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ABSTRACT: We focus on the assignment of function to and elucidation of struefurection relationships

for a member of the mechanistically diverse enolase superfamily encoded Bsathehizobium japonicum
genome (bll6730; G1:27381841). As suggested by sequence alignments, the active site contains the same
functional groups found in the active site of mandelate racemase (MR) that catalyzes a 1,1-proton transfer
reaction: two acid/base catalysts, Lys 184 at the end of the s¢tetrdnd, and a His 322-Asp 292 dyad

at the ends of the seventh and sigtistrands, respectively, as well as ligands for an essentiat Mgsp

213, Glu 239, and Glu 265 at the ends of the third, fourth, and fifftrands, respectively. We screened

a library of 46 acid sugars and discovered that amartrate is dehydrated, yielding oxaloacetate as
product. The kinetic constanti§= 7.3 s'1; keafKu = 8.5 x 10* M~1 s71) are consistent with assignment

of the p-tartrate dehydratase (TarD) function. The kinetic phenotypes of mutants as well as the structures
of liganded complexes are consistent with a mechanism in which Lys 184 initiates the reaction by abstraction
of the a-proton to generate a Mg-stabilized enediolate intermediate, and the vinylogéuimination

of the 3-OH group is general acid-catalyzed by the His 322, accomplishing the anti-elimination of water.
The replacement of the leaving group by solvent-derived hydrogen is stereorandom, suggesting that the
enol tautomer of oxaloacetate is the product; this expectation was confirmed by its observatidn by
NMR spectroscopy. Thus, the TarD-catalyzed reaction is a “simple” extension of the two-step reaction
catalyzed by MR: base-catalyzed proton abstraction to generatéasbilized enediolate intermediate
followed by acid-catalyzed decomposition of that intermediate to yield the product.

The members of the enolase superfamily of mechanisti- catalysts and the metal ion ligands. The members of the
cally diverse enzymes catalyze reactions that are initiated muconate lactonizing enzyme (MUEubgroupalwaysshare
by general base-catalyzed abstraction of a proton from aconserved, structurally opposed Lys residues at the ends of
carbon adjacent to a carboxylate group to generate anthe second and sixttg-strands. The known reactions
enediolate intermediate; this intermediate is rendered kineti- catalyzed by members of the MLE subgroup are MU, (
cally competent by coordination to an essential?M{l— o-succinylbenzoate synthasd),(L-Ala-p/L-Glu epimerase
3). The intermediate is directed to the product with the (5), andN-succinylamino acid racemase)(
participation of a general acid catalyst. The homologous The members of the mandelate racemase (MR) subgroup
members of the superfamily share a bidomain structure: alwaysshare a conserved, hydrogen-bonded dyad between
residues involved in determining substrate specificity are a His positioned at the end of the sevefitstrand and an
located in a capping domain formed from N- and C-terminal Asp positioned at the end of the sixfhstrand. Often, an
segments of the polypeptide; the acid/base catalysts andacid/base functional group is also located at the end of the
ligands for the metal ion are located at the ends of the secondj-strand so that acid/base chemistry can occur on
p-strands in aff/a)75-barrel [modified f/o)s-barrel] domain. both faces of the bound substrate and ?Mgtabilized
The members of the enolase superfamily are partitioned enediolate intermediate. However, our recent sequence
into subgroups based on the identities of the acid/baseanalyses suggest that a variety of acid/base functional groups
can be located at the end of the sec@hstrand, including
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Project Grant GM-71790 from the National Institutes of Health. : .
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Scheme 1 MATERIALS AND METHODS

Mg ";"?2+ ! IH NMR spectra were recorded using either a Varian Unity
%° P INOVA 750 MHz or a 500NB MHz NMR spectrometer.
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R Cloning, Expression, and Protein Purification of bll6730,
Enediolate Enol a Protein of Preiously Unknown FunctionThe gene (Gl:
Intermediate Intermediate 27381841) encoding bll6730 was PCR amplified from

MR, the prototype for the MR subgroup, has two acid/ genomic DNA isolated fromBradyrhizobium japonicum

base catalysts: Lys 166 at the end of the se¢tistrand  (Kindly provided by Prof. Kawasaki, Osaka University,
and the conserved His 297-Asp 270 dyad. Extensive func-Japan) using platinurfx DNA polymerase (Invitrogen).
tional and structural investigations have allowed a detailed 1€ PCR reaction (10@L) contained 1 ng of plasmid DNA,
understanding of the mechanism of the MR-catalyzed 1,1- 10 4L of 10x Pfxamplification buffer, 1 mM MgS@ 0.4

proton transfer reactiorL(). The structurally opposed acid/ MM dNTP, 40 pmol of each primer (forward primer
base catalysts mediate proton transfers to and from the® ~“CAAAGTTGAGACCATATGTCCGTCCGCATC-3and

a-carbon of the substrate via the Mecoordinated enediolate  FeVerse primer SCGGCGTGGGGATCCTTACTCCGC-
intermediate to accomplish racemization. CAGC-3), and 5 units of platinuniPfx DNA polymerase.

The sequence databases now conta00 members of The gene was amplified using a PTC-200 gradient thermal

the MR subgroup; based on sequence alignments, more thagY¢ler (MJ Research) with the following parameters: °@4
230 are predicted to share the same acid/base functionaf0f 2 min, followed by 40 cycles of 94C for 1 min, a
groups and metal ion ligands found in MR (J. A. Gerlt, gradient temperature range of 460 °C for 1 min and 15

unpublished observations). On the basis of sequence homolS: 68°C for 2 min, and a final extension of 6& for 10
ogy and operon context, only four of these are MR’s. On Min. The amplified gene was cloned into a modified pET-
the basis of genome context, most of the remaining memberstoP (Novagen) vector in which the N-terminal His tag
are expected to be acid sugar dehydratases involved in théfOntains 10 instead of the usual 6 His residues.
catabolism of carbohydrates: the operons that encode them The protein was expressedtischerichia colstrain BL21-
also encode aldolases, dehydrogenases, kinases, and/dPE3). Transformed cells were grown at 3Z in LB broth
mutarotases. (supplemented with 10@g/mL ampicillin) for 48 h and

