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ABSTRACT. Phosphonoacetaldehyde hydrolase (phosphonatase) catalyzes the hydrolysis of phosphonoac-
etaldehyde to acetaldehyde and phosphate using Mg(ll) as cofactor. The reaction proceeds via a novel
bicovalent catalytic mechanism in which an active-site nucleophile abstracts the phosphoryl group from
the Schiff-base intermediate formed from Lys53 and phosphonoacetaldehyde. In this study, the X-ray
crystal structure of thBacillus cereuphosphonatase homodimer complexed with the phosphate (product)
analogue tungstaté<( = 50 uM) and the Mg(ll) cofactor was determined to 3.0 A resolution with an
Reryst= 0.248 andRyee = 0.284. Each monomer is made up ofajf core domain consisting of a centrally
located six-stranded parallgtsheet surrounded by six-helices. Two flexible, solvated linkers connect

to a small cap domain (residues-299) that consists of an antiparallel, five-helix bundle. The subunit
subunit interface, formed by the symmetrical packing of the tohelices from the respective core
domains, is stabilized through the hydrophobic effect derived from the desolvation of paired Metl71,
Trpl64, Tyrl62, Tyrl67, and Tyrl76 side chains. The active site is located at the deaioaiain interface

of each subunit. The Schiff base forming Lys53 is positioned on the cap domain while tungstate and
Mg(ll) are bound to the core domain. Mg(ll) ligands include two oxygens of the tungstate ligand, one
oxygen of the carboxylates of Asp12 and Aspl186, the backbone carbonyl oxygen of Alal4, and a water
that forms a hydrogen bond with the carboxylate of Asp190 and Thrl87. The guanidinium group of
Arg160 binds tungstate and the proposed nucleophile Asp12, which is suitably positioned for in-line
attack at the tungsten atom. The side chains of the core domain residue Tyrl28 and the cap domain
residues Cys22 and Lys53 are located nearby. The identity of Aspl12 as the active-site nucleophile was
further evidenced by the observed removal of catalytic activity resulting from Aspl2Ala substitution.
The similarity of backbone folds observed in phosphonatase and the 2-haloacid dehalogenase of the HAD
enzyme superfamily indicated common ancestry. Superposition of the two structures revealed a conserved
active-site scaffold having distinct catalytic stations. Analysis of the usage of polar amino acid residues
at these stations by the dehalogenases, phosphonatases, phosphatases, and phosphomutases of the HAD
superfamily suggests possible ways in which the active site of an ancient enzyme ancestor might have
been diversified for catalysis of-€X, P—C, and P-O bond cleavage reactions.

Phosphonates enter the environment through commercialas herbicides, pesticides, antibiotics, fungicides, and antiviral
as well as through natural sources. Once thought obscureagents §). The biodegradative pathways that have evolved
phosphonates are now known to play highly specialized rolesin bacteria to recycle natural phosphonates may, with some
in the many organisms that synthesize thein-§). As engineering, serve as a future means to control environmental
chemically stable organophosphate mimetics, phosphonatesontamination by this rapidly expanding class of pollutants.

display a wide range of biological activities that, in recent  gyydies of phosphonate degradation pathways in soil-
years, have been exploited in their commercial application gyelling bacteria have identified several enzymes specialized
in catalysis of hydrolytic P-C bond cleavage. These are the

" This work was supported by NIH Grant GM61099-01 to K.N.A.  C-P lyase, a ubiquitous and highly complex integral mem-
and D.D.-M. Research was carried out (in part) at the HHMI beamline brane protein system that hydrolyzes a broad spectrum of
X4A at the National Synchrotron Light Source, Brookhaven National phosphonate compounds via a homolytic chemical pathway
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* The coordinates of the refined structure have been deposited with (7—9), and the phosphonoacetaldehyde hydrolas8), (
the Protein Data Bank, accession code 1FEZ. _ phosphonoacetate hydrolaskly, and phosphonopyruvate
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allen@med-xtal.bu.edu, Phone: 617-638-4398, FAX: 617-638-4273. nohydrolase functioning in heterolytic-’C bond cleavage.
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Ficure 1: Alternative catalytic mechanism for phosphonatase-catalyzed hydrolysis of P-Ald.

Scheme 1: AEP Degradation Pathwd (14 that requires Mg(ll) for activity and that is optimally active

between pH 6.5 and pH 8.5. Phosphonatase catalyzes the

pyruvate  alanine . . 8
o hydrolysis of its natural substrate P-Ald wittkg;= 15 s*
_o—u—g—g—;ms and K, = 33 uM. Thiophosphonoacetaldehydk.4 = 0.7
|l H H AEP transaminase s 1 Kn = 50 uM) and acetonylphosphonate.{= 0.1 s'%;
Ki = 230uM) (23) are the only other phosphonates that have

ﬁ H o Mg2* been identified as alternate substrates. The various substrate

O_P_C_H_H —  ~ CH;—C—H +Pi analogues which have been tested (viz., phosphonoacetate,

_(l) H phosphonatase phosphonoethanol, fluorophosphate, acetoacetate, and mal-

onic semialdehyde) bind only weakly to phosphonata8i (

| The mechanism of phosphonatase catalysis has been
difficult to establish unequivocally. Early investigations
showed that catalytic turnover in the presence of the reducing
agent borohydride resulted in enzyme inactivatidf) ( At

