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ABSTRACT: Many members of the mechanistically diverse enolase superfamily have unknown functions.
In this report we use both genome (operon) context and screening of a library of acid sugars to assign the
L-fuconate dehydratase (FucD) function to a member of the mandelate racemase (MR) subgroup of the
superfamily encoded by th&anthomonas campestrisvp campestris str., ATCC 33913 genome
(Gl:21233491). Orthologues of FucD are found in both bacteria and eukaryotes, the latter including the
ITS beta protein irHomo sapienghat has been implicated in regulating thymidylate synthase activity.

As suggested by sequence alignments and confirmed by high-resolution structures in the presence of
active site ligands, FucD and MR share the same active site motif of functional groups: three carboxylate
ligands for the essential Mg located at the ends of the third, fourth, and fiftketrands in thef/a)/3-

barrel domain (Asp 248, Glu 274, and Glu 301, respectively), a Lys-x-Lys motif at the end of the second
pB-strand (Lys 218 and Lys 220), a His-Asp dyad at the end of the seventh anggsskthnds (His 351

and Asp 324, respectively), and a Glu at the end of the eigtttiand (Glu 382). The mechanism of the
FucD reaction involves initial abstraction of the 2-proton by Lys 220, acid catalysis of the vinylogous
pB-elimination of the 3-OH group by His 351, and stereospecific ketonization of the resulting enol, likely
by the conjugate acid of Lys 220, to yield the 2-keto-3-deoxyconate product. Screening of the library

of acid sugars revealed substrate and functional promiscuity: In additiefuttmnate, FucD also catalyzes

the dehydration of-galactonatep-arabinonatep-altronate-talonate, ana-ribonate. The dehydrations

of L-fuconate L-galactonate, and-arabinonate are initiated by abstraction of the 2-protons by Lys 220.
The dehydrations of-talonate and-ribonate are initiated by abstraction of the 2-protons by His 351;
however, protonation of the enediolate intermediates by the conjugate acid of Lys 220 ygeldstonate

and p-arabinonate in competition with dehydration. The functional promiscuity discovered for FucD
highlights possible structural mechanisms for evolution of function in the enolase superfamily.

The discoveries that mandelate racemase (MR)conate the enolase superfamily have been investigated in consider-
lactonizing enzyme (MLE), and enolase share conservedable mechanistic and structural det&).(These include the
amino acid sequences and three-dimensional structures firstibiquitous enolase as well as other enzymes that participate
allowed the recognition that homologous enzymes need notin more specialized metabolic pathways. The latter enzymes
catalyze the same chemical reactit)) (nstead, homologous include MR,b-glucarate dehydratase (GlucBD}galactonate
enzymes can catalyze different overall reactions that sharedehydratase (GalDQ-succinylbenzoate synthaseAla-p/

a conserved partial reaction, in this case,?Mgssisted L-Glu epimerased), and, most recentlyiN-succinylamino
enolization of a carboxylate anion substrate. Since theseacid racemased.

discoveries, the reactions catalyzed by several members of The members of the superfamily share a bidomain
structure: an N-terminal “capping domain” that is primarily

t This research was supported by Grant GM-52594 and Program responsible for determining substrate specificity and a
Project Grant GM-71790 from the National Institutes of Health. (Blo)7p-barrel domain that is primarily responsible for the
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eryrthronohydroxamate, and the K220A mutant liganded wit?Mg ~ Studies that revealed the identities of positionally conserved li-
and L-fuconate have been deposited in the Protein Data Bank (PDB gands for the essential Migand the acid/base catalysts that
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Lys located at the end of the sixthstrand, the members of it applicable to other unknown members for which operon
the MR subgroup always contain a general acid/base His-context is insufficient and/or the products of other enzymes
Asp dyad located at the ends of the seventh and sixth encoded by the operon are not readily available for functional
[-strands, respectively, and the members of the MLE characterization.