If this expectation is correct, homologues of the acid/base harvested by centrifugation. No IPTG was added to induce
catalysts found in MR that catalyze the 1,1-proton transfer Protein expression. The cells were resuspended in binding
reaction at thex-carbon catalyze dehydration reactions that Puffer (5 mM imidazole, 0.5 M NaCl, 20 mM Tris-HCI, pH
require proton transfers to/from different carbons, i.e., 7-9. and 5 mM MgGJ) and lysed by sonication. The lysate
abstraction of a proton from the 2-carbon to yield the2tg ~ Was cleared by centrifugation, and the His-tagged protein
stabilized enediolate intermediate, protonation of the leaving Was purified using a column of chelating Sepharose Fast
3-OH group in the vinylogoug-elimination, and, finally, Flow (Amersham Biosciences) charged witfFNiCell lysate _
protonation of the 3-carbon of the enol intermediate in the Was applied to the column in binding buffer, washed with
ketonization reaction that yields the product (Scheme 1). 15% elute buffer (1 M imidazole, 0.5 M NaCl, 20 mM Tris-

Understanding how the “same” active site responds to the HCI, pH 7.9, and 5 mM MgG)—85% wash buffer (60 mM
differing structural requirements for dehydration requires that imidazole, 0.5 M NaCl, 20 mM Tris-HCI, pH 7.9, and 5
the identities of the substrates for the members of unknown MM MgCl), and eluted with 50% binding buffe50% strip
function be established. In this report, we describe the buffer (100 mM EDTA, 0.5 M NaCl, 20 mM Tris-HCI, pH
functional assignment of the-tartrate dehydratase (TarD) 7.9, and 5 mM MgGl). The N-terminal His tag was removed
function to a member of an orthologous group of proteins With thrombin (Amersham Biosciences) according to the
in the MR subgroup that, based on sequence a|ignmentslmanufacturer_’s instructions, and the_ proteins were purified
shares the same active site functional groups with MR. We t0 homogeneity on a Q-Sepharose high-performance column
also determined the structure and studied the mechanism ofAmersham Biosciences) equilibrated with binding buffer (25
the reaction. Incorporation of the solvent-derived hydrogen MM Tris-HCI, pH 7.9, and 5 mM MgG) and eluted with a
into the remainingo-tartrate occurs in competition with linear gradient of 80.5 M elution buffer (1 M NaCl, 25
dehydration, consistent with our expectation that the TarD- MM Tris-HCI, pH 7.9, and 5 mM MgG).
catalyzed reaction is initiated by abstraction of thproton Site-Directed Mutagenesis and Protein Purificati@ite-
by the Lys 184 at the end of the secoftiétrand. Surpris-  directed mutants of TarD were constructed using the
ingly, the incorporation of a solvent-derived hydrogen in the QuikChange kit (Stratagene), verified by sequencing, ex-
oxaloacetate product, obtained by vinylog@islimination pressed in the BL21(DES3E. coli cells, and purified as
of the hydroxide leaving group facilitated by His 322curs previously described for wild-type TarD.
in a stereorandom process that is explained by the release Crystallization and Data CollectianAll crystals, wild-
of the enol tautomer of oxaloacetate as the prodiitius, type TarD liganded with Mg selenomethionine-substituted
the TarD-catalyzed reaction is a “simple” extension of the TarD liganded with M§", wild-type TarD liganded with
two step, MR-catalyzed reaction: initial general base- Mg?" andmesetartrate, and the K184A mutant liganded with
catalyzed proton abstraction to generate a&Msabilized Mg?" andp-tartrate, were grown by the hanging drop method
enediolate intermediate which is directed to the enol product at room temperature. The crystallization conditions for the
with the assistance of a general acid catalyst. first two samples were the same: 5.6 mg/mL protein in 50
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Table 1: Data Collection and Refinement Statistics

SeMetTarBMg
wtTarD-Mg wtTarD-Mg-mesetar K184A TarD-Mg-p-tar edge peak remote
data collection

beamline NSLS X9A NSLS X4A NSLS X4A NSLS X9A
wavelength 0.979 0.979 0.979 0.97936 0.97915 0.97166
space group C222, P1 P6,22 C222,
unit cell parameters

a b, c(A) 95.97, 178.00, 110.51 74.83, 162.54, 168.18 150-99144.10 96.03, 178.06, 110.58

o, 3, y (deg) 117.76, 90.03, 90.67
no. of moleculesina.u. 2 16 4 2
resolution (A) 1.86 2.5 2.3 2.5 2.5 2.5
unique reflections 78930 223601 115401 32987 33052 32965
completeness (%) 99.6 92.3 90.7 99.7 99.8 99.5

erge 0.061 0.088 0.119 0.056 0.049 0.068

refinement

resolution (A) 25.60-1.86 25.6-2.5 25-2.3
Reryst 0.234 0.241 0.209
Riree 0.254 0.265 0.232
rmsd, bonds (A) 0.006 0.007 0.006
rmsd, angles (deg) 1.30 1.34 1.39
no. of protein atoms 5850 48352 12072
no. of ligand atoms 0 160 40
no. of Mg?* 2 16 4
no. of waters 303 449 466
PDB ID 1122 2DW7 2DW6

mM Hepes, pH 7.0, containing 0.1 M NaCl and 5 mM ternary complex (2.5 A resolution) and the K184A TarD
MgCly; the precipitant was 17% PEG 3350 and 0.1 M Bis- Mg?*-p-tartrate ternary complex (2.3 A) were collected at
Tris, pH 5.5. For the crystallization of the wild-type TarD  the NSLS X4A beamline on an ADSC CCD detector. Data
Mg?t-mesetartrate complex the protein solution contained were integrated and scaled with the programs DENZO and

wild-type TarD (7.2 mg/mL) in 50 mM Tris-HCI, pH 7.9,
containing 0.1 M NaCl, 5 mM MgGJ and 40 mMmese
tartrate; the precipitant was 16% PEG3350, 0.1 M Bis-Tris,
pH 5.5, and 5% acetone. For the crystallization of the K184A
TarD-Mg?*-p-tartrate complex the protein solution contained
mutant protein (32 mg/mL) in 50 mM Tris-HCI, pH 7.9,
containing 0.1 M NaCl, 5 mM MgGJ and 40 mMb-tartrate;

SCALEPACK (11). Data collection statistics are given in
Table 1.