Phosphonatase functions as catalyst in a two-step chemica
pathway found inPseudomonas aerugingsaseudomonas
putida, Enterobacter aerogeneBacillus cereusRhizobium
meltoti and Salmonella typhimiriun{13—19) designed to
degraée the ubiquitous yr?atural SElospho)nate g—aminoeth-the time, this observation served as solid evidence of a Schiff
ylphosphonate (AEP)into useable forms of nitrogen, carbon, base mechanism of cataIyS|s.. ther it was discovered thgt
and phosphorus (Scheme 1). AEP is produced by protozoanéhe adduct trapped by reduction is not the substrate Schiff
such asTetrahymena pyriformisom phosphoenolpyruvate.  Paseé formed from P-Ald but, rather, the Lys38-2-
Small-molecule phosphonates such as AEP are utilized in€thylenamine adduct (product Schiff bas2})( Protection
prokaryotes primarily for chemical warfare while larger AEP expenm_ents showed_that_ the Lys53 reS|due_|s Ioca_ted at the
adducts of proteins, lipids, and glycans found in eukaryotes active site 24), and site-directed mutagenesis studies dem-
are produced for purposes which are presently unkn@@n ( onstrated that it is es_sentlal to catalytic functld_ti)( The
21). The first step of the AEP degradation pathway, catalyzed LYS53 N“-2-ethylenamine adduct was thus considered to be
by AEP transaminase, involves the transfer of:¥idm AEP a reaction intermediate, l_)ut the actual pg_thway leading to
to pyruvate, yielding phosphonoacetaldehyde (P-Ald) and its formation was unconfirmed. The add_ltlon of .Ly553. to
alanine. In the second step, catalyzed by phosphonatasethe P-Ald carbonyl produces an oxyanion, which might
P-Ald is hydrolyzed to acetaldehyde and inorganic phosphate.abstract a proton and then dehydrate to the Lys63

Phosphonatase has been purified fréPseudomonas iminoethylphosphonate adduct. Alternatively, the oxyanion
aeruginosaBacillus cereusandSalmonella typhimiriunl3, could attack at the phosphorus, to form an oxaphosphetane
15, 22). The B. cereusenzyme is a stable and soluble intermediate (analogous to the oxaphosphetane intermediates
homodimeric enzyme of 30 361 Da monomer molecular mass formed in Wittig and Horner Emmons type reactions). As

illustrated in Figure 1, upon dephosphonylation both inter-

1 Abbreviations: AEP, 2-aminoethylphosphonate; HADR-Baloacid mediates lead to the observed LysBB-2-ethylenamine

dehalogenase: NCS, noncrystallographic symmetry; MAD, multiwave- adduct.

length anomalous dispersion; MIR, multiple isomorphous replacement; _ _
MLHL, maximum likelihood/HendricksorLattman; Pald, phospho- Lee et al. 25) found that phosphonatase Catalyzed hy

noacetaldehyde; phosphonatase, phosphonoacetaldehyde hydrolas"éi,r(?lySiS of chiral [8_(),170]thiophosphonoa(_:etaldehy_de to
rmsd, root-mean square deviation. chiral [*8070,*®O]thiophosphate occurs with retention of
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configuration at phosphorus. This observation eliminated the ambitious effort to use family sequence data in conjunction
mechanism involving the direct in-line attack of water at the with the nonhomologous CheY structure to make the
phosphonyl group of the Lys5R<-iminoethylphosphonate  connection 83). In the present study, the active-site scaffold
adduct (Figure 1b), since this pathway would lead to common to the PC bond-cleaving phosphonatase and the
inversion of configuration at phosphorus. The mechanism C—O bond-cleaving dehalogenases was analyzed in the
proceeding via the oxaphosphetane (Figure 1c) is predictedcontext of the HAD superfamily structures and sequences
to occur with retention of configuration at phosphorus (i.e., to reveal a feasible strategy for catalytic diversification.
pseudorotation precedes concerted fragmentation oftt@® C  Preliminary abstracts of this work have been preseréd (
and P-O bonds) as is the Schiff-base mechanism (Figure 35).

1a) involving initial transfer of a phosphoryl group to an

active-site nucleophile followed by transfer to water. Thus, MATERIALS AND METHODS

these latter two mechanisms remained in contention. Preparation of Wild-Type and Asp12Ala Phosphonatase.
To distinguish bgtween th_e two mechanisms in Figure 1a The wild-typeB. cereusenzyme was prepared using the
and 1c, art®O-labeling experiment was performe2bj. The coli clone as described ir29). The Asp12Ala mutant gene
phosphate derived from dephosphonylation of the oxaphos-\ya¢ generated by the polymerase chain reaction using the
phetane intermediate (Figure 1c) would contain the oxygen plasmid pET-3a, containing the wild-type phosphonatase
atom from the P-Ald &0, while the phosphate derived from gene, as the templat@3). Aspl2Ala phosphonatase was
hydrolysis of_ the phosphoenzyme intermediate (Figure 1a) prepared in a yield of 5 mg/g of cell paste using the same
would contain the oxygen derived from a solvent water protocol employed for the wild-type enzyme. The Asp12Ala
molecule. Lee Z6) showed that phosphate produced by phosphonatase catalytic activity was measured at a concen-
phosphonatase-catalyzed hydrolysis of [C{D}P-Ald in tration of 50uM using the standard assay solution containing
water is devoid of thé®O-label. This result eliminates the 1 1, P-Ald, 5 mM MgCh, 0.13 mM NADH, and 9 units/
oxaphosphetane pathway provided that oxygen exchange hagy alcohol dehydrogenase in 50 mM‘KEPES (pH 7.0;
not occurred between the [C(ZJO]P-Ald and the {*O]H:0 25 o). The CD spectra of wild-type and Asp12Ala phos-
prior to dephosphonylation. While solvent exchange in the phonatase were measured (by the Protein and Carbohydrate
absence of enzyme was easily ruled @)(the technical  Facility of the University of Michigan) at a concentration
difficulties associated with measuring solvent exchange in o 1 mg/mL in 5 mM potassium phosphate buffer (pH 7.0).
the presence of the enzyme proved to be insurmountable |nnibition by TungstateThe K; of NaaWO, was deter-
(unpublished observations). Therefore, a different approach, mined by measuring the initial velocity of phosphonatase-
focusing on the detection of the phosphoenzyme intermedi—cata|yzed hydrolysis of P-Ald as a function of substrate
ate, was pursued. _ _ . concentration (253004M) and tungstate inhibitor concen-
The first line of evidence supporting the intermediacy of tration (0, 40, 80, and 1Q@M). Reaction solutions containing
a phosphoenzyme in phosphonatase catalysis was derived ym MgCl, and 100 mM KHEPES (25°C; pH 7.0) were
from protein sequence analysi2. Specifically, phospho-  monitored at 340 nm using the alcohol dehydrogenase/
natase was found to possess the same three primary sequeng¢gapH continuous spectrophotometric assay described previ-
motifs of the L-2-haloacid dehalogenase (HAD) enzyme qysly 36). The K; value was calculated from the initial

