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ABSTRACT. The enzyme conferring resistance to the antibiotic fosfomyciR,f3)-1,2-epoxypropylphos-

phonic acid] originally reported by Suarez and co-workers [Arca, P., Hardisson, C., & Suarez, J. E. (1990)
Antimicrob. Agents Chemother. ,3844-848] is demonstrated in this study to be a metalloglutathione
transferase. The apoenzyme is a dimer of 16 kDa subunits. Electron paramagnetic resonance spectroscopy
and water proton nuclear magnetic resonance longitudinal relaxation rates suggest that each subunit contains
a mononuclear Mft center that interacts strongly with the substrate fosfomykin=€ 17 «M) more

weakly with the producty = 1.1 mM) and very weakly or not at all with GSH. Inhomogeneous
broadening of the EPR signals of enzyme-bound*Mn the presence of f1’O indicates that three of

the coordination sites on the metal are occupied by water. Sequence alignments, three-dimensional
structures, and mechanistic considerations suggest that FosA is related to at least two other metalloenzymes,
glyoxalase | and the Mri- or F€*-containing extradiol dioxygenases. The mechanistic imperative driving

the evolution of this previously unidentified superfamily of metalloenzymes is proposed to be bidentate
coordination of a substrate or intermediate to the metal center in the enzyme-catalyzed reactions.

In 1969, Merck reported the biological properties, syn- Scheme 1

thesis, and structure of a potent, broad-spectrum antibiotic, 0 FosA H OH
. . . H H

(1R,29-epoxypropylphosphonic acid (phosphonomycin, sub- GSH + A _— —H03P7'-_<..--H

sequently called fosfomycin), synthesized by certain strains -HOg CH, M**(?)  Gs CHs

of Streptomyceg¢Hendlin et al., 1969; Christensen et al.,
1969). The mechanism of action of the antibiotic was to the antibiotic. Subsequent investigations by Suarez and
determined to be the irreversible inactivation of the enzyme co-workers (Arca et al., 1988, 1990) established that the
catalyzing the first committed step in peptidoglycan biosyn- resistance gene encoded a 16 kDa polypeptide (FosA) which
thesis, UDPGIcNAc-3-enolpyruvyltransferaser MurA. catalyzed the addition of GSH to the antibiotic, as shown in
Analysis of the inactivated enzyme revealed the antibiotic Scheme 1, rendering it inactive.
alkylated a cysteine residue (Kahan et al., 1974) subsequently In addition to establishing the regiochemistry of the
identified as Cys115 in the active site (Marquardt et al., reaction, the enzymatic activity was shown to be stimulated
1994). Acquired resistance to fosfomycin was observed earlyto a small degree 23-fold) by the addition of divalent
in the microbiological studies and was associated with cations specifically, MA", Co**, and Fé&*. Although the
chromosomal mutations affecting transport of the antibiotic original data were not sufficient to establish FosA as a
into the cytosol (Kadner & Winkler, 1973; Tsuruoka & metalloenzyme, the remarkable stability of the oxirane ring
Yamamda, 1975) and with mutations in the target, MurA (Kahan et al., 1974) suggested to us a specific role for a
(Venkateswaran & Wu, 1972). metal ion acting as an electrophilic catalyst for activation of

Some years later Garcia-Lobo and Ortiz (1982) described fosfomycin toward nucleophilic attack.
a plasmid from clinical isolates that also conferred resistance In this paper, we describe the expression, purification, and
characterization of apo-FosA and its activation by several

" Supported by National Institutes of Health Grants R01 GM30910, divalent cations. Evidence is presented that the active site
Sggtdiit%?g;af?éIIg\r/]vihTSiSEZSgK/(I)lzgéglg. T. L. is supported by NRSA f 1hq native enzyme contains a mononuclearMmetal