subgroup always contain general acid/base Lys residues e used both operon context and library screening to
located at the ends of both the second and sfxtrands.  independently assign the-fuconate dehydratase (FucD)
Database searches reveal that all three subgroups are highlyinction to a member of this orthologous group from
populated. Whereas the members of the enolase subgrouXanthomonas campestrig|:21233491); the orthologous
are considered to be isofunctional (i.e., all enolases) basedgroup also includes the rTS beta proteinHomo sapiens
on significant levels of sequence conservation, the membersthat has been implicated in regulating thymidylate synthase
of the MR and MLE subgroups are considered to be activity. We conclude that (1) Lys 220 at the end of the
functionally diverse. The latter conclusion is based both on secondg-strand initiates the reaction by abstraction of the
their highly divergent sequences and on the observation thatproton from the 2-carbon, (2) His 351 of the His 351-Asp
the majority of the members are bacterial and encoded by 324 dyad is the general acid that facilitates departure of the
genes in different operon contexts. Thus, if the range of 3-OH group, and (3) stereospecific delivery of a solvent-
reactions catalyzed by the members of the superfamily is to derived proton to generate the 2-keto-3-deoxy product occurs
be delineated so that the extent and limitations of divergent within the active site and may be catalyzed by Lys 220. Thus,
evolution can be understood, the functions of the divergent the same constellation of functional groups in tBéo;3-
members of the MR and MLE subgroups must be deter- barrel domain that catalyzes the 1,1-proton transfer reaction
mined. Unfortunately, the substrate specificities of the catalyzed by MR catalyzes the stereospecific anti-dehydration
members of unknown function cannot yet be assigned on of L-fuconate in FucD, thereby highlighting the importance
the basis of only sequence and structure, so their functionsof substrate specificity determinants in determining the
are unknown. mechanism of the reaction. We also discovered that FucD
To both better understand the structural strategies for can catalyze the slow epimerization and dehydration of
catalyzing divergent reactions as well as to facilitate the substrate analogues that have the opposite configurations at
development of computational methods that might allow carbon-2, revealing functional promiscuity that likely results
prediction of substrate specificity), we have adopted the  from evolutionary processes that optimize the same active
strategy of screening unknown members with libraries of sjte architecture to catalyze different reactions.
potential substrates to discover function. Recently, we
reported the successful use of this approach to assign theMATERIALS AND METHODS
N-succinylamino acid racemase function to members of the L ) ] ) )
MLE subgroup 4). Although the sequences of members of H NMR spectra were recorded using either a Varian Unity
the MR subgroup are diverse, many unknowns are encodedNOVA 750 MHz or a 5S00NB MHz NMR spectrometer.
by genes in operons that also encode sugar kinases, dehy- Library of Acid SugarsA description of the synthesis of
drogenases, aldolases, and/or mutarotases. Thus, the reasoftono- and diacid sugars which were not commercially
able expectation is that these operons encode catabolicvailable can be found in the Supporting Information. The
pathways for carbohydrates, with the unknown members of monoacids which were synthesized by, Bxidation of the
the enolase superfamily likely catalyzing the dehydration of corresponding aldose and purified by anion-exchange chro-
acid sugars. In this report, we describe the first use of a matography using a Dowex AG1-X8 column eluted with a
library of acid sugars to discover the physiological function gradient of formic acid; the lactones that were obtained
of an unknown member within the MR subgroup. following rotary evaporation of the solvent were hydrolyzed
This report is focused on the assignment of function to a by raising the pH to 10 with NaOH and, when the reaction
member of a large>X50 members) orthologous group of Wwas complete, neutralization to pH 7 with HCI. The diacids
proteins FSO% sequence |dent|ty) inthe MR Subgroup that, were synthesized either by nitric acid oxidation of the aldose
based on sequence a|ignments] are predicted to contain &' alditol or by 4-acetamido-TEMPO oxidation of the aldose
KxK motif at the end of the secong@tstrand in addition to ~ and purified by anion-exchange chromatography using a
the Asp, Glu, and Glu ligands for the essentialdlgt ends Dowex AG1-X8 column; the lactones that were obtained
of the third, fourth, and fifti8-strands, respectively, a general following rotary evaporation of the solvent were also
acid/base His-Asp dyad located at the ends of the seventhhydrolyzed by raising the pH to 10 with NaOH and, when
and sixthp-strands, respectively, and a Glu at the end of the reaction was complete, neutralization to pH 7 with HCI.
the eighths-strand. These residues are homologues of those Cloning, Expression, and Protein Purification af
found in the active site of MR; in the 1,1-proton transfer Fuconate Dehydratase, a Protein Rieusly Annotated at
reaction catalyzed by MR, the second Lys in the KxK motif the RTS Beta ProteiThe gene encoding RTS beta protein
is the Sspecific base, the His of the His-Asp dyad is the (Gl:21233491) was PCR amplified from genomic DNA
R-specific base, and the Glu residue at the end of the eighthisolated fromX. campestris p. campestris strtATCC 33913
[-strand participates in stabilization of the enediolate inter- (ATCC) using platinunPfx DNA polymerase (Invitrogen).
mediate. In contrast to many unknown members of the The PCR reaction (106L) contained 1 ng of plasmid DNA,
enolase superfamily, sufficient operon context is present for 10 uL of 10x Pfx amplification buffer, 1 mM MgSQ@ 0.4
some members of this orthologous group to provide inde- mM dNTP, 40 pmol of each primer (forward primer
pendent evidence that supports the functional assignments’-CCAGGACTCATATGCGCACCATCATCGC-
made by library screening. Thus, these studies validate theCCTCGAGACC-3 and reverse primer 83CAGCACGCG-
screening approach for assigning function, thereby making GTGCGTTGAGGATCCTTAGGCCTTCGCC B and 5 units
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of platinumPfx DNA polymerase. The gene was amplified