superfamily 22, 27, 28), one of which contains a stringently  yelocity data by using the rate equation for competitive
conserved Asp residue that functions in nucleophilic catalysis jnhibition:

[i.e., to form an alkylated enzyme adduct in the dehalogenase
(29) and a phosphoenzyme adduct in the phosphata8js ( v=VI[K, (1+l/K)+ S 1)
By analogy, Aspl12 in phosphonatase was implicated as the
phosphoryl acceptor from the Lys®8-iminoethylphospho-  wherev is the initial velocity,V is the maximal velocityS
nate intermediate. In this paper, we show by site-directed is the concentration of the substratg;, is the Michaelis
mutagenesis that Aspl2 is essential to phosphonatase caeonstant for the substrate, ahis the concentration of the
talysis, and by X-ray crystallographic structure determination inhibitor.
of the B. cereuphosphonataseMg(ll) —tungstate complex, Crystallization, Data Collection, and Heg Atom Screen-
that Aspl2 is properly positioned to accept the phosphoryl ing. Crystallization, data collection, and heavy atom screen-
group from the Lys53\¢-iminoethylphosphonate donor. A ing were described previousIgT). To summarize, a search
catalytic mechanism, consistent with the X-ray crystal- for crystallization conditions produced platelike crystals
lographic data and the solution data, is proposed. which diffract to 2.7 A and were suitable for X-ray analysis.
A comparison of the three-dimensional structure of phos- The optimized crystallization conditions were 30% PEG
phonatase with the three-dimensional structures of the 4000, 100 mM Tris-HCI, pH 7.4, and 100 mM MgCl
dehalogenase frofAseudomonasp. YL andXanthobacter Crystals grown under such conditions are monoclinic,
autotrophicus(31, 32) has now confirmed the common belonging to spacegroup2, with unit cell dimensions =
ancestry suggested by the conservation of the three sequenc210 A, b = 45 A, c = 64 A, and = 105°. Crystal density
motifs (22). Other members of the HAD enzyme superfamily was determined using a ficoll gradiengj in order to
(viz., P-type ATPases, phosphatases, gmhosphogluco-  confirm the number of molecules per asymmetric unit as 2.
mutases) function, with the assistance of a divalent metal A native data set to 2.7 A resolution was collected on such
ion cofactor, in P-O bond cleavage. Until now, the link  crystals. Additional data sets to at least 3.0 A were collected
between the catalytic mechanisms of the superfamily mem-on crystals soaked in the following solutions: 10 mM,Na
bers acting on carbon centers and of those acting onWO,, 1 mM ethylmercury phosphate, 1 mM potassium
phosphorus centers has remained equivocal, despite arhexachloroiridate, and 1 mM trimethyllead acetate, as well
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Table 1: Crystallographic Statistics

(A) Data Collectio#t

crystal resolution (A) no. of unique reflections % complete Rmergd /o0
W (A1 — 43)° 3.0 25521 93.7 (92.0) 0.215 6.6 (2.0
(B) Heavy Atom Statistics for MIR Phasing
derivative Riso® no. of sites resolution range (A) Rf fh/E9 (acentrics) fh/E9 (centrics)
W 0.179 2 20.6-3.0 0.72 0.61 0.68
Hg 0.150 2 20.63.0 0.72 0.52 0.54
Ir 0.179 2 20.6-3.0 0.56 1.23 1.36

aQverall figure of merit for MAD phasing (before density modification)0.41 (0.59 at 4 A)P Ruerge= 100 x Y13 i(|F?hi — F20)/3nY i, Where
F2y is the square of thih intensity measurement of reflectibnand (F4,0is the mean squared intensity of the reflectibBata set consisting of
all three wavelengths merged together € 1.214698 A1, = 1.2142318 A1; = 1.196994 A).¢ Numbers in parentheses represent the value for
the highest resolution sheflRs, = mean fractional isomorphous differenge} |Fpn — Fpl/>F,, whereFp, andF, are the derivative and native
structure factors, respectively. For MAD analydisjs calculated between data sets at two different wavelengths for dispersive differences, or
betweenF* andF~ at a particular wavelength for anomalous differené®s.= 3 |FHobs — Fread/S FMons WhereFHo,s and FHeqc are the observed
and calculated structure factors, respectiveWE = phasing power wherth is the root-mean-square calculated heavy-atom structure factor and
E is the root-mean-square lack of closure error.