* Address correspondence to this author. Phone: 615 343-2920. Center that is involved in the activation of the oxirane ring
FA;(;A t?slt?a?:‘twgﬁgl?slﬁ eE(Jlrnian&léJI Z;ngztrzg%@;géitﬁglcc;gﬁqc%v?nfgg%iIt.edu. of fosfomycin for nucleophilic attack. Electron spin and
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Aoratns e o S rarkapoma | [UEA TOTES fesonance euperimens suogest et e
acetylp-glucosamine; GSH, glutathione; Tris, Tris-(hydroxymethyl)- o ’ . -
amino methane; MES, DN(morpholino)ethanesulfonic acid; AQC,  coordination environment of the metal is altered upon binding
6-aminoquinolylN-hydroxysuccinimidyl carbamate; IPTG, isopropyl  fosfomycin and the product 1S{glutathionyl)-2-hydroxy-
B-D-thiogalactoside; DTT, dithiothreitol; TCA, trichloroacetic acid; propylphosphonic acid (GS-fos) but not GSH. Sequence
EDTA, ethylenediaminetetraacetic acid; EPR, electron paramagnetic’. "7 " . . - o
resonance; NMR, nuclear magnetic resonance; HPLC, high-performanceSimilarities, three-dimensional structures, and mechanistic
liquid chromatography; PRR, proton relaxation rate. considerations suggest that FosA is one member of a diverse
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superfamily of divalent metal-ion-dependent enzymes, in- of exgo = 31 300 M cm™? calculated from the tryptophan

cluding glyoxalase | and the extradiol dioxygenases. The and tyrosine content (Demchenko, 1986).

mechanistic basis for the evolutionary relationship of these Standard Enzyme Assay and Metal-lon Aation. A

enzymes is proposed to be bidentate coordination of atypical assay contained 150 nM enzyme, @ MnCl,, 10

substrate or intermediate in the enzyme-catalyzed reactionsmM fosfomycin, 10 mM GSH, and 250 mM sodium borate

(pH 8.0) in a total volume of 10QL. Samples were

EXPERIMENTAL PROCEDURES incubated for 5 min or less at 28C. The reaction was

) o stopped by the addition of 200 of 5% trichloroacetic acid
Materials ~ Fosfomycin disodium salt and MES were 54 heytralized with 100L of 0.8 M NaOH. Valine (100

purchased from Fluka. Tris-(hydroxymethyl)aminomethane ot 5 1 25 mM solution) was added as an internal standard.

hydrochloride (Tris) and GSH were obtained from _Sigma The derivatization was completed according to the protocol
(St. Louis, MO).  AQC was purchased from Waters (Milford, o, iqed by Waters. Samples were injected onto a 4.6 mm
MA). All .metal salts were of Puratronic grade except for | 55 . Beckman C-18 Ultrasphere column equilibrated
FeCb, which was ultra dry, and were pqrchas%d from Alfa ith 140 mM sodium acetate, 12.5 mM triethylamine (with
Inorganics (Ward Hill, MA). Water, enrlc_:he_d O_ (74.5 the pH adjusted to 5.05 with phosphoric acid), and separated
mol % *’0O) was from Isotec, Inc.Escherichia coliBL21 by a gradient of 8:35% CHCN in 15 min at a flow rate of

cells and pET20 plasmid were purchased from Novagen 1 g /min. The HPLC assay clearly separated the product
(Madison, WI). The pGEM plasmid was purchased from ., the reactants. Thé-(6-aminoquinolyl carbamate)

Promega (Madison, WI). Vent DNA polymerase and all derivatives of GS-fos, GSSG, GSH, and the valine internal

restriction enzymes were purchased from New England giangard had retention times of 9.2, 10.9, 11.1, and 15 min,
Biolabs (Beverly, MA). E. coli DH5a cells were purchased respectively.

from Gibco-BRL (Bethesda, MD). The oligonucleotides  gpp gpectroscopyEPR spectra were recorded at 35 GHz
used for the gene synthesis were obtained from the Molecular, it 4 varian E109Q spectrometer in which the temperature
Physiology and Biophysics Core Lab at Vanderbilt Univer- of the sample cavity was maintained at®. EPR spectra