Yew et al.

solvent were removed by rotary evaporation. The product

using a PTC-200 gradient thermal cycler (MJ Research) with was characterized byH and *3C NMR spectroscopy*H

the following parameters: 92C for 2 min followed by 40
cycles of 94°C for 1 min, a gradient temperature range of
45—-60 °C for 1 min and 15 s, 68C for 2 min, and a final
extension of 68°C for 10 min. The amplified gene was
cloned into a modified pET-15b (Novagen) vector in which

NMR (500 MHz, D;O): ¢ 4.04 (d,J = 5.3 Hz, 1H), 3.78
(m, 1H), 3.56 (ddJ = 3.7 and 11.9 Hz, 1H), 3.5 (dd,=
6.9 and 11.9 Hz, 1H):3C NMR (500 MHz, BO): ¢ 171.0
(C1), 73.0 (C2), 71.8 (C3), 62.2 (C4).

Site-Directed Mutagenesis and Protein Purificatidrne

the N-terminal His tag contains 10 instead of the usual 6 site-directed K220A mutant of FucD was constructed using

His residues.

The protein was expressedHischerichia colstrain BL21-
(DE3). Transformed cells were grown at 32 in LB broth
(supplemented with 10@g/mL ampicillin) for 48 h and

the QuikChange kit (Stratagene), verified by sequencing,
expressed in the BL21(DEJ. coli cells, and purified as
previously described for wild-type FucD.

Screening a Library of Acid Sugars for Dehydratase

harvested by centrifugation. No IPTG was added to induce Activity. Dehydration of the members of a library of mono-
protein expression. The cells were resuspended in bindingand diacid sugars was monitored after 16 h by end-point

buffer (5 mM imidazole, 0.5 M NaCl, 20 mM Tris-HCI, pH
7.9, and 5 mM MgQG)) and lysed by sonication. The lysate

detection of the semicarbazone derivative at 250 nm. The
dehydration reactions were performed at°8in 50 mM

was cleared by centrifugation, and the His-tagged protein Tris-HCI (pH 8.0), containing 10 mM MgG| 10 mM acid
was purified using a column of chelating Sepharose Fastsugar, and tM enzyme. A list of the acid sugars used,

Flow (Amersham Biosciences) charged witdNiCell lysate
was applied to the column in binding buffer, washed with
15% elute buffer (1 M imidazole, 0.5 M NaCl, 20 mM Tris-
HCI, pH 7.9, and 5 mM MgG)—85% wash buffer (60 mM
imidazole, 0.5 M NaCl, 20 mM Tris-HCI, pH 7.9, and 5
mM MgCl,), and eluted with 50% binding buffe50% strip
buffer (100 mM EDTA, 0.5 M NaCl, 20 mM Tris-HCI, pH
7.9, and 5 mM MgCJ). The N-terminal His tag was removed
with thrombin (Amersham Biosciences) according to the

including the details of synthesis for those not available
commercially, is included in the Supporting Information.
L-Fuconate, the proposed physiological substrate of FucD,
was synthesized by Broxidation of L-fucose (Sigma)
followed by purification by anion-exchange chromatography
using a Dowex AG1-X8 column eluted with a gradient of
formic acid; the lactone that was obtained following rotary
evaporation of the solvent was hydrolyzed by raising the pH
to 10 with NaOH and, when the reaction was complete,

manufacturer’s instructions, and the proteins were purified neutralization to pH 7.5 with HCI*H NMR (500 MHz,
to homogeneity on a Q-Sepharose high-performance columnD;0): ¢ 4.08 (d,J = 1.6 Hz, 1H, C2), 3.92 (qd] = 1.9