as a 2.4 A data set collected on crystals grown in the presencalistribution was weighted, and combined with the original,
of the competitive inhibitor vinyl sulfonate (5 mM). Data experimental phase distribution using ®&MAA program
collection statistics are summarized in Table 1. Soaking in in the CCP4package. Density modification on this combined
heavy metals caused the unit cell edge double in length.  phase distribution produced a map where most of the side
Thus, to circumvent complications introduced by noniso- chains of the secondary structure elements of the “core”
morphism of the native and vinyl sulfonate data sets with qomain were visible, as well as several of the &toms of

the heavy atom derivatives, the heavy atom data set withihe secondary structure elements of the smaller cap domain.
the lowest mean isomorphous difference with native, M- A new phase set was calculated from this updated model,
ethyllead acetate was selected for use as a pseudo-native daig,mpined with the original, experimental phase distribution,
set. To further circumvent nonisomorphism problems,/gz\i density-modified, and an additional model was built into the
three-wavelength MAD caia set was collecied io 3 resulting electron density map as described above. This

resolution on a crystal soaked in 10 mM M&D,, which rocedure was repeated until a model corresponding to the
was isomorphous with crystals used in the MIR experiment. p i . P ) esponding {0 |
core” region of the protein was complete (i.e., main chain

Independent phase sets were first calculated and refined for . .
the MAD and MIR experiments separately, and then and side cha_|n atoms for both _secondary structure elements
combined by adding the Hendicksehattman coefficients. ~ and 100p regions had been built), an@0% of the smaller
The combined phase distribution was applied to amplitudes ‘¢a@P” domain had been built48 out of 80 residues).
obtained from merging the three wavelengths collected in  Model refinement procedures included rigid-body refine-
the tungstate MAD experiment. The merging of all three ment, simulated annealing using torsional dynamics, and
wavelengths of data yields high measurement redundancy g factor refinement as implemented in CN&), excluding

but also increases the calculatBemerge 89). The final 704 of the data for statistical cross-validation purposes
phasing statistics are summarized in Table 1. (calculation ofRyeq) (43). A maximum likelihood/Hendrick-
Model Building and Refinemerlectron density modi-  son-Lattman (MLHL) minimization target was utilized for
fication, map calculation, and other data manipulations were | refinement procedures. Several iterative cycles of simu-
carried out using the CCP4 program sui#))( Density  |ated annealing procedures followed by manual rebuilding

modification procedures employed included solvent flatten-
ing, histogram matching, skeletonization, noncrystallographic
symmetry averaging, and multi-crystal averaging. Multi-

crystal averaging was performed over the following data visible in the electron density map and were omitted from
sets: (1) the NAVO, data set phased by MAD, (2) the . e
trimethyllead acetate data set phased by MIR, (3) the nativeFhe final merI. The automated Water picking program
data set, and (4) the enzymeinyl sulfonate complex data !mplemented in C_NS was used to assign 16 water molecules
set. Electron density maps were displayed using the graphicd” theé asymmetric unit (4 waters/monomer). All waters
program O 41). The resulting density-modified map allowed ~Selécted were visible in B, — F. map contoured at@Band
for unambiguous identification of most of the secondary form atleast one potential hydrogen bond to the protein and
structure elements in the larger “core” domain (residues Were all located in the active site. At this point, group
5—20 and 106-266). At this point, density corresponding B-factors were refined, resulting in final crystallograpRic
to the smaller “cap” domain was uninterpretable (residues values ofRcyst = 0.248 andRree = 0.284. Analysis of the
20—-99). Ramachandran plot of the final model shows that 80.0% of
The program O 41) was used to build a partial o the 256 residues fall within the most favored region, 17.6%
backbone, and a polyalanine molecule was subsequently builin the additionally allowed region, and only 2.0% in the
into the density corresponding to the “core” domain. Phases generously allowed regions, as defined by PROCHEEH. (
were calculated from this partial model using tBEALL Refinement statistics and final model geometry are sum-
program in theCCP4 package. This phase probability marized in Table 2.

using sigma-weightedt¥) 2F, — F; andF, — F. difference
maps resulted in a final model incorporating 256 out of 266
possible amino acids. Residues4.and 261266 were not
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Table 2: Refinement Statistics and Stereochemical Quality of Final chains from residues comprising from the core domain

Model contribute to the dimer interface where the principal stabiliz-
final R factor (100.6-3.0 A, working sef) 0248 ing interactions are hydrophpbic. These interactions include
free R factor (100.6-3.0 A, 7% test set) 0.284 Tyrl76 from monomer A with Tyrl62, and Trpl64 from
averageB-factor (A2) 24.24 monomer B, Metl71 from monomer A with Met171 from
no. of reflections recorded 38774 monomer B, Tyr167 from monomer A with Tyr167 from
ggt'ir?ggc'jeggg?j#;?e'ﬂorf%eme”t &13;43 monomer B, Trp164 from monomer A with Tyr176 from
rms deviations from ideality monomer B, and Tyr162 from monomer A with Tyrl76 from

bond lengths (A) 0.009 monomer B (representative region shown in Figure 3b with
bond angles (deg) 1.56 corresponding electron density). The interacting residues at
dihedral angles (deg) 21.53 the dimer interface are all withi4 A of their NCS-related

improper angles (deg) 1.04

counterparts, a distance that is within reason for hydrophobic
interactions. The absence of dimerization would leave a large,
RESULTS AND DISCUSSION solvent-exposed hydrophobic patch on the enzyme. Since
such a structure would be energetically unfavorable, this

I:hospthontatasg Itnh|b!t|o? by ;rungft?‘?@évtge phospho- result suggests that the interface stabilizes the true biological
natase structure determination, tungstate ¢)a common dimer as opposed to dimerization induced by crystallization.

phosphate analogue, was used to identify the phosphate, | ;.. ; . . g
binding site. To ensure that tungstate had indeed bound aAddltlonal evidence in support of this conclusion comes from

the phosphonatase active site, it was tested as a competitivttgehe observation that this same dimer exists in phosphonatase
e ' ven when the enzyme crystallizes in a different spacegrou
inhibitor versus the substrate P-Ald. Th& of tungstate y y pacegroup

measured as a competitive inhibitor is GM. The tight (unpublished resufts).