Structure Determination and Refinemelmitial attempts
to determine the structure of the wild-type TarD by molecular
replacement using other members of enolase superfamily as
a search model were unsuccessful. The structure of SeMet
TarD was solved by multiple anomalous dispersion (MAD)

the precipitant was 0.8 M potassium/sodium tartrate, 0.1 M with the program SOLVEX2), which identified 28 out of

Tris-HCI, pH 8.5, and 0.5% PEG MME 5000. Crystals of
wild-type TarDMg?t and SeMet TarEMg?t appeared in

30 expected selenium sites. These heavy atom sites were
used to calculate initial phases that were improved by solvent

3—4 days and exhibited diffraction consistent with the space flattening and NCS averaging with the program RESOLVE

group C222 with two molecules in the asymmetric unit.
Crystals of the wild-type TarbMg?"-mesetartrate complex
appeared in 89 days and exhibited diffraction consistent
with the space groug®l with 16 molecules of ternary
complex in the asymmetric unit. Crystals of K184A TarD
Mg?*-p-tartrate appeared in 2 weeks and exhibited diffraction
consistent with the space gro@6,22 with four molecules

of the ternary complex in the asymmetric unit. Prior to data
collection, crystals of wild-type TarMg?* and SeMet Tarb
Mg?" were cryoprotected in mother liguor supplemented with
5 mM MgCl, and 20% glycerol; crystals of wild-type TarD
Mg?*t-mesetartrate were cryoprotected in mother liquor
supplemented with 5 mM Mggl40 mM mesetartrate, and
30% glycerol; and crystals of K184A TarBlg?*-p-tartrate
were cryoprotected in mother liquor supplemented with 5
mM MgCl,, 40 mMb-tartrate, and 30% glycerol. After10

s of incubation in cryoprotectant solution all crystals were
flash cooled in a nitrogen stream. Three wavelength MAD
data for SeMet TarD were collected to 2.5 A resolution at

(13), yielding an interpretable map for both monomers in
the asymmetric unit. Iterative cycles of manual rebuilding
with TOM (14) and refinement with CNS resulted in a model
with Reryst = 0.249 andRyee = 0.275 at 2.5 A resolution.
This model was subsequently refined at 1.86 A for wild-
type TarD withReyst = 0.234 andRyee = 0.254. The two
wild-type TarD molecules in the asymmetric unit form a tight
dimer, typical of members of the enolase superfamily. The
Mg?" ions were clearly visible in the electron density maps
of wild-type TarD for both monomers and were coordinated
by Asp 213, Glu 239, Glu 265, and three water molecules.
The chain segments composed of residuesZ@8from the
flexible 20’s loops in both monomers exhibited weak density
and were not included in the final model of wild-type TarD.
The structure of the wild-type TarMg?'-mesetartrate
ternary complex was solved by molecular replacement with
the program EPMR, using the wild-type TarD dimer as the
search model. The bounthesetartrate and Mg were
clearly visible in electron density maps for all eight dimers

the NSLS X9A beamline (Brookhaven National Laboratory) in the asymmetric unit. Several cycles of refinement with
on a MarCCD-165 detector. Native data for wild-type TarD the inclusion of water molecules, Mg and inhibitor in the
to 1.86 A were collected under the same experimental final cycles resulted in a final model WitReyst= 0.241 and
conditions. Data for the wild-type TarMg?"-mesetartrate Riree = 0.265. All residues of the protein chain are well-
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defined and are included in the final model. The structure from the reaction to minimize nonenzymatic decarboxylation
of the K184A TarDMg?"-p-tartrate ternary complex was of oxaloacetate.
solved by molecular replacement with the program EPMR,  Stereochemical Course af-Tartrate Dehydration.p-
also using the wild-type TarD dimer as the search model. Tartrate was dehydrated in a®-containing buffer at 20
The bound ligands and Mg were readily identified in the  °C, with 2H NMR spectra recorded as a function of time
active sites of the two dimers in the asymmetric unit. Iterative after initiation of the reaction. To determine the stereochem-
cycles of automatic rebuilding with ARP, manual rebuilding ical course of dehydration, MDH was used to reduce the
with TOM, and refinement with CNS resulted in a final oxaloacetate product to-malate; due to overlappinéH
model withRqyst = 0.209 andRree = 0.232. The 20’s loops  chemical shifts of the &)-H of L-malate and the &-H of
that close the active sites are stabilized in the presence ofthe dihydropyridine ring of NADH, and the fortuitous
boundp-tartrate in all four monomers; all residues of the stereospecificity of MDH for the &)-H of NADH, [4(S)-
protein chains are well-defined and are included in the final 2H]-NADH was used in the reductive trapping of the
model. Final refinement statistics are given in Table 1. oxaloacetate dehydration product. A typical reaction con-
Assignment ob-Tartrate Dehydratase (TarD) Function tained 2.5 mMb-tartrate, 5 mM [49)-?H]-NADH, 50 mM
to bll6730. Dehydration of mono- and dicarboxylate acid Tris-DCI (pD 7.5), 25 units of MDH, and 1 unit of wild-
sugars by the enzyme was monitored after 16 h by end-pointtype TarD (or increased amounts of mutant enzymes).
detection of the semicarbazone product at 250 nm. The Obsewation of the Tautomers of Oxaloacetate’syNMR
dehydration by TarD was performed at 3G in 50 mM Spectroscopyp-Tartrate was dehydrated in a@-containing
Tris-HCI (pH 8.0), containing 10 mM Mgg| 10 mM acid buffer at 20°C, with '"H NMR spectra recorded as a function

sugar, and M enzyme. Acid sugars used include, L-, of time after initiation of the reaction. For observation of
and mesetartrate; xylaratep- and L-arabinarate; ribarate;  both the enol and keto tautomers of oxaloacetate, the
allarate;p- and L-altrarate; galactarate- andL-glucarate; reactions contained 2.5 mM-tartrate, 10 mM sodium
L-idarate; p- and L-mannaratep- and L-ribonate;p- and phosphate (pD 7.5), and 1 unit of wild-type TarD. The
L-arabinonatep- andL-xylonate;p- andL-lyxonate;p- and identity of the resonance associated with the enol tautomer

L-allonate;p- and L-altronate;p- and L-gluconate;p- and was established in separate experiments in which the reaction
L-mannonatep- and L-gulonate;p- and L-idonate;p- and mixture also contained 5 mM [&-°H]-NADH and 25 units
L-galactonate;p- and L-talonate; b- and L-fuconate; L- of MDH.

rhamnonatep-galacturonate; and-glucuronate 9).