(Amersham Biosciences) equilibrated with binding buffer (25
mM Tris-HCI, pH 7.9, and 5 mM MgG) and eluted with a
linear gradient of 6:0.5 M elution buffer (1 M NacCl, 25
mM Tris-HCI, pH 7.9, and 5 mM MgG).

Cloning, Expression, and Protein Purification of 2-Keto-
3-deoxye-fuconate 4-Dehydrogenase, a Protein of Rre
ously Unknown FunctiarThe gene encoding oxidoreductase
(Gl:21233489) was PCR amplified from genomic DNA
isolated fromX. campestris p. campestris strATCC 33913
(ATCC) using platinunPfx DNA polymerase (Invitrogen),
the forward primer 5SCAGCGCGCGGACTACGCCATATG-
GCTGCAGATCGCACAGC-3 and the reverse primef-5
CTTGATGCGTTGGGATCCTCAGTTGGAC-
CAGCCGCCGTCG-3 Conditions for cloning, expression
,and protein purification were identical to those of the RTS
beta protein previously described.

Cloning, Expression, and Protein Purification af
Fucopyranoside Mutarotase, a Protein of Rieusly Un-
known Function The gene encoding-fucopyranoside

and 6.6 Hz, 1H, C5), 3.75 (dd,= 1.6 and 9.5 Hz, 1H, C3),
3.27 (dd,J=1.9 and 9.5 Hz, 1H, C4), 1.07 (d,= 6.6 Hz,
3H, C6).

Screening a Library of Acid Sugars for Epimerization and
Exchange of thex-Proton. To determine whether FucD
catalyzes either exchange of theproton and/or epimeriza-
tion of the members of the library of acid sugaid, NMR
spectra were recorded after FucD was incubated for 16 h
with the members of the library in a;D-containing buffer
at 25°C. A typical reaction (80QiL) contained a mixture
of pairs of acid sugars (to reduce the number of NMR
spectra) at a concentration of 2 mM for each acid sugar, 50
mM Tris-DCI, pD 7.5, 10 mM Mgd), and 1uM FucD. The
rate of exchangek{) of the a-proton of various monocar-
boxylate acid sugars was determined as described for
L-fuconate. FucD was exchanged integbuffer (50 mM
Tris-DCI, pD 7.5) using an Amicon (10000 Da) stirred
ultrafiltration cell by repeated concentration and dilution.

Crystallization and Data CollectianAll crystals, wild-

mutarotase (Gl:21233492) was PCR amplified from genomic type FucD liganded with Mg, selenomethionine-substituted

DNA isolated fromX. campestris p. campestris strATCC
33913 (ATCC) using platinuniPfx DNA polymerase, the
forward primer 5GGTGGCGGGCATATGAGCATG-
CAGCGGCTGTGCTATGTGC-3 and the reverse primer
5'-CTACACAGTACGACTCGAGCTACGCAGCA-
GAACCCTGCTGC-3. Conditions for cloning, expression,
and protein purification were identical to those of the RTS
beta protein previously described.

Synthesis ab-Erythronohydroxamaten excess volume

FucD liganded with Mg", wild-type FucD liganded with
Mg?*t andp-erythronohydroxamate, and the K220A mutant
liganded with M@" and L-fuconate, were grown by the
hanging drop method at room temperature. The crystalliza-
tion conditions for the first two samples utilized precipitant
composed of 20% PEG 3350 and 100 mM magnesium
formate, pH 5.9. For the third sample, wild-type FucD
liganded with M@" and p-erythronohydroxamate, the pre-
cipitant was 56% tacsimate, pH 7.0. For the fourth case, the

of 50% aqueous hydroxylamine was added to a solution of K220A mutant liganded with Mg and L-fuconate, the
p-erythrono-1,4-lactone (1 mmol), and the solution was precipitant wa 2 M (NH,),SO, and 100 mM Hepes, pH 7.5.