o . . La Nauze et al. observed that Mg(ll) is required for
binding of tungstate to the phosphate site may be atmbmeddimerization 86). The structure shows that Mg(ll) is not
to the polarizability of the tungsten atom.

i present at the dimer interface, and if it were, its presence in
Phosphonatase Tertiary Structur€he crystal structure  this hydrophobic environment would be energetically unfa-

of the phosphonatasavlg(Il) —tungstate complex at 3.0 A yorable. We are certain that the dimer observed in the crystal
resolution reveals a dimer of 266 residue (256 observed)is the true biological dimer, and, therefore, it is difficult to

subunits related by a 2-fold axis of Symmetry. Each “kidney account for the reported Mg(”) effect.

bean” shaped monomer (dimensions: €045 x 30 A; Surprisingly, the two monomers comprising the dimer are
Figure 2a) is comprised of -strands £1—f6 in Figure  not identical. Tungstate is bound by only one of the two
2b) and 12a-helices (1—ol2 in Figure 2b), which are  sypunits of the phosphonatase dimer, and the orientation of
organized into 2 distinct domains: a larger “core” domain the cap domain relative to the core domain in the two
(residues 520 and 106-260), and a smaller “cap” domain  sypunits is different. The change in relative orientation of
(residues 2399). The core domain has ai-type structure,  the two domains stems from changes in the backbone
distinct from theo/3-hydrolase fold, consisting of a centrally  conformation at Leu28 and Phe95, resulting in a hinge-like

located six-stranded parallgtsheet §4-33-51-8566-37)  motion in the two solvated, interdomain linker regions. In
surrounded by sevem-helices. Typical right-handeg-o-3 the monomer with tungstate bound, the two subdomains are
connectivity is observed betwegstrands although the  ¢loser together than in the monomer with an unoccupied
location of the switch point, betweg#8 andj4, is unusual.  active site. As a result, the domaidomain interface in the
The “cap domain” is inserted between the fifsstrand 1) monomer with tungstate bound is tighter than in the unbound
and the firsta-helix (a6) of the core domain through two  monomer. Whether the change in interdomain orientation is
flexible, solvent-accessible linker regions [residues-28  related to ligand binding and/or crystal contacts must await
(L1) and 99-104 (L2)]. The cap domain consists of an the determination of additional structures of phosphonatase.
antiparallel, five-helix bundle. Helicesl1, a3, anda4 are Phosphonatase Act-Site Residues and Catalyskhe

all approximately three-turn helices, wheregsandoS are phosphonatase active site is located at the core domain
two- and five-turn helices, respectively. Helioe8 anda3 cap domain interface. The side chains of the contributing

and the short loop between them point toward the core active-site residues are pictured in Figure 4. Tungstate and
domain of the protein and form half of the subunit interface. \q(i1) are bound to the core domain in close proximity to
The residues that make up the other half of the subunit Asp12. The Mg(ll) ligands include two tungstate oxygens,
interface are positioned on loops connecting the secondarygne oxygen of the carboxylates of Asp12 and Asp186, and
structural elements within the core domain. The structure is the packbone carbonyl oxygen of Alal4. The sixth Mg(ll)
well defined with an average temperatuef@ctor) of 24.2  jigand is a water molecule, positioned to interact favorably
for main-chain and side-chain atoms (see Table 2). The yjth the side-chain carboxylate of Asp190 and the hydroxyl
averages-factor for the small cap domain (27.9) is slightly ~ of Thr187. Residue Thr16 is also nearby the Mg(ll), and
higher than that of the large core domain (22.5), which may positioned to interact with the Asp12 nucleophile. Residues
be the result of an increased mobility and fewer crystal Asp12, Asp186, Alal4, and Thri6 are stringently conserved
contacts (6 out of 23 total per dimer) in the cap domain.  among the three known phosphonatase seque@@sli
Phosphonatase Quaternary Structud@ solution both P. aeruginosaand S. typhimirium,phosphonatase Asp190

native and recombinar®. cereusphosphonatases are ho- is replaced with Gly. These sequences contain Aspl85
modimeric enzymes2Q). The two monomers that make up instead. A simple modeling exercise in which Gly185 in the
the dimer observed in the crystal are related by a noncrys-B. cereusenzyme is replaced by Asp demonstrates that if
tallographic 2-fold axis of symmetry (Figure 3a). The side the side-chain position at 185 is retained, the carboxylate
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o E[ «| |1 cap domain

188
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Baf  loo| g5 core domain

130 198! 0O

Ficure 2: Structure of the phosphonatase monomer. (a) The tertiary structure is represented as a ribbon diagtatnanidls shown as
arrows andx-helices as coils. This figure was generated using the program Molse8p{(§) The topology of secondary structural elements
with o-helices represented as columns @hstrands represented as arrows. Secondary elements and termini are labeled.

group of Asp185 would superimpose with the water held Argl60 simultaneously interacts with the carboxylate of
by Asp190 in theB. cereusstructure. Thus, either Asp185 Aspl2 which, in turn, is positioned for in-line attack at the
or an Aspl96-water pair serves to ligand Mg(ll) in tungsten atom. The side chains of Cys22 and Tyr128 are
phosphosphonatase. The tungstate makes bidentate intera@lso located in this region. Tyrl28 is conserved but Cys22
tions with the Mg(ll) and monodentate interactions with the is replaced with Ser in the other two phosphonatase
guanidinium of the stringently conserved residue Arg160 as sequences. The Lys53 side chain enters the active-site crevice
well as the backbone nitrogens of Gly127 and Tyr128. The of the core domain from the N-terminus of th& helix of
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da
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Ficure 3: Dimer interface of phosphonatase. (a) The backbones of the two phosphonatase monomers are shown as blue coils. Residues
involved in the hydrophobic dimer interface (comprise@8fof the core domain, see Figure 2a) are depicted as licorice whip representations

with those contributed from one monomer shown in yellow and those from the second monomer in magenta. (b) Stereoview of representative
residues comprising the hydrophobic interface shown as ball-and-stick with corresponding electron density shown as cyan cages (electron
density from a &, — F. map contoured at 1«). This figure was rendered using the programs Molsci&3 and POVRAY 64).