Kinetic Assay ob-Tartrate DehydrataseTarD activity RESULTS AND DISCUSSION

was assayed by a continuous coupled spectrophotometric - aggjgnment af-Tartrate Dehydratase Function to blI6730

assay, using malate dehydrogengse to red_uce_the oxaloacetajfy , g japonicum (G1:27381841Yhe protein that is the
product toL-malate and quantitating the oxidation of NADH  ¢.\s of this report, bll6730 (GI:27381841) fro japoni-

or odecrease_ of absorbance at 340 nm. The assay (1 mL a[:um is a member of a group of proteins in the MR subgroup
25°C) contained-tartrate (0.02-10 mM), 50 mM K'Hepes 4,y numbering 14) thought to be isofunctional on the basis
(pH 7.5), 10 mM MgC}, 0.16 mM NADH, and 10 units of o sequence alignments>60% identity)? However, the
L-malate dehydrogenase (MDH). genes encoding these proteins do not share the same genomic
Synthesis of-[3(R)*H]-Malate. L-[3(R)-*H]-Malate was  context, and insufficient operon context is available for any
prepared by reacting fumarate and fumarase 40 buffer. gene to provide sufficient clues to assign function. In some,
The reaction mixture contained 50 mM Tris-DCI (pD 7.5), but not all, cases, the proximal genes encode dicarboxylic
5 mM fumarate, and 20 units of fumarase. Fumarase wasacid transporters and/or diacid dehydrogenases, suggesting
exchanged into BD buffer using an Amicon (10000 Da) that the function of the unknown members would be (di)-
stirred ultrafiltration cell. acid sugar dehydration. The protein fr@njaponicumwas
Synthesis of [4(S)H]-NADH. [4(9-°H]-NADH was pre- selected for functional assignment simply on the basis of
pared according to the method described by Ottolina et al. the availability of its genomic DNA in our laboratory; other
(15). The reaction mixture (6 mL) contained 50 mM sodium orthologues were not studied because the structure was
bicarbonate (pH 7.5), 30 mM\b-[1-°H]-glucose, 15 mM solved by the New York Structural Genomics Research
NAD™, and 35 units of glucose dehydrogenase. The reactionConsortium (NYSGXRC) before systematic attempts at the
mixture was incubated at 2% for 5 h, and the course of functional assignment were initiated.
NAD reduction was monitored at 340 nm. The mixture was  Due to the lack of specific information obtained from the
diluted with water to 15 mL and purified by elution from a examination of orthologous operon contexts, we used a
column of DEAE-Sepharose Fast Flow (H&dorm) with screening strategy to identify the substrate for bll6730. A
a gradient of ammonium bicarbonate. Fractions containing
[4(S-?H]-NADH were pooled and lyophilized. The stereo- 5, 57351841 pradyrhizobium japonicuriSDA 110; GI-78699728,
chemistry and isotopic purity of [&-°H]-NADH were Bradyrhizobiumsp. BTAI1; GI:83375237Rhodobacter sphaeroides

determined by*H NMR spectroscopy. ATCC 17029; GI:77465386Rhodobacter sphaeroide®.4.1; Gl:
69279803,Mesorhizobiumsp. BNC1; GI:75433304Actinobacillus
TarD-Catalyzed Exchange of theProton ofp-Tartrate. succinogene430Z; G1:83951719Rosewarius nubinhibensSM; Gl:

D-Tartrate was incubated with wild-type or mutant TarD’s 89899652 Rhodoferax ferrireducen®SM 15236; GI:8471523%0-
in buffered DO at 20 °C, and 'H NMR spectra were laromonas naphthalenoransCJ2; G1:91782474Burkholderia xeno-

; ; ; ik vorans LB400; GI:74015177 Burkholderia ambifariaiAMMD; Gl:
recorded. A typical reaction contained 5 artrate, 50 91788958Polaromonassp. JS666; GI:2887120Bseudomonas syringae

mM Tris-DCI (pD 7.5), and 0.5 unit of wild-type TarD (or  p,, tomatostr. DC3000; GI:7745899%seudomonas fluoresceREO-
increased amounts of mutant enzymes).2Mgas omitted 1.
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Table 2: Kinetic Parameters of TarD

Keat (571 Km (mM) KealKn (M~1s7Y)
wild type 7.3+ 0.1 0.086+ 0.007 8.5x 10*
K184R (5.840.5)x 103 0.035+ 0.016 1.7x 107
K184A ~0 ~0
H322N (6.9 0.4)x 103 0.048+ 0.019 1.4x 107
H322Q (1.9£04)x 10° 7.7£55 2.5x 1071
H322A (2.7+£0.2)x 10® 6.2+2.5 4.4x 107t
K102M ~0 ~0
K102A ~0 ~0
Scheme 2
co, co,
HO——H  TarD o
H——OH H H
Coy Coy

D-Tartrate

library of 46 mono- and diacid sugars and uronic acids was FIGURE 1. The dimer of TarD in the structure of wild-type TarD

; ; ; complexed withmesetartrate (white). Ther-helices angs-strands
used to identify possible substrate).(We screened for in one polypeptide are colored red and blue, respectively; in the

dehydratase activity by reacting the enzyrsebstrate  second polypeptide these are colored magenta and green, respec-
mixtures with the semicarbazide reagent and detecting anytively. Lys 102 from the second polypeptide, colored yellow,

semicarbazone product by UV spectroscopy. Under the participates in the active site of the first polypeptide; Lys 102 from
conditions described in the Materials and Methods section, the first polypeptide, colored cyan, participates in the active site of
only p-tartrate was completely dehydrated by bll6730; no the second polypeptide.