allowed to stir for 10 min at room temperature to yield

The protein solution for the first sample contained wild-type

p-erythronohydroxamic acid. Unreacted hydroxylamine and FucD (30 mg/mL) in 50 mM Tris-HCI, pH 7.9, containing
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Table 1: Data Collection and Refinement Statistics

SeMet FucBMg
WT FucDMg WT FucDMg-p-EHM K220A FucDMg-L-Fuc edge peak remote
data collection

beamline APS SGX-CAT NSLS X29 NSLS X4A NSLS X9A
wavelength 0.979 0.979 0.979 0.97934 0.97911 0.97166
space group P3,21 P622 P622 P3,21
unit cell parameters

a(h) 130.63 159.53 159.15 130.52

c(A) 195.82 102.06 101.96 193.74
resolution (A) 2.0 1.7 1.8 2.34 2.34 2.34
unique reflections 122876 82705 67796 78296 78328 78301
completeness (%) 94.1 98.5 96.2 96.5 96.8 96.8
Rinerge 0.074 0.097 0.091 0.095 0.075 0.109

refinement

resolution (A) 25.6-2.0 25.6-1.7 25.6-1.8 25.6-2.34
Reryst 0.241 0.179 0.172 0.247
Riree 0.274 0.197 0.183 0.272
rmsd, bonds (A) 0.006 0.005 0.005 0.007
rmsd, angles (deg) 1.40 1.34 1.31 1.48
no. of protein atoms 13320 3347 3343 13315
no. of ligand atoms 10 12
no. of Mg?* 4 1 1 4
no. of waters 295 426 355 205
PDB ID 2HNE 2HXT 2HXU 1YEY

100 mM NaCl and 5 mM MgGl The protein solution for

collected to 1.8 A at the NSLS X4A beamline on an ADSC

the second sample contained selenomethionine-substitutedCCD detector. Diffraction intensities were integrated and

FucD (42 mg/mL) in 50 mM Tris-HCI, pH 7.9, containing
100 mM NacCl, 5 mM MgCJ, and 1 mMgB-mercaptoethanol.
The protein solution for the third sample contained wild-
type FucD (42 mg/mL) in 50 mM Tris-HCI, pH 7.9,
containing 100 mM NaCl, 5 mM MgG| and 60 mM
p-erythronohydroxamate. And, the protein solution for the
fourth sample contained the K220A mutant (42 mg/mL) in
50 mM Tris-HCI, pH 7.9, containing 100 mM NacCl, 5 mM
MgCl,, and 60 mMLc-fuconate. In the first two samples
crystals appeared in 2 days and exhibited diffraction con-
sistent with space group3,21, with four molecules of the

scaled with programs DENZO and SCALEPACR).(The
data collection statistics are given in Table 1.

Structure Determination and Refinemelntitial attempts
to determine the structure of the wild-type FucD with
molecular replacement using other members of enolase
superfamily as search models were unsuccessful. The
structure of SeMet FucD was solved by multiple anomalous
dispersion (MAD) with the program SOLVE) where 33
out of 36 selenium sites were identified. These heavy atom
sites were used to calculate initial phases which were
improved by solvent flattening and CNS averaging with the

binary complex per asymmetric unit. For the last two samples program RESOLVE 10), yielding an interpretable map for

crystals appeared in 5 days and exhibited diffraction con-
sistent with the space grolgs22 with one molecule of the
ternary complex per asymmetric unit. Prior to data collection
the crystals of the wild-type FucD liganded with Ktgand

the selenomethionine-substituted FucD liganded wit¥'Mg

all four molecules in the asymmetric unit. Iterative cycles
of manual rebuilding with TOM 11) and refinement with
CNS resulted in a model witReyst= 0.247 andRiee = 0.272

at 2.34 A resolution. This model was refined subsequently
at 2.0 A for wild-type FucD toRgyst = 0.241 andRyee =

were transferred to a cryoprotectant solution composed of0.274. Four molecules in the asymmetric unit of the wild-
20% PEG 3350, 100 mM magnesium formate, pH 5.9, and type FucD structure form two tight dimers, typical for