sity, and those used for mutagenesis were from Gibco-BRL. o4 9 GHz were recorded with a Varian E3 spectrometer. The
E. coli K12 strains AB 1157 and 821 were obtained from gmperature was controlled at 2€. All samples were
the E. coli Genetic Stock Center, Yale University. contained in quartz capillary tubes. Both spectrometers were
Synthesis of the Gene and Construction of the Expressioninterfaced with an IBM AT computer for data acquisition
Plasmid The gene encoding FosA, flanked bidd and and analysis. The number of coordinated water molecules
EcoRlI restriction sites, was synthesized based on the jn the EMn2* complex was determined from the extent of
sequence reported by Navis et al. (1990). The convergentinhomogeneous line broadening of the MrEPR signal
synthesis using 13 synthetic oligonucleotides is described grising from the'’O nuclear superhyperfine interaction in
in detail in the Supporting Information. The oligonucleotides the presence of $70. The spectral subtraction and resolu-
were designed for optimal codon usage based on thetion enhancement methods used to determine the number of
sequence of the soluble GSH transferase frBmcoli coordinated waters have been previously described (Reed
(Nishida et al., 1994). The phosphorylated synthetic product & Leigh, 1980; Latwesen et al., 1992 and references therein).
was ligated into the pGEM vector that had been digested \water Proton Relaxation Rate Measuremerithe lon-
with Smad. The resulting plasmid was used to transform gjtudinal PRR of the bulk solvent water was determined at
DH5a cells, and colonies harboring the cloning plasmid were 20 °C and a radio frequency of 24.3 MHz using a 180
selected for ampicillin resistance. The coding region was —90° NMR pulse sequence (Mildvan & Engle, 1972).
cut out of the cloning vector witiNdd and EcoRl, ligated ~ was adjusted for each sample until the resulting NMR signal
into a pET20 expression vector, and transformed in RH5 was nulled. The influence of substrates or product on the
cells as above. Sequencing of both strands identified two relaxation rates was determined by titration of a constant
deletions and one three base missense region introduced itoncentration of the #1n2* complex with either fosfomycin,
the gene synthesis. The errors were corrected using theGSH, or GS-fos. Dissociation constarig)of the substrate
Kunkel (1985) method of site-directed mutagenesis, and theor product from EMn2* were determined by fitting the
resulting plasmid pFRP1 was used for expression of the titration data to eq 1 where Tyyis the observed longitudinal
protein. water PRR in the presence ofMn?*, and 1Ty, is the
Expression and Purification of the Apoenzymé&he observed longitudinal relaxation rate in the presence of
enzyme was expressed i coli BL21-(DE3) cells trans-  E-Mn?*-S.
formed with pFRP1 and grown at 3T in the presence of

100ug/mL ampicillin and induced with IPTG. The enzyme ([E-Mn2+]i + [E-Mn”-S]i

was purified from harvested cells by chromatography on Tlp, Tlpo
DEAE-cellulose and hydroxylapatite. Details of the puri- 1M,= ]t 1)
fication of the enzyme are given in the Supporting Informa-

tion. Apoenzyme was prepared by dialysis agahs of where

20 mM MES (pH 6.0), containing 5 mM EDTA and 1 mM

DTT. The EDTA was removed by dialysis agaitasL of b— \/b2 — [4([E-Mn2+] )Y([SI)]

20 mM MES, 1 mM DTT (pH 6.0). The protein was then [E-Mn?"-S] = 5 LA

passed through a ¥ 25 cm column of 106200 mesh

Chelex 100 (H-form) equilibrated with 20 MM MES, 1 mM  , — Ky + [S] + [E-Mn2+]t and
DTT (pH 6.0), to remove any remaining metal. Protein ot o ot
concentration was determined using the extinction coefficient [E-Mn™"] = [E-Mn""]; — [E-Mn“"-S]
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12 3 4 5 6 presence of substrates and product. (AMB?". (B) E-Mn?* +
[Mn2+] (uM) GSH. (C) EMn?*-fos. (D) EMn2*-GS-fos. Spectrum C was
Ficure 1: (A) Metal ion activation of FosA by Mit (), Fe&* obtained with a gain setting 10-fold greater than the others. All

(W), CO* (a), ZrP* (#), and M (®). (B) Activation of FOSA spectra were obtained in the presence of excess enzynie 4H)

o R ) mM, Mn2t = 2.3 mM. The concentrations of GSH, fosfomycin,
kiyOM‘ili.oTSEe):lslhd line is a fit of the data to a hyperbola with and GS-fos in spectra B, C, and D were 10 mM.

suggests that M is the preferred metah vivo. In addition,
RESULTS AND DISCUSSION purified enzyme that had been dialyzed against EDTA but
not treated with Chelex 100 retained about 1% of the
maximal activity and exhibited a six-line EPR signal intensity
consistent with 0.51 mol % Mr?" per subunit (data not
shown). The enzyme is the first example of a metalloglu-
tathione transferase (Armstrong, 1997).