other acid sugar resulted in detectable turnower%; results

not shown). Thep-tartrate substrate has thg2S configuration; the inert

. . : . ... mesetartrate inhibitor has theS3R configuration.
We also investigated possible tartrate epimerase activity The active site of the complex of wild-type TarD with

by *H NMR spectroscopy in BD. meseTartrate would Mg?t andmesetartrate is shown in Figure 2A. As expected,
necessarlly be the substrate/product of epimerization; noy, o Mg* is coordinated to Asp 213, Glu 239, and Glu 265,
time-dependent exchange/loss of theNMR resonance of | 4teq at the ends of the third, fourth, and fiféstrands in
mesetartrate was observed (data not shown). ~ the barrel domain. One carboxylate oxygen of the inhibitor
The product initially was identified as oxaloacetate using s coordinated to the Mg as well as hydrogen bonded to
L-malate dehydrogenase (MDH) in a coupled-enzyme Spec-the c-ammonium group of Lys 182 located at the end of the
trophotometric assay; in the absence of exogenou$'Mg  geconds-strand. The second carboxylate oxygen is hydrogen
no pyruvate could be detected usintactate dehydrogenase  ponded to Glu 341, located at the end of the eightiirand.
(data not shown). The values of the kinetic constants are rhjs coordination of the essential Rigis analogous to that
listed in Table 2. With these values for the kinetic constants, gpserved in the active site of MR and FucD. The distal
which are comparable to those measured for G8)PGlucD carboxylate group of the inhibitor is hydrogen bonded to both
(16), and FucD §), we considerp-tartrate to be the  agp 21 in the 20’s loop in the capping domain and Lys 102
physiological substrate of bll6730, so we assign the function i, ihe capping domain of the symmetry-related polypeptide
asp-tartrate dehydratase (TarD; Scheme 2). in the dimer. In MR, a Val at a homologous position in the
On the basis of sequence homology (conservation of capping domain of the symmetry-related polypeptide com-
residues in the loops in the N-terminal capping domain that pletes the hydrophobic cavity of the active site.
determined substrate specificity), we assume that the TarD  The proton of the S-carbon of the inhibitor points toward
function is shared by the other members of the presumed| ys 184 at the end of the secofiestrand in the KxK motif.
orthologous groug. On the basis of this location, Lys 184 is positioned to
Structure of TarD Like FucD, but in contrast to the function as the general acid catalyst to catalyze abstraction
octameric MR, TarD is arx, homodimer, in which the  of the 2-proton, although theSprotonmesetartrate is inert
monomer exhibits two distinct domains. Th#();5-barrel  to proton abstraction as judged by the lack of exchange of
domain containing the metal ion ligands and acid/base groupsthis proton with solvent (vide supra). His 322, of the His
and the capping domain formed the extra barrel N- and 322-Asp 292 dyad at the ends of the seventh and sixth
C-terminal segments of the polypeptide forming the binding s-strands, respectively, is located on the opposite face of
pocket for the substrate. As previously observed for MR and the active site.
FucD, each active site is at the interface between two The 3R)-OH group of the inhibitor is hydrogen bonded
symmetry-related polypeptides (Figure 1), so the octameric to Asn 55 in the capping domain, Tyr 343 at the end of the
structure is best described as a tetramer of dimers. eighth 8-strand, and His 322. As illustrated in Figure 2A,
Structures were determined for three forms of the en- both the structure ofmesetartrate and the geometry of the
zyme: wild type liganded only with Mg, wild type hydrogen-bonding network enforce the 3-OH group to be in
liganded with M@+ andmesetartrate (a competitive inhibi-  the plane of the enolate anion intermediate generated by
tor; Ki = 20 uM), and the K184A mutant (active site base; abstraction of thetw-proton, thereby preventing its departure
vide infra) liganded with M§" andp-tartrate (the substrate). in a vinylogousf-elimination reaction.
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Tyr 343 Tyr 343
Glu 341 g “‘“ 55 Glu 341 g """ 55
Lys 182 Lys 182
\V Asp 292 Asp 292
His 322 His 322

Lysw Ala 184
= ® w —
Asn 21 : Asn 21

Lys 102* Lys 102*
meso-tartrate D-tartrate

Ficure 2: Panel A: The active site of wild-type TarD complexed with the competitive inhilitesetartrate (purple). Panel B: The
active site of the K184A mutant of TarD complexed with the substati@rtrate (purple).

The active site of the complex of the K184A mutant of A ¢ l Q B l Cc l
TarD with Mg?*" andp-tartrate (the substrate for wild-type c-o° =0
TarD) is shown in Figure 2B. The essential differences H SH “‘::]:SH
between this complex and that of wild-type TarD witiese ? ¢=o
tartrate are (1) the absence of the side chain of putative  © o l

general basic Lys 184 and (2) the loss of the hydrogen bond
between the 3-OH group of the ligand and Tyr 343. As
illustrated in Figure 2B, both the structure mftartrate and
the geometry of the hydrogen-bonding network enforce the l
3-OH group to be orthogonal to the plane of the enolate anion J
intermediate generated by abstraction ofdhgroton, thereby

allowing its departure in a vinylogoyselimination reaction T
assisted by general acid catalysis by His 322. A similar Ficure 3: RepresentativéH NMR spectrum ofp-tartrate after
disposition of the 3-OH leaving group affuconate was  incubation with (A) wild-type TarD, (B) K184R, and (C) H322N.
observed in the catalytically inactive K220A mutant of FucD structure of the active site and/or significantly diminished
(9). affinity for the dianionic substrate.

Thus, on the basis of the structures of these complexes, Mechanism of the TarD-Catalyzed Reaction: Exchange
we propose that the TarD-catalyzed reaction involves initial of the a-Proton of b-Tartrate Occurs in Competition with
abstraction of the 2-proton oftartrate to generate an enolate Dehydration We examined the progress of the wild-type
anion intermediate stabilized by enhanced electrostatic TarD-catalyzed reaction usiffl NMR spectroscopy in Tris-
interactions with the Mg and enhanced hydrogen bonding HCI-buffered DO as solvent. We observed a decrease in
with Glu 341 followed by general acid-catalyzed departure the intensity associated with the protonsoefartrate, but
of the orthogonal 3-OH group by His 322. The remaining no resonances associated with oxaloacetate were visible due
sections of this paper describe experimental examination ofto rapid exchange of their protons with the@solvent.
this hypothesis. As the resonance associated withartrate decreased in

Kinetic Properties of Mutants of Act Site Residue§Ve intensity, we observed the transient formation of an upfield-
constructed the mutants listed in Table 2 so that their kinetic shifted resonance associated viitfPH;]-tartrate (Figure 3A).
importance in the TarD-catalyzed reaction could be evalu- The appearance of this resonance can be explained by the
ated. The values of the kinetic constants are also includedabstraction of thei-proton ofp-tartrate by a polyprotic active
in Table 2. site base to generate the KMestabilized enediolate inter-