20% glycerol and flash-cooled in a nitrogen stream. The
crystals of the wild-type FucD liganded with Mg and

members of the enolase superfamily. The?M@ns were
clearly visible in the electron density maps of wild-type FucD

p-erythronohydroxamate were transferred to a cryoprotectantand were coordinated by Asp 248, Glu 274, Glu 301, and

solution composed of 56% tacsimate, pH 7.0, 5 mM MgCl
60 mM p-erythronohydroxamate, and 30% glycerol. The
crystals of the K220A mutant liganded with Ffgand
L-fuconate were transferred to a cryoprotectant solution
composed B2 M (NH4),SOy, 0.1 M Hepes, pH 7.5, 5 mM
MgCl,, 60 mM L-fuconate, and 30% glycerol. Three-
wavelength MAD data sets for SeMet FucD were collected
to 2.34 A resolution at the NSLS X9A beamline (Brookhaven
National Laboratory) on a MarCCD-165 detector. X-ray
diffraction data sets for wild-type FucD liganded with kg
were collected to 2.0 A at the SGX-CAT beamline at the
Advanced Photon Source; for wild-type FucD liganded with
Mg?" and p-erythronohydroxamate data were collected to
1.7 A at the NSLS X29A beamline; for the K220A FucD
mutant liganded with M and L-fuconate data were

three water molecules. A short chain segment in the 20’'s
loop in two of the four monomers in the asymmetric unit
exhibited weak density, and these residues were not included
in the final model of wild-type FucD. The structures of two
ternary complexes, wild-type FueBlg?"-p-erythronohy-
droxamate and K220A FucMg?"-L-fuconate, were solved

by molecular replacement with the program EPMR, using
the wild-type FucD monomer as the search model. The bound
ligands and Mg" were clearly visible already in the initial
electron density maps in both structures. Iterative cycles of
automatic rebuilding with ARP, manual rebuilding with
TOM, and refinement with CNS were carried out in both
cases. All residues of the protein chain are well-defined and
are included in the final models of both structures. The
structure of the ternary wild-type FueMg?*-p-erythrono-
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hydroxamate complex was refined at 1.7 A wiGys = experiments) over the equilibrium concentration of the

0.179 anRyee = 0.197. The structure of the ternary K220A unsaturated pyranoside peak [B].

FucD-Mg2*-L-fuconate complex was refined at 1.8 A with FucD-Catalyzed Exchange of theProton ofL-Fuconate.

Reyst = 0.172 andRyee = 0.183. Final refinement statistics  L-Fuconate was incubated with FucD in@ buffer at 20

are given in Table 1. °C, and'H NMR spectra were recorded as a function of time.
Dehydration ofL-Fuconate Monitored byH NMR Spec- A typical reaction contained 10 mMfuconate, 50 mM Tris-

troscopy Dehydration of.-fuconate by FucD was determined DCI (pD 7.5), 10 mM MgC}, and 0.5«M FucD. The rate

by 'H NMR spectroscopy. The sample for NMR analysis Of exchange Kex) of the o-proton of L-fuconate was

(800uL at 25°C) contained 10 mM-fuconate, 50 mM Tris-  calculated from eq 1, which takes into account the total

HCI, pH 7.5, 10 mM MgC}, and 14M FucD. The mixture ~ amount of.-fuconate bound at any time.

was incubated for 16 h at 2&, lyophilized, and resuspended

in 800uL of D,0. A duplicate sample without enzyme was Kexe = Kopd L-fuconate}/[L-fuconate} 1)

prepared for comparison.

Kinetic Assay of -Fuconate Dehydratase (FucDFucD where kops is the observed first-order rate constant; [

o ; fuconate} is the total L-fuconate concentration, and-[
activity was assayed by a continuous coupled spectropho- . . '
y Y y P P b fuconate} is the concentration of boundfuconate. Because

tometric assay, using 2-keto-3-deoxyfticonate dehydro- ; o
genase (previously annotated as oxidoreductase, cloned aane concentration of boundfuconate (10 mM) was signifi-
cantly higher than the enzyme concentration (@\g), the

expressed from the same operon containing FucD) to reduceconcentration of bountHuconate ({-fuconate}) was equal
the dehydrated 2-keto-3-deoxyfuconate product. The assay o th trati q