Microbiological Properties of the Expression Plasmid
WhenE. coli K12 strain AB 1157, normally susceptible to
fosfomycin, is transformed with the plasmid pFRP1, it
becomes highly resistant to the antibiotic, surviving concen-

trations > 10 mg/mL. The sister K12 strain 821, which )
differs from AB 1157 in that the gene encodipeglutamyl- EPR Spectra of MiT Complexes of FosAThe Q-Band

) : - EPR spectrum of M#t in the presence of excess enzyme is
cysteine synthetase is not functional such that the cells are P b Y

o7 X shown in Figure 2. That Mii is bound to the protein is
completely Iacklr_1g in GSH (Apof“owe" & Berends, 1975.)’ evident from the line broadening and decreased amplitude
remains susceptible to fosfomycin even after transformation

i 2
with pFRP1. The microbiological results clearly suggest that of the EPR signals as compared to free *Mn The

the synthetic plasmid encodes a protein that confers GSH-?Mpggfiiﬁg]ci O];_ Fiilor;gggizd sizgrjl%?aiﬁefoéngsimith
dependent resistance to fosfomycin. -

o i increasing concentrations of Mihis consistent with a
Purification and Properties of the Apoenzymelhe  stoichiometry of 1 metal per 16 kDa subunit (data not shown)
enzyme was expressed at high levet$0% of the soluble  and aky < 5 uM. The estimated upper limit on the
protein) inE. coli BL21 cells transformed with the pFRP1  gissociation constant of the Mhis consistent with the
plasmid. Purification yielded about 200 mg of enzyme/L opservedK, of 0.4 uM (Figure 1B). Addition of GSH has
of culture. The polypeptide had the expected molecular massjjttie effect on the 35 GHz spectrum of theNin2* complex
of 16 kDa as determined by SB®AGE. Gel filtration of  (Figure 2B). In marked contrast, addition of fosfomycin to
the native apoenzyme on Superdex 200 (Pharmacia) gave ghe EMn2+ complex virtually obliterates the EPR spectrum
Stokes radius consistent with a dimer of 16 kDa subunits. (Figure ZC), Suggesting a Significant Change or electronic
The enzyme exhibited an isoelectric point of 4.2 consistent gjstortion of the coordination environment of the enzyme-
with the preponderance of acidic amino acids in the sequencehound metal. This effect on the EPR spectrum is reminiscent
The apoenzyme had very low catalytic activity under the of that observed in Mt complexes of pyruvate kinase in
standard assay conditions in the absence of divalent metakhe presence of phosphoenol pyruvate (Reed & Cohn, 1973).
ions with an apparent turnover numbkg(app) < 0.2 s™. Addition of fosfomycin to free MA" has no effect on the
Activation of the Apoenzyme by dailent Cations Ad- EPR spectrum (data not shown). Finally, the signals of
dition of low to moderate concentrations of particular divalent enzyme-bound Mt in the presence of enzymatically
metal ions results in a several hundred-fold activation of the generated product, GS-fos, are qualitatively similar but of
apoenzyme as illustrated in Figure 1. Low concentrations smaller amplitude than those of theMh?* complex (Figure
of Mn?* (1.5-5 uM) result in a 500-fold enhancement of 2D).

catalytic activity. The activation constari;, for Mn?* is The EPR signals of enzyme-bound Mrare diminished