The values of the kinetic constants are consistent with Lys mediate which can partition between vinyloggiielimina-

184 functioning as theS-specific base that initiates the tion to accomplish dehydration to the enol of oxaloacetate
reaction (vide infra); e.g., the activity was reduced by the and deuteriation by the conjugate acid of the polyprotic base
K184R mutant and eliminated by the K184A mutant. The to yield b-[?H,]-tartrate (Scheme 3). Subsequent binding of
substitutions for His 322 retained low, but measurable, levels the pseudosymmetrical[?H,]-tartrate to TarD such that the

of activity, suggesting that the abstraction of teroton proton rather than the deuteron is positioned for abstraction
can be catalyzed and that the vinyloggiglimination of by Lys 184 is expected to yield both dehydration and the
the hydroxyl leaving group can proceed but at a significantly spectroscopically invisibl®-[2H,]-tartrate. Of course, the
decreased rate in the absence of a general acid catalyst. Thaydron abstraction steps fromtartrate p-[?H,]-tartrate, and
presence of Lys 102 in the active site suggests that it might b-[?H;]-tartrate will be accompanied by solvent and substrate
be able to provide a proton f@-elimination in the absence  (p-[?H4]- and b-[?H,]-tartrate) kinetic isotope effects.

of His 322; however, the K102M and K102A mutants have  The exchange of the-proton ofp-tartrate with solvent

no detectable activity, suggesting perturbations in the deuterium catalyzed by TarD is reminiscent of the observa-
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tion that the o-proton of §)-mandelate, but notR)- >
mandelate, is exchanged with solvent deuterium in the MR- C
catalyzed reactionl(f). However, in the case of the TarD-
catalyzed reaction, the structure/symmetrp-dértrate allows
the exchange reaction to be observed directlytyNMR
spectroscopy. In the MR-catalyzed reaction, the incorporation =

of solvent deuterium into theSf-mandelate substrate pool
was quantitated by derivitization with a chiral reagent
followed by GC-MS analyses to quantitate the incorporation
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FiIGURE 4. (A) 'H NMR spectrum ofL-malate showing the

assignments of the prochiral protons of C3 e#halate. (B)*H NMR
spectrum of -[3(R)-2H]-malate. (C}H NMR spectrum of a mixture

of NADH and L-malate showing the overlap of the resonances
associated with the Bro-R proton of L-malate and the #ro-S
proton of NADH. (D) *H NMR spectrum of a mixture of [&)-
2H]-NADH and L-malate.

Ficure 5: 'H NMR spectra of.-malate obtained after incubation
of 2.5 mM b-tartrate, 5 mM [4§)-2H]-NADH, and L-malate
dehydrogenase with wild-type TarD (panel A) and K184R (panel
B). Because of enhanced exchange ofdkartrate substrate with
solvent deuterium, 25 mMb-tartrate was used in analogous
experiments with H322N (panel C).

of solvent deuterium. For MR, the exchange reaction was
explained by the polyprotic Lys 166 acting as tepecific
base in the MR-catalyzed reaction, with the enediolate
intermediate partitioning between protonation on the opposite
face by the conjugate acid of His 297 to yieR){mandelate
and deuteriation by the conjugate acid of Lys 166 to yield
deuteriated9-mandelate. In support of this mechanism, the
N297N mutant of MR was active as aty){mandelate
“exchangease” but inactive as a racemds®. (

Thus, the general base in the TarD-catalyzed reaction is
Lys 184, the homologous residue of Lys 166 in MR, which
would be dideuteriated in the enzyrmédartrate complex and,
after proton abstraction and rotation about the-8. bond,
be properly positioned to competitively deliver a deuteron
to the intermediate to generate the obsem¢éH;]-tartrate.

We also examined the ability of the active site mutants to
catalyze the incorporation of solvent deuterium into the
remainingp-tartrate. In the case of potentially torsiosym-
metric K184R substitution, which catalyzes slow dehydration,
no formation of deuteriated-tartrate was observed as the
p-tartrate was consumed (Figure 3B); presumably, the
substitution increases the energy barrier for partitioning of
the enediolate intermediate to exchange relative to dehydra-
tion. In the case of H322N, which also catalyzes slow
dehydration, the amount of[?H,]-tartrate that accumulated
exceeded that observed in the course of the reaction catalyzed
by wild-type TarD; in this case, the substitution substantially
increases the energy barrier for partitioning of the enediolate
intermediate to dehydration relative to that for exchange
(Figure 3C).

This behavior is consistent with the role of Lys 184 as
the general base that initiates the reaction by abstraction of
the a-proton and of His 322 as assisting in the vinylogous
p-elimination of the 3-hydroxyl group. As expected from
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by the fumarase-catalyzed hydration of fumarate HOP

2 (Figure 4B). We also observed that theg®-R proton of
1 L-malate and the #o-S proton of NADH have similar
£ 03 . chemical shifts (Figure 4C), so we utilized 8?H]-NADH
g in our stereochemical experiments to allow monitoring of
g 06 the incorporation of solvent deuterium into the protons of
°© o4 oxaloacetatefmalate throughout the course of the reaction
(Figure 4D).
0.2 “] After completion of the wild-type TarD-catalyzed reaction
o . . . : : conducted in the presence of a molar excess d®){]-
0 2 4 6 8 10 NADH, both L-[3(S-2H]- and L'[S(R)-ZH]-malate were

produced in approximately equimolar amounts (Figure 5A).
FiGure 6: Time course for consumption of NADH in the MDH The stereochemical course of replacement of the 3-OH of

coupled-enzyme assay. The assay was performed in 10 mM sodiunP-tartrate by a SOIVem'de_”Ved deuterium to y'_eICED?’{Hl'
phosphate buffer, pH 7.5 (black line); in 10 mM sodium phosphate 0xaloacetate (after trapping:[3(S)-*H]-malate) is retention
buffer and 10 mM MgGl (red line); and in 50 mM KHepes buffer of configuration; the [3R)-?H]-oxaloacetate (after trapping,
and 10 mM MgCj (blue line). L-[3(R)-2H]-malate) is formed with inversion of configura-