the cap domain. Closely surrounding the Lys53 side chain The arrangement of ligands and side chains in the
are the hydrophobic residues Pro25, Phe29, and Met49 fromphosphonatase active site (Figure 4) provides insight into
the cap domain and Phe90 and Leu94 from the cap domainthe mechanism of hydrolytic cleavage in P-Ald. Covalent
His56 is positioned on tha3 helix, just behind the Lys53. catalysis by Lys53 had been implicated by reductive trapping
With the exception of Leu94, these residues are stringently of the Lys53-N¢-2-ethylenamine adduct generated under
conserved. steady-state condition24). Amino acid replacement of the
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L94

Ficure 4: Stereoview of the active site of phosphonatase. The Mg(ll) ion is shown as a cyan sphere, the tungstate is shown as a ball-
and-stick with an orange tungsten atom, and enzyme residues are shown as ball-and-stick representations. This figure was rendered using
the programs Molscript53) and POVRAY £4).

Lys53 removed all catalytic activity, indicating the formation oxaphosphetane intermediate (Figure 1c). The pathway
of the covalent adduct between P-Ald and Lys53 is essentialremaining, unique in its formation of a bicovalent enzyme
to the overall reaction2?). In the present structure, Lys53 intermediate, had thus emerged as the center of focus. The
comprises part of the active site through the close associationconnection that was ultimately made between phosphonatase
of the cap domain with the core domain. The Lys53i& and the HAD enzyme superfamily identified Asp12 as the
positioned directly above the bound tungstate. By modeling probable phosphoryl group accept@?2). In the present
the phosphonate group of P-Ald in place of the tungstate study, Asp12 was replaced with Ala, a residue that is not
(data not shown), we find that the substrate carbonyl group able to function as the phosphoryl group acceptor. There were
is positioned within striking distance of the Lys.NTlhis no noticeable differences in the chromatographic behavior
observation leaves little doubt that the first step of phos- of wild-type and mutant enzyme, and CD spectra of the two
phonatase catalysis involves attack of the Lys33N the proteins were essentially identical (trough centered at 219
P-Ald C=0. nm: molar elipticity= —200 000). Using a coupled assay
To function as a nucleophile, Lys53 must be neutral at to detect acetaldehyde, no product formation was observed

operating pH. The pHrate profiles measured for phospho- OVver a 3 hperiod, indicating the turnover rate of the mutant
natase inactivation with acetic anhydride show an ionizing €nzyme is less than k 10 s™%. Thus, the Aspl2Ala
group with a K, of ~6.0 (23). This K, has been assigned ~Phosphonatase mutant folds into a soluble nativelike protein
to Lys53 although the possibility cannot be excluded that butis inactive, indicating that Asp12 is essential to catalytic
another active-site moiety is the ionizing group. Kiof funcnon: The present crystal strucl:ture.shows that Aspl2 is
6.0 is ~4 pH units lower than that of a solvated lysine located in the phosph_onatase active site, close to the b_ound
residue. A depression of this magnitude has been notedtungstate and Mg(ll) ligands. Assuming that tungstate binds
previously for the Schiff base-forming Lys of the enzyme at or near the P-Ald phosphonate binding site, then the Asp12
acetoacetate decarboxylas&fp= 5.9 (46, 47)]. Based on is well pos_ltloned fo.r m-lme attack at the phosphorus. In
the primary structure of the decarboxylase which shows that future studies, transient kinetic methods will be employed
the catalytic Lys residue is juxtaposed to a second Lys, it to confirm the intermediacy of the Asp12-acyl phosphate.
has been suggested that unfavorable chacharge interac- The formation of the acyl phosphate intermediate is
tions are responsible for theKp perturbation 48, 49). In facilitated by Mg(ll) and Arg160 which, by binding to both
phosphonatase, the electrostatic interactions responsible fothe Aspl12 nucleophile and the Lys®8-iminoethylphos-
pKa, depression cannot be attributed to a single point chargephonate electrophile, can orient them for reaction and
but are probobly the result of several electrostatic effects. minimize unfavorable chargecharge interactions occurring
The Lys53 resides at the N-terminus of #® helix of the between them. The active-site residues which participate in
cap domain, where it is likely to be influenced by the the acid/base chemistry that leads to the formation of the
electropositive field of the helix dipole [as previously Lys53 Ne¢-iminoethylphosphonate and hydrolysis of the
reported for triosephosphate isomeraS6@)]( The hydro- Aspl2-acyl phosphate and LysBi82-ethylenamine adducts
phobic active-site microenvironment of the phosphonataseare, for present, left unassigned. Tyrl28 is available, but
Lys53 created by the side chains of Pro25, Phe29, Met49,exactly what, if any, role it plays in catalysis has yet to be
Phe90, and Leu94 may also serve to destabilize the chargedletermined. Learning how acitase catalysis is mediated
N¢. This hypothesis depends on the assumption that thein the phosphonatase active site must await structure deter-
proton can leave the microenvironment. mination of enzyme substrate and enzymroduct com-
The addition of Lys53 to the P-Ald=€0 results in the ~ Plexes, and site-directed mutagenesis studies of the active-
formation of an oxyanion, which could either pick up a Site residues.
proton in route to dehydration to an imine (Schiff base)  Consepation of Fold and Actie-Site ScaffoldThe level
adduct or, alternatively, attack the phosphorus to form an of sequence divergence among members of the HAD enzyme
oxaphosphetane intermediate. As illustrated in Figure 1, andsuperfamily is so high (sequence identityl5%) that, if it
discussed in the introduction, all pathways converge at thewere not for the highly conserved catalytic motifs, the
Lys53 N¢-2-ethylenamine adduct, identified by borohydride relationship between the family members would go unrec-
trapping @4). Stereochemical studies ruled out a pathway ognized. Until now, the only three-dimensional structures
involving direct attack of water at the substrate Schiff base representing the family are those of two 2-haloacid dehalo-
(Figure 1b) while'®O-labeling experiments provided con- genases [one frofRseudomonasp. strain YL 81) and the
ditional evidence against a pathway proceeding via an other from Xanthobacter autotropicu&J10 82)] and a
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Phosphonatase