0.4 uM (Figure 1B). Although addition of P& and C&* in amplitude and significantly broadened in the presence of
also enhanced catalytic activity nearly as well asM»80- H,'70O (Figure 3A), suggesting that some of the coordination

and 220-fold, respectively), maximal activation required sites on the metal are occupied by water. Resolution

much higher divalent cation concentrations (ca. b®Dfor enhanced difference spectra (Reed & Leigh, 1980; Latwesen

both). Activations by Z? (45-fold at 50uM) and Mgt et al., 1992) reveal that there are a minimum of three water
(100-fold at 5 mM) were not as dramatic. Although the molecules in the inner coordination sphere of the metal
activation data do not prove Mhis the physiologic metal,  (Figure 3B). A similar set of experiments with the

the fact that FosA is activated at metal concentrations well E-Mn?t-GS-fos complex indicates three metal-coordinated
below that typically found in microorganisms strongly water molecules in the product complex as well (see
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Ficure 3: Comparison of the low-field EPR signals for thevia2*+
complex in normal water and water enriched!i®. (A) Before
resolution enhancement in normal watef) @nd 37.3 mol % KO

(- - -). (B) Resolution-enhanced difference spectra corresponding
to one F, = 0.63), two f, = 0.40), and threeH, = 0.25)
coordinated water molecules, 5 the fractional contribution to
the EPR signal from M# exclusively coordinated to the nonmag-
netic isotoped®0 and'®0. The parameters used for the resolution
enhancement were = 0.1 G ando = 15 G. The anomalies in
the difference spectra with = 1 andq = 2 are denoted by an
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Ficure 4: Titration of observed water proton relaxation rates (1/
Typ) of the EMn?* complex with (A) fosfomycin and (B) GS-fos.
The solid lines are fits of the experimental data to eq 1 for

fosfomycin withKg = 17 + 2 uM, 1/T1r = 21.8+ 0.3 us ™%, and
UTipp= 1.8+ 0.2 us * and for GS-fos witig = 1.1+ 0.1 mM,

_ 1 — =
Supporting Information). It therefore seems likely that L/Twf=?24.6+03us™ and 1Mip, = 11.94 0.4us™
product is not in the inner coordination sphere of the metal. COMPlexes are consistent with inner-sphere coordination of

Unfortunately, the absence of sufficiently intense, narrow fosfomycin and a weaker, outer-sphere interaction with the

EPR signals (Figure 2C) precludes a similar determination Preduct.

of the number of coordinated waters in the substrate complex __T2ken together, the PRR titrations and the changes in the
(E-Mn2*fos). EPR spectra of enzyme-bound metal suggest that each

Binding of Substrates and Products toM@?*. The subunit cqntains a mononuclear Rffrpenter that intgracts
exchangeable water molecules in the inner coordination Srongly with the substrate fosfomycin perhaps displacing
sphere of the protein-bound metal results in a significant ©N€ Of more of the three water molecules in the inner
enhancement of the paramagnetic contribution to the O"powcoordmatlon sphere of the metal. The metal center interacts

nuclear magnetic resonance relaxation rate of the waterMuch more weakly with the product and very weakly or not
protons, 1T, (eq 2) whereq is the water coordination at all with GSH. The most reasonable mechanistic role for

number T.y is the relaxation rate of the coordinated ligand the metal consistent with these facts is electrophilic activation
7w is the residence time of the water in the inner coordination ©f the very unreactive oxirane ring of fosfomycin for attack

sphere, TW.sis the outer-sphere contribution to the observed ©f @n anionic nucleophile.  This could be most directly
relaxation rate, ang = [Mn2]/[H,O]. accomplished by inner-sphere coordination of the substrate