) ) tion. Thus, the delivery of a solvent-derived hydrogen to the
this proposal, the K184A mutant was devoid of measurable eng intermediate to yield the keto tautomer of oxaloacetate
TarD activity, allowing its structure to be determined in the s stereorandom. This observation contrasts with our earlier
presence ofb-tartrate. However, in contrast to the MR- reports that solvent-derived hydrogen is incorporated with
catalyzed reaction in which H297N was devoid of racemase retention of configuration in the dehydration reactions
activity, Fhe H322N retained decreased, but measurable,cata|yzed by both GalD and GlucB)(and with inversion
dehydration activity. _ of configuration in the reaction catalyzed hyfuconate
~ Mechanism of the TarD-Catalyzed Reaction: Stereochem-dehydratasedj. Assuming that the dehydration proceeds with
ical Course of the Dehydration ReactioWe analyzed the  an anti-stereochemical course, based on the importance of
stereochemical course of replacement of the 3-OH group with hoth Lys 184 and His 322 in the reaction, the solvent-derived
solvent-derived hydrogen so that we could determine the hydrogen leading to inversion of configuration in the loss
relative orientation of the hydroxyl leaving group and the of the hydroxyl group would be delivered from the side of
general acid involved in ketonization of the enol intermediate the active site on which Lys 184 is located; the solvent-
(formed by vinylogougs-elimination of water) to form the  derived hydrogen leading to retention of configuration would
oxaloacetate product (Scheme 1). Because we observed thale delivered from the side of the active site on which His
the protons of the oxaloacetate product exchange rapidly with322 is |ocated.
the D,O solvent, we conducted the TarD-catalyzed reaction | either Tris-HCI- or phosphate-buffereds®, the sum
in the presence of a kinetic excess of MDH to trap the keto of the integral of the resonances associated Wi{B(S)-
tautomer of the oxaloacetate productLasialate. 2H]- andL-[3(R)-2H]-malate is 0.7, measured relative to the

The protons of the methylene groupiefalate, derived  gecreases in the intensities of the downfield, well-resolved
from the methylene group of oxaloacetate in the MDH- yesonances associated with NADH and NADThat this
catalyzed reaction, appear as an ABX pattern (Figure 4A), intensity is <1 is explained by the enrichment of the
with the downfield signals associated with the/®-R proton p-tartrate substrate with-[2H]- and p-[2H,]-tartrate as the
(assigned by comparison with[3(R)-°H]-malate prepared  reaction proceeds (Scheme 2), so that a fraction of the enol
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Ficure 7: H NMR spectra ofb-tartrate, enol-oxaloacetate, and keto-oxaloacetate obtained as a function of time after addition of 1 unit
of TarD to 2.5 mMp-tartrate in 0.8 mL of 10 mM sodium phosphate (pH 7.5). The intensities ob{taetrate resonances are reduced
20-fold compared to the oxaloacetate resonances.
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of oxaloacetate resulting from vinylogoyiselimination is evidence that these active sites catalyze the stereospecific
deuteriated. After tautomerization inO, the keto tautomer  tautomerization of the enol intermediate to generate the
of oxaloacetate which is the substrate for MDH would be 2-keto-3-deoxy products (Scheme 1). The “simplest” expla-
dideuteriated, resulting in loss of signal intensity. Loss of nation for the lack of stereospecificity observed for the TarD-
protium could result from exchange of the keto tautomer of catalyzed reaction is that the product is the enol tautomer of
[°H4]-oxaloacetate with solvent; however, we observed the oxaloacetate; i.e., the enzyme does not catalyze the keton-

intensity of the resonances associated wif8(S)-2H]- and ization reaction shown in Scheme 1.
L-[3(R)-?H]-malate to be independent of the amount of MDH Recognizing that amine buffers catalyze tautomerization
used to trap the keto tautomer. of carbonyl compounds, including oxaloacetdlt8-22), we

We also examined the stereochemical courses of theperformed experiments in phosphate buffer in the absence
reactions catalyzed by the K184R and H322N mutants. In of exogenous Mg to determine which tautomer of oxalo-
the case of the K184R-catalyzed reactiof3(9-°H]- and acetate is the product of the TarD-catalyzed reaction. First,
L-[3(R)-2H]-malate were also produced in equimolar amounts; we performed the MDH coupled-enzyme assay and observed
i.e., the reaction proceeded with equal contributions of a pronounced time-dependent increase in activity (lag) that
pathways accompanied by retention and inversion of con- was independent of the amount of MDH present in the assay
figuration (Figure 5B). The sum of the integrals associated (Figure 6, black line). This lag was eliminated by including
with the 3-protons of the oxaloacetate product is 1.0, which 10 mM MgCk in the assay (red line). Also, no lag was
is consistent with the observed lack of incorporation of observed when the assay was performed in Hepes buffer
deuterium into the remaining-tartrate substrate as the containing 10 mM MgGl (blue line). We attribute the slow
dehydration reaction proceeds. Additionally, the quantitative attainment of the steady-state rate described by the black
retention of the substrate-derived protium in the trapped line to the nonenzymatic conversion of the enol tautomer
L-[3(9-2H]- and L-[3(R)-2H]-malates provides additional product of the TarD-catalyzed reaction to the keto tautomer
evidence that the MDH effectively competes with exchange substrate for the MDH-catalyzed reaction. The time depen-
of the keto tautomer of?Hj]-oxaloacetate with solvent. dence of the observed increase in rate is consistent with that

The stereochemical course of the H322N-catalyzed reac-reported by Creighton and co-workers for the nonenzymatic
tion could not be studied using the “low”, but saturating, reactions that equilibrate the enol and keto tautomers of
concentration ob-tartrate employed in the experiments using 0xaloacetate in dilute phosphate buffer at neutral @B).(
wild type and the K184R mutant (2.5 mM). As discussed ~We also usedH NMR spectroscopy to detect the presence
previously, the H322N-catalyzed reaction is accompanied by of the enol and keto tautomers of oxaloacetate in the TarD-
more efficient exchange than dehydration, with the conse- catalyzed reactioh.n the absence of MDH (Figure 7), as
quence that almost all of the oxaloacetate trappedraalate ~ thep-tartrate is consumed (and, also, competitively undergoes

was dideuteriated. However, using the same (5 mM; now €xchange with solvent deuterium), a resonance associated
limiting) concentration of [49)-2H]-NADH and a 10-fold with the enol tautomer of oxaloacetate increases in intensity

greater concentration af-tartrate so that the-[zHl]- and at 543 ppm; this r:esonance remains until the reservoir of
p-[2H,]-tartrate formed by exchange is diluted into a larger Protiatedo-tartrate is exhausted. Subsequent to the appear-
reservoir of protiated-tartrate, we observed that[3(S)- ance of this resonance, a resonance associated with the keto

