arieNT's. Furthermore, in RNase

active site. Z and Pce, the active sites in the presence of phosphate are
very similar to those of pig and red kidney bean PAPs with
6. Conclusions au-1,3 coordination of phosphate. Little is currently known

about the specific metal ion requirements of metgHo-
lactamases, but ROO requires iron to catalyze its redox
Seactions’6 while GOX appears to be more flexible with
iron, manganese, and zinc present in the active3%i&!
Ultimately, it will be interesting to investigate the detailed
catalytic mechanisms of metalfidactamases and compare
them with those of the enzymes reviewed here.

The family of binuclear metallohydrolases contains several
members which have been recognized as potential target
for the development of chemotherapeutics and promising
candidates in bioremediation (Table 1). Understanding the
factors that contribute to the observed mechanistic versatility
of these systems is not only essential in understanding how.
these enzymes catalyze reactions, but is also critical in the i , o i
design and development of potent and selective pharmaceu- 1 he binuclear metallohydrolases discussed in this review
ticals. This article has focused on four specific binuclear |I_Iustrate both mgchamstlc.S|m|lar|t|es, and. functional varia-
metallohydrolases, PAPs, PP$;53 exonucleases, and-5 tions. Thellatter isa reﬂecpon of the. evollutlonary adaptqtlon
NTs, which are experimentally well-developed systems for a spe_cmc task. In particular, active sites have opt|m|2(.ad.
showing the geometric and electronic structures of active 980metries to accommodate specific substrates. Mechanistic
sites and transition states for these binuclear metal centersSimilarities include that each enzyme requires two metal ions

Other enzymes, which we have not alluded to, but which @nd a metal ion-bound water molecule (hydroxide or oxide)
have comparable binuclear metal centers, include the Ni(ll)- for activity. Correspondingly, catalysis is accompanied by
dependent ureas8&2%8-301 phosphotriesterasé®:3%3 and an inversion o_f th_e stereoc_hemlstry of the _ph_osphate group.
aminopeptidasé¥-3% and nucleases such as the DNA This observation is _the main feature that dlstmgms_hes th_ese
double-strand break repair enzyme M&#$3%and the UDP- enzymes from alkaline pho_sphatases (Table 1), which utilize
galactosei-galactosidex-1,3-galactosyltransferad¥.In ad- a serine ligand as T‘Udegng”e and thus form phospho-enzyme
dition, global efforts into the sequencing and annotation of reaction intermediates’?%23
genomes are continually revealing other novel binuclear In summary, key features of the mechanism of metallo-
metalloenzymes. Examples are a recently characterizedhydrolase-catalyzed reactions include the mode of binding
phosphodiesterase froml. jannaschi#! and a vacuolar  of the substrate, the identity of the nucleophile, the release
protein sorting protein from huma¥? of the leaving group, and the regeneration of the active site.
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Recent structures incorporating substrate analogues or inhibi-9, References
tors such as sulfate, tungstate, and phosphate have provided

snapshots of distinct catalytic steps, particularly for PAPs.
While still the subject of conjecture, it appears that in some

metallohydrolases, including PAPs and PPs, the substrate

may form au-1,3 precatalytic complex, while in others (e.g.,
5'-NTs), the phosphate group of the substrate binds only to
one metal ion prior to the nucleophilic attack.

The precise identity of the nucleophile also remains
conjectural, although recent spectroscopic and crystallo-
graphic data favor a bridging hydroxide/oxo group for PAPS.
Similar conclusions were drawn for PPs (both PPPs and
PPMs), while proposed models for the mechanism’'es' 3
exonucleases and-8ITs tend to prefer a terminally bound

water molecule as nucleophile (alkaline phosphatases utilize

a serine residue as nucleophife®?3.
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alkaline phosphatases, a (partial) dissociative mechanism is

likely to operate, while sweet potato and activated human
PAPs appear to follow an associative mechanism. Féf 3
exonucleases,"8N\Ts, and several other metallohydrolases

listed above, the formation of a pentacoordinated phosphoryl
transition state has been proposed, but at present, it is not
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