b Loop 1 Loop 2 Loop 3 Loop 4
12 16 126 160 185 186 190

IFDWAGTT17....STPGYTRE131....GRPYPWM165.... VG DTVEDME 2194 Phn.Bc
ILDWAGTT16....SC8GYPAAL30....GRPGPWM166.... VD DAAPGI! L1196 Phn.St
ILDWAGTVZ20....SCSGYPRV135.,...GRPWPAQ1T71.... VD DTWPGILECGR201 Phn.Pa
AFDLYGTL15....ILSNGSPQ120....YKPDNRV156.... FV8 8SnAWDATCAR186 Had.P.Y1
VEFDAYGTL1Z2....ILSNGAPD117....FKPHPDS135... FV8 8SNCEEFDVCECAK163 Had.Xa
LFDVDGTL13....VATTTSLP120....KKPSPDI156.... ~TE DSLN@LRAAK1B8S5 PGP.Rs
VTDIEGTT13....VYSSGSVA130....AKREAQS164. ... FL.8 DIHOELDAREL193 EP.Ko
CEDVDSTV114...LISGGFEIZ203. .. it iinnnnnnns MI1G DCATDMEACP3T79 PSP.Hs
LILDMDGVMl6. .. .VVTGRPRK129. ... .KPSPEP161l... VG DTVDDI 1190 IGPD.Pp
VEFDLDGVL14....ILTNTWLD112....VKPEPQI165.... LD DICANLEPAR196 sEH.Hs
LFDLDGTI17....IVTSGSPY123....GKPDPEG156.... VEE DAPVGEIKACK192 DGPP.Sc
LFDVDGTI44,...VATSGTRD141....GKPHPEP175.... ...V} F'E DAPAGIAACGK211 G3P.Sc
LFDLDGVI13....LASASKNG119....SKPAPDI148.... CLE DSQAGIOATK1T76 PGM.LL
IFDMDGTL14....VVSGSKYE48 ....SKSIALS194... FCD NTREGCNDEEZ17 PMM.Bb
ILDKTGTI430...MVTGDNQRS587....EKANYVEG17... VeD GINDAPALELT41 ATP.EO
CSDKTGTL392...MVTGDHPI633....0KLVIVET714, TCD GVHNDSE! 738 ATP.Hs

Ficure 5: Three-dimensional structures of the dehalogenase ffseudomonasp. YL and phosphonatase and the HAD superfamily

primary sequence alignment. (a) The two enzymes are depicted in the same relative orientation as coils. The loops are color-coded to match
the corresponding residues in the (b) superfamily sequence alignment. The positions of the motifs within the sequences are indicated by
residue numbers. The sequences shown are as follows with GenBank access codes given in parentheses: Phn.Bc, phosphBnatase from
cereus(g2623262); Phn.St, phosphonatase fi®ntyphimuriun{U69493); Phn.Pa, phosphonatase fienaeruginosg45309); Had.P. YI,
2-haloalkanoic dehalogenase froAseudomonasp. strain YL (S74078); Had. Xa, 2-haloalkanoic dehalogenase #amthobacter
autotrophicugg60099); PGP.Rs, 2-phosphoglycolate phosphatase (u67781Y); Ep.Ko, enolase-phosphatdsbsiolia oxytos§a49101);

PSP.Hs, phosphoserine phosphatase friomo sapieng10275); IGPD.Pp, the N-terminal domain of the putative bifunctional imidizole
glycerolphosphate dehydratase:histidinol phosphataseRigriophthora parasitic§Z11591; direct submission to GenBank by P. Karlovsky

in 1992); sEH.Hs, epoxide hydrolase frdfomo sapien$X97024); DGPP.Sc, 2-deoxyglucose 6-phosphate phosphatas&&orereisae

(P38773); G3P.Sc, glycerol-3-phosphate phosphataseSeroereisae(p41277); PGM.LI3-phosphoglucomutase frobactococus lactis

(270730); PMM.Bb, phosphomannomutase fr@&abesia bois (2731570); ATP.Eh, Cu(ll)-ATPase frofanterococcus hira¢P32113);

ATP.Hs, gastric H,KT-ATPase fromHomo sapiengP20648). Panel A was rendered using the programs Mols&®tand POVRAY

(59).

catalytically inactive domain from soluble epoxide hydrolase the two dehalogenases, which differ only in substrate
(52). Not surprisingly, the folds and active-site structures of specificity, are quite similar. The question of conservation
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Ficure 6: General chemical mechanisms of (a) HAD and HAD superfamily phosphotransferases and (b) schematic representations of the
active sites of HAD and phosphonatase and the proposed active site of the HAD superfamily phosphotransferases. The loops forming each
catalytic station are labeled and described in the text. Residue numbering for HAD is fr@saih@éomonasp. YL enzyme, and humbering

for phosphonatase is from tlige cereusenzyme. For the phosphotransferase model, the corresponding resBluecireusphosphonatase

is given. The residue in loop 4 denoted by an asterisk corresponds to AspIB5a@nuginosaandS. typhimuriunphosphonatase and the
phosphotransferases) and corresponds to Aspl1®0 aereusphosphonatase.