to the enzyme-bound metal as discussed in detail below.
Mechanistic and Structural Relagis of FOSA A BLAST
search (Altschul et al., 1990) of protein and gene sequence
databases reveals two relatives of FosA, glyoxalase I, and
The observed Ti, for the EMn?* complex is diminished  the bacterial extradiol dioxygenases that have very interesting
by a factor of 12 on addition of increasing concentrations of structural and mechanistic implications (Figure 5). The
fosfomycin as illustrated in Figure 4 providing a dissociation relationship to glyoxalase | is particularly compelling since
constant for fosfomycin of 14M. Since the rotational it is a glutathione-dependent metalloenzyme as is FosA.
correlation time of the BMn?* complex is unlikely to be  Glyoxalase | catalyzes conversion of either diastereomeric
changed by the binding of substrate, the large decrease inthiohemiacetal adduct of am-ketoaldehyde such as meth-
1/, is probably due to a decreasegrthe number of water  ylglyoxal and GSH tdS-(p-lactoyl)glutathione by stereospe-
molecules in the inner coordination sphere of the metal and/ cific protonation of a cis-enediol intermediate as illustrated
or an increase inry, the residence time in the inner in Figure 6B (Landro et al., 1992; Sellin et al., 1982). The
coordination sphere. Binding of the product GS-fos to second set of relatives is the extradiol dioxygenases, a group
E-Mn?* has a much more modest influence on the observed of metalloenzymes generally utilizing either?Fer Mn2*
1/T1p decreasing it only 2-fold. The product also binds much to activate molecular oxygen and a vicinal diol substrate for
less tightly Kg = 1.1 mM) than the substrate. Inasmuch as meta ring cleavage as illustrated in Figure 6C (Shu et al.,
the EPR spectra indicate thais the same for Bin?>*t and 1995; Whiting et al., 1996). It is interesting to note that the
E-Mn2*-GS-fos, the small decrease irfil4/in the presence  Mn?*-dependent extradiol dioxygenase, DHPD(AG) (Figure
of the product is probably due to a decrease in the exchangeb), exhibits a higher sequence similarity with FosA near the
rate of the inner-sphere water ligands. Addition of up to 50 Glu113 ligand than does the Fecontaining enzyme, DHBP-
mM GSH to EMn?t had no significant effect on the (PC).
observed Ir,,. The dramatic differences in the dissociation =~ The mechanism proposed for FosA involving electrophilic
constants and T{, values for the fosfomycin and product activation of the oxirane ring by the active site metal is

asterisk (*).

_ pd_ ., p
S PV +

T

0s

1T (2)
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FOSA 5 LNHLTLAVSDLQKSVTFWHELLGLTL A .
sllel olfoe []o |o oof] v A H 2. 'I"Sﬂ\welu113
FOSB(SE) 5 INHITYSVSNIAKSIEFYRDILGADI -0, 7, N + "'/an.,.
o | [ oo oflel] || - e P2t
GLXI(EC) 3 LLHTMLRVGDLQRSIDFYTKVLGMKL Ho=—4 8 HO H2|0 OHe
[ELIEL eeed [T1TeT1T 11 0
GLXI(PP) 26 FNHTMLRVKDIEKSLDFYTRVLGFKL . -2H,0
[« 11 ol TH Tile His7 Gluyq His7 Glugqa
DHBD(PC) 144 LGHFVRCVPDSDKALAFYTDVLGFQL "y n§+ Py s
| [] - L AL ~ Mn 0
DHPD(AG) 153 LDHFNQVTPDVPRGRAYLEDL H.0 _l H A H or H07 S H AN
\ Ho—P AL YoHq o= oM
metal ligands I l -8G
g 0 -SG O
FOSA 106 DPDGHKLEL H“ OH
(SE) 108 | 1lx|;|”” _H03P7—<"H
FOSB (SE DLDGHKLEL
CH
| lele]] s :
GLXI(EC) 115 DPDGYKIEL B
[ETETTRY H. o
GLXI(PP) 115 DPDGYKIEL H SG
ey GSH B/ OH HO.
DHBP (PC) 253 TPSGVEVEY — 2, o
. H,e” O H 07|
DHPD(AG) 259 DPDGHRIET Hee” O
Ficure 5: Examples of sequence similarities between FosA and H l
FosB [a related putative GSH transferase (Garcia et al., 1995)] from Gs_ o as_( 6,\_7_
Staphylococcus epidermidBOSB(SE), bacterial glyoxalase | from — | ey Lo
E. coli, GLXI(EC), andPseudomonas putid&LXI(PP), and the H T 0H AH A l\
bacterial extradiol dioxygenases 2,3-dihydroxybiphenyl-1,2-dioxy- EH, He' S
genase fronfP'seudomonas cepaci2HBD(PC), and 3,4-dihydroxy-
phenylacetate-2,3-dioxygenase frémhrobacter globiformisPpH- c His L His

PD(AG). Protein ligands to the metal are deduced from the crystal
structure of DHBD (Han et al., 1995).

illustrated in Figure 6A. We postulate that the metal center
of FosA may serve two roles in facilitating attack of the

O-.