2H]- andL-[3(R)-2H]-malate again were produced in equimo- tautomer of fH; *H;J-oxaloacetate appears at 3.5 ppm (a
lar amounts; i.e., the reaction proceeded with equal contri- broad triplet because of geminal coupling to the deuterium).

butions of pathways accompanied by retention and inversion The latter resonance decays following that associated with
of configuration (Figure 5C). the enol tautomer, as expected if the keto tautomer were

Mechanism of the TarD-Catalyzed Reaction: Obation derived from the enol tautomer and more exchanges its
of the Enol of Oxaloacetate as the Produliat the reactions ~ Protium with solvent .deuter,lum via enolizatiod) (Scheme
catalyzed by wild-type TarD and its K184R and H322N 3). According to Creighton’s measurements, at equilibrium,
mutants are accompanied by stereorandom replacement of'€ €nol and keto tautomers of oxaloacetate are present as a
the 3-OH group with solvent-derived hydrogen was unex- 1:10 mixture in aqueous solution, with the enol tautomerizing
pected. The reactions catalyzed by Gai} GlucD @), and to the keto about 10-fold faster than the keto tautomerizes
FucD @) [and those catalyzed hyfuconate dehydratase)(
and bothb-mannonate dehydratase archamnonate dehy- 3 Note that these experiments cannot be performed in the rigorous

; ; bsence of Mg that catalyzes interconversion of the tautomers because
dratase (J. Rakus and J. A. Gerlt, unpublished observatlons)f‘he TarD-catalyzed reaction requires MgThe only Mg* present is

are accompanied by stereospecific replacement of the 3-OHipat present in the buffer in which the TarD was stored and diluted
group with solvent-derived hydrogen, providing persuasive into the reaction mixture.
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Ficure 8: H NMR spectra ob-tartrate and enol-oxaloacetate obtained as a function of time after addition of 1 unit of TarD to 2.5 mM
p-tartrate, 25 units of MDH, and 5 mM [&[-2H]-NADH in 0.8 mL of 10 mM sodium phosphate (pH 7.5). The intensities ofttHartrate
resonances are reduced 20-fold compared to the oxaloacetate resonances.

to the enol. That the enol tautomer is observed prior to the His3Z2
keto tautomer is persuasive evidence that the enol tautomer HN_ oNH*
of oxaloacetate is the product of the TarD-catalyzed reaction 0,6 %

(Scheme 4).

We also usedH NMR spectroscopy to follow the time _ __‘” OH O™-Mg?* His 322
course of the TarD-catalyzed reaction in the presence of bye 184N == m ,NH+
MDH (Figure 8). The resonance associated vuttartrate h <\ ',.
is resolved from those associated with the nucleotides, so "\
we could monitor the consumption af-tartrate and its His 322 H --Mg2*
exchange with solvent deuterium. We also observed the )=\ H,0 Lys 184—NH;*
buildup and decay of the resonance at 5.43 ppm associatec HNzN —
with the enol tautomer of oxaloacetate. However, the 00—y A
resonance associated with the keto tautomer of oxaloacetate
was not observed in this experiment, because it is trapped g 1ga—np,*
asL-malate by the MDH.

Taken together, these observations establish that the enol
tautomer of oxaloacetate is the product of the TarD-catalyzed opservations on the reactions catalyzed by other acid sugar
reaction. dehydratases that are members of the enolase superfamily.

Mechanism of the TarD-Catalyzed Reactidhe observa-  However, unlike the more stable keto tautomers of the
tions reported in this report provide persuasive evidence thatdehydrated products obtained fravrglucarate p-galacto-

Lys 184 located at the end of the secqgfidtrand is the  nate, andL-fuconate, the enol and keto tautomers of
general base that initiates the reaction by abstraction of theoxaloacetate are nearly equivalent in energy (because of
o-proton of thep-tartrate substrate (Figure 9). That the conjugation of the enol tautomer) and, also, are expected to
enediolate intermediate partitions much more frequently to rapidly equilibrate within bacterial cells. Thus, little evolu-
p-tartrate with incorporation of solvent deuterium than to tionary pressure for catalysis of the ketonization reaction may
dehydration in the H322N-catalyzed reaction is consistent have occurred in the evolution of the TarD function.

with the latter residue catalyzing the departure of the Presumably, TarD functions in catabolic pathways in those
hydroxyl leaving group. However, in contrast to the inactive species in which it has been discovered by genome sequenc-
H297N mutant of MR -elimination of hydroxide can occur  ing projects. Although the genome contexts do not provide
in the absence of the conjugate acid of His 322. Taken sufficient information to deduce the identities of those
together, the available data are consistent with the TarD pathways, the likely fates of the oxaloacetate are either
catalyzing an anti-dehydration reaction. decarboxylation to produce pyruvate or reduction to produce

Our experiments establish that TarD releases the enolL-malate. In either case, the keto tautomer would be the
tautomer of oxaloacetate as the product. That TarD does notsubstrate for subsequent enzyme in the pathway. However,
catalyze ketonization of this species is in contrast to our that tautomerization is catalyzed by fgas well as by a

HO "Mg2*

Ficure 9: Proposed mechanism of the TarD-catalyzed reaction.
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variety of buffers suggests that the in vivo nonenzymatic
formation of the keto tautomer is facile.

SummaryA new function, TarD, has been assigned to a
member of the MR subgroup of the enolase superfamily,
bll6730 fromB. japonicum(GIl:27381841), by screening a
library of mono- and diacid sugars. As expected on the basis

of the sequence alignment, both the bidomain structure and

the active site geometry are similar to those previously
described for MR and FucD. Mechanistic experiments
implicate Lys 184 located at the end of the secgrstrand

and the His 322-Asp 292 dyad located at the ends of the
seventh and sixtfi-strands, respectively, as the general base

and general acid catalysts, respectively, in an anti-dehydration

reaction. Unexpectedly, the enol tautomer of oxaloacetate
is the product of the reaction. TarD appears to provide a
link between the 1,1-proton transfer reaction catalyzed by

mandelate racemase and the dehydration reactions catalyzedi4.
by other acid sugar dehydratases that generate the keto

tautomers of their products.
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