(1 mL at 25°C) containedL-fuconate, 50 mM KHepes, OS € enz%/me. colnéen ra |onf:F DehvdrationT
pH 7.5, 10 mM MgCl, 15 mM NAD', 15 mM p- tereoc e l“CO”ate b Lat('jon-.o
iodonitrotetrazolium violet (INT), 5 units of diaphorase, and etermine the stereochemical course of dehydration,

: fuconate was dehydrated in a@-containing buffer at 20
10 units of 2-keto-3-deoxy-fuconate dehydrogenase. The S .
conversion of INT from the oxidized to the reduced form at C, with *H NMR spectra recorded upon completion of the

25 °C was monitored by the increase in absorbance at 500react?0n (as assayed by semicarbazone formation). A 'typical
nm; the molar extinction coefficient of reduced INT was reaction (80QuL) contained 10 mM.-fuconate, 50 mM Tris-

: _ : : DCI, pD 7.5, 10 mM MgC}, and 1uM FucD. FucD was
determined to be 12990 ™M cm™! using diaphorase to : . ;
oxidize known concentrations of NADH. exchanged into BD buffer (50 mM Tris-DCI, pD 7.5) using

Kinetic Assay of 2-Keto-3-deoxyfuconate 4-Dehydro- an Amicon (10000 Da) stirred ultrafiltration cell.
genase2-Keto-3-deoxy:-fuconate 4-dehydrogenase activity RESULTS AND DISCUSSION
was assayed by a continuous, coupled-enzyme spectropho- . ) )
tometric assay. The assay (1 mL at*Z5 contained 2-keto- ~ Library of Acid Sugars for Screening\s noted in the
3-deoxyt-fuconate (prepared in situ with-fuconate and ~ introduction, many members of the MR subgroup are
FucD), 50 mM K-Hepes, pH 7.5, 10 mM MgG 1.5 mM encoded by operons that also encode sugar kinases, dehy-
NAD™, 1.5 mM p-iodonitrotetrazolium violet (INT), and 5  drogenases, aldolases, and/or mutarotases. On the basis of
units of diaphorase. The conversion of INT from the oxidized S génomic context, our expectation is that the members
to the reduced form at 25C was similarly monitored by ~ ©f the MR subgroup encoded by these operons are acid sugar
the increase in absorbance at 500 nm, with the molar dehydratases or acid sugar epimerases; we also expect that
extinction coefficient of reduced INT determined to be 12990 Other members of the MR subgroup that are not encoded by
M-1 el operons also utilize acid sugars as substrates. Some acid

Kinetic Assay of -Fucopyranoside Mutarotase Aciiy. sugars are commercially available, emglucarate, galac_-
L-Fucopyranoside mutarotase activity was assayed using thd@até.p-galacturonate, ano-glucuronate; others are avail-
saturation difference (SOH NMR technique 12, 13). The able as the aldonolactones, emrgalactonate ang-man-
assay (80QL at 20 °C) contained.-fucose (5-100 mM), nonate. _ ,
50 mM sodium phosphate, pD 7.5, 100 mM NaCl, and 25 Although the met_abolltes tabulated in the KEGG database
uM L-fucopyranoside mutarotase. The first and second free (KY0to Encyclopedia of Genes and Genomes; http://www-
induction decays (FIDs) were obtained by presaturating the -9€nome.ad.jp/kegg/ligand.html) include a variety of mono-
selected peak (the H1 peak of theanomer) in the first FID  and diacid sugars, we expect that new metabolic pathways
and shifting the receiver phase £80r the second FID. The ~ 'emain to be discovered, and unknown members of MR
intensity of the saturated peak was used as a concentratiorsUP9roup will participate in these. Therefore, we decided to
reference standard. For analyzing enzymatic constants, the?SSemble a library of potential substrates that inclules
forward conversion ratekt,[EA]) mediated by the mutaro- aldonic and aldaric acids derived from hexoses, pentoses,

tase can be simplified by the Haldane relation at equilibrium 21d teétroses (Figure 1). We recognize that this library will
(k*[EA] = kB,[EB]) to the equation: be insufficient to assign function to all of the unknown

members: indeed, in unpublished experiments we have failed
to identify the functions of several unknown members using

this library. We continue to add new acid sugars to our library

as clues, time, and resources permit.

wherekr, is the relaxation decay constant determined from  As described in this report, our experimental approach is
T,-relaxation experiments, [B] is the equilibrium concentra- to first screen members of the MR subgroup for dehydration

tion of thef-anomer, andFr is the ratio of the concentration  activity using a semicarbazide end-point measurement; we
of the saturation transferred peak (determined from the SD use large concentrations of the unknown enzyme (typically

KS[EA] = (kr [BIF)/(1 — Fp)



Structure and Function af-Fuconate Dehydratase

Biochemistry, Vol. 45, No. 49, 20064587

co, CO, Cco, Cco, COo, CO, CO, COy
H OH HO H HO H OH H OH HO H HO H H OH
H OH HO H H OH HO H HO H H OH HO H H OH
H OH HO H H OH HO H OH HO H H OH HO H
H OH HO H H OH HO H OH HO H H OH HO H
CH,OH CH,OH CH,O0H CH,OH CH,OH CH,OH CH;OH CH,OH

D-Allonate L-Allonate D-Altronate L-Altronate D-Gluconate L-Gluconate D-Mannonate L-Mannonate
CO, CO, CO, COo, CO, CO, CO, CO,

H OH HO HO H H OH H OH HO H HO H H OH

H OH HO H OH HO H HO H OH HO H H OH

HO H H OH HO H OH HO H H OH HO H H OH

H OH HO H H OH HO H H OH HO H OH HO H
CHOH CH;0H CHOH CH,;OH CH;0H CHOH CH;OH CH,0H

D-Gulonate L-Gulonate D-ldonate L-klonate D-Galactonate L-Galactonate D-Talonate L-Talonate
Co, (W(e Py COo,

H——OH HO H H OH CO, CO, CO, CO, CO,
HO ——H H OH H OH H OH HO HO H H OH H OH
HO —H H OH HO H H OH HO H OH HO H HO H

H—OH HO H HO H H OH HO H H OH HO H OH

CH3 CH; CH3 CH,0H CH;0H CH;0H CH;0H CHOH
D-Fuconate  L-Fuconate L-Rhanmonate D-Ribonate LRibonate D-Arabinonate L-Arabinonate D-Xylonate
coy co, coy
HO —1—H HO H H OH Co, COo, CO, A i
H—0H HO H H OH H—0H HO ——H H OH CO; CO;
HO ——H H——OH  HO ——H H——OH H——O0H HO——H H —{—on HO
CH,OH CH,0H CH,OH CH,OH CH,0H CH,OH CH,OH CH;OH
L-Xylonate D-Lyxonate L-Lyxonate  D-Erythionate D-Tlweonate L-Tlweonate D-Glycerate L-Glycerate
COy COy COy CO, CO, CO, CO, COy
H OH HO H H OH H ——OH HO ——H HO H OH HO H
H OH H OH HO H HO —H H——0OH HO H OH H OH
H OH H OH HO H——OH HO —H H OH HO H HO H
H OH H OH HO H—OH HO —H H OH HO H H OH
COo, COo, COoy Co, Co, COo, COo, COoy
mAllarate D-Alrarate L-Altrarate D-Glucarate L-Glucarate D-Mannarate  L-Mamnarate D-ldarate
D-Talarate L-Talarate L-Gularate D-Gularate
CO, CO,
H OH H OH COy COy COy CO,
HO H HO H H OH HO H OH H OH CO, CO,
H OH HO H H OH H OH HO HO H HO H H OH
HO H H OH H OH H OH HO H H OH H OH HO H
COy, COo, CO, CO, CO, CO, COoy CO,
L-klarate mGalactarate  nRibarate  D-Arabinarate  L-Arabinarate m-Xylarate D-Tartrate L-Tartrate
DLyxarare Liyxarate
CHO CHO
H OH H OH
co, HO HO .
H OH H OH HO H Co,
H—-O0H  H—OH H——OH H—}-oH
COo, COy COo, CH 20P032‘

meso-Tartrate  D-Glucuronate D -Galacturonate  3-PhosphoD-Glycerate

Ficure 1: Library of acid sugars.

1 uM) and long incubation times (16 h) to allow partial the seconds-strand and annotated as “RTS beta protein”
reactions to be discovered, because these may provide cluewas selected for functional assignment based on compelling
as to the identity of the physiological substrate. Because weinformation about