of backbone fold and active-site diversification within the protein structure and common chemistry, it would be
family is best addressed through comparison of membersexpected that there would be no significant sequence identity
catalyzing different chemistries. By comparing the folds, and that the catalytic groups would be provided by different
active-site scaffolds, and catalytic mechanisms of phospho-loops and therefore different regions of the polypeptide chain
natase and 2-haloacid dehalogenase, our intention is to gair(52). This is not the case in the dehalogenase and phospho-
insight into the evolution of catalysis within the HAD enzyme natase where the conserved core domain supports a common
superfamily. active-site scaffold that consists of four loops located at
The structures of the dehalogenase and phosphonatas&pological switchpoints of the core domain (as identified
monomers are compared in Figure 5. Despite the low overallin Figure 5a according to color). The fifth active-site
sequence identity between these enzymes, their folds aresegment, which will be referred to as loop 5, is contributed
remarkably similar, particularly within the core domain (rmsd by the cap domain. In phosphonatase, loop 5 contributes the
of 3.9 A). The similarity in the overall folds of these two  Schiff base forming Lys53 to the active site while in the
enzymes together with the high sequence identity within the dehalogenase it provides the Qbinding residue Arg4l.
conserved catalytic motif2p) supports the hypothesis that Because of the high level of divergence existing in cap
they evolved by divergent evolution from a common domain sequences and structures, the discussion of the
progenitor. In the case of convergent evolution to a common conserved active-site scaffold within the HAD superfamily
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will, for the present, be restricted to the four loops of the dimensional space with position 186 (number based on
core domain. phosphonatase numbering) and an Asp at position 185 or
The catalytic mechanisms operating in phosphonatase andlL90. Inspection of the sequences listed under loop 4 of Figure
2-haloacid dehalogenase (see Figure 6a) are well-defined5b supports this prediction. Based on the conservation of
Therefore, the use of catalytic stations located on the four the key catalytic amino acids of the HAD superfamily, a
loops of these two enzymes can be contrasted. Briefly, in general picture of the active site of the phosphotransferases
phosphonatase loop 1 is used to station Asp12, the nucleofrom the superfamily (includings-phosphoglucomutase,
phile, as well as Thr16 which orients it for reaction. The phosphoserine phosphatase, and the P-type ATPases) can be
same is true for the dehalogenase that (using the numberingconstructed (Figure 6b). This general phosphotransferase
system for thd®seudomonasp. YL enzyme) stations Asp1l0 model can be constructed simply by substituting the con-
and Thrl4 to serve in analogous roles. Loop 2 of the served amino acids of the phosphotransferases for the
dehalogenase stations Ser118 to form a hydrogen bond withcorresponding amino acids in phosphonatase using the HAD
the carboxylate substituent of the reactant. The correspondingsuperfamily sequence alignment. Thus (using phosphonatase
loop in phosphonatase stations Thr126 to form a hydrogennumbering), the nucleophilic Aspl12, stabilizing residues
bond with the phosphonate substituent of the reactant. LoopThrl6 and Thr126, as well as the salt bridge forming Lys or
3is used in both the dehalogenase and the phosphonatase t8rg160 are all retained in the phosphotransferases. Also
position a positively charged group (Lys151 in the dehalo- retained are the two Mg(ll) ligands Asp185 and Asp186. It
genase and Argl60 in the phosphonatase) to form a saltis tempting to speculate that in the phosphate ester hydrolases
bridge with the Asp nucleophile. In phosphonatase, Arg160 and mutases, the carboxylate positioned at position 14 two
also interacts with the phosphonyl group of the reactant. In residues down from the Asp nucleophile is used as the acid/
the dehalogenase, Lys151 is used to stabilize the alkoxidebase catalyst while in the P-type ATPases, the Asp residue
leaving group displaced during hydrolysis of the ester positioned on loop 2 (at the position corresponding to the

intermediate. Tyrl28 in phosphonatase) is employed in base catalysis.
It is loop 4 that performs divergent functions in the ConclusionThe structure of phosphonatase fr8mcereus
phosphonatase and the dehalogenasB. ereugphospho- determined to 3.0 A resolution is consistent with a mecha-

natase, loop 4 positions Asp186 and Asp190 (through water)nism utilizing the active-site nucleophile Asp12 to abstract
or Aspl85 to function along with the Asp12 of loop 1 in the phosphoryl group from the Schiff-base intermediate
coordinating a Mg(ll) (see Figure 4 for view of the active formed from Lys53 and P-Ald. This is the first example of
site). In the absence of the bound Mg(ll), the electrostatic bicovalent catalysis by an enzyme on a single substrate. The
repulsion between the three carboxylate ligands would befold of phosphonatase supports the evidence from primary
significant [which may explain why Mg(ll) binding is so  sequence alignment that phosphonatase shares ancestry with
tight in phosphonatase as evidenced by the fact that thethe enzymes of the HAD superfamily, in that the domain
enzyme is denatured when metal is removed (unpublishedthat supports the common chemistry is conserved between
observations)]. Loop 4 of the dehalogenase positions Serl175he dehalogenase and phosphonatase. From an analysis of
to interact with the Asp nucleophile on loop 1, and Asnl177 the conserved active sites, it can be seen that loop 4 has
and Aspl80 bind the water molecule that serves in the been recruited by phosphonatase, and, by extension, by the
hydrolysis of the ester intermediate (corresponding to the phosphotransferase members of the superfamily (including
water bound to phosphonatase Thr187 and Asp190). Thus-phosphoglucomutase, phosphoserine phosphatase, and the
in the dehalogenase the loop 4 residues are used to positiorP-type ATPases), as a metal binding site to allow nucleo-
the Asp nucleophile and hold a water for hydrolysis of the philic substitution at charged substrates.

intermediate, while in the phosphonatase the loop 4 residues
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