OH . O |Gl
@E Hy0, ,Fezi\--G'.U 2H0 . /’Fezi -
OH H,0"" His o

nucleophile, neutralization of the negative charge on the oH n s
P = Oy |3 GlU
phosphonate, and polarization of the carbomygen bond m y - w0 dog
. . . . . 2 -— 7 | His
in the oxirane ring. Although the exact coordination CHO go O
o

geometry of the BMn?*-fos complex cannot be ascertained L
from the data presented here, three possibilities that areFicure 6: Proposed catalytic mechanisms for FosA (this work),

consistent with the distorted electronic environment apparentglyoxalase I (Landro et al., 1992; Sellin et al., 1982), and catechol-
from the 35 GHz EPR spectrum (Figure 2C) include 2,3-dioxygenase (Shu et al., 1995). Two possible bidentate coor-

bid dinati h . d the bh dination geometries are illustrated for FosA. Tridentate coordination
Identate coordination to the oxirane oxygen and the phos-( the phosphonate and oxirane oxygens (not shown) cannot be

phonate, bidentate coordination to the phosphonate alone okexcluded. Whether the coordination of the enediol intermediate in
tridentate coordination to the oxirane and the phosphonate.the glyoxalase I-catalyzed reaction is inner sphere or outer sphere

The latter two schemata would provide the greatest distortion i not known.
of the electronic symmetry of the metal. _ o ) )
FosA, glyoxalase I, and the extradiol dioxygenases utilize an activated substrate with bidentate (or tridentate) coordina-
different metals and clearly catalyze very different chemical tion to the metal.
reactions. Yet, the mechanistic feature relating these en- In the aggregate, these considerations suggest that FosA,
zymes is not as cryptic as might be expected from the glyoxalase I, and the bacterial extradiol dioxygenases are
obvious differences in chemistry. Each of the enzyme all members of the same metalloenzyme superfamily having
catalyzed reactions appears to utilize a metal center with similar metal ion sites, namely an octahedral coordination
octahedral coordination geometry for electrophilic activation geometry with two or three coordination sites occupied by
of a substrate or stabilization of an intermediate. In each displaceable water ligands. We propose that the mechanistic
instance two or three of the coordination sites in thel& imperative for conscription of the protein fold providing such
complex are occupied by water. We further propose that a metal site is bidentate coordination of a substrate or
two or more of these water molecules may be displaced uponintermediate for electrophilic catalysis. This superfamily is
inner-sphere coordination of a substrate or intermediate. Thisanother example where basic mechanistic requirements
is clearly the case with the extradiol dioxygenases where appear to direct the evolution of enzymes catalyzing different
the two coordinated water molecules (Han et al., 1995) are chemical reactions as has been elegantly demonstrated in
displaced from the iron by substrate (Shu et al., 1995). This the recent analysis of the enolase superfamily (Babbitt et
may also be true with glyoxalase I. Although the best a|., 1996). Additional structural and mechanistic investiga-
evidence to date suggests that the product in the glyoxalasejons of this proposal are underway.
| reaction forms an outer-sphere complex with the metal
where the interaction is mediated by coordinated water (Sellin ACKNOWLEDGMENT
et al., 1982; Rosevear et al., 1983), it is not clear if this is
also true for the bound intermediate. The evidence presented We thank Prof. George Reed for helpful discussions,
here suggests that the catalytic mechanism of FosA may alscadvice, and the use of the EPR and NMR instrumentation at
involve displacement of inner-sphere water ligands to give the Enzyme Institute, University of Wisconsin, Madison and
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SUPPORTING INFORMATION AVAILABLE

Details of the synthesis of the gene encoding FosA, the
expression and purification of the enzyme, and resolution-
enhanced EPR spectra of the product complex including one

table and three figures (6 pages). Ordering information is
given on any current masthead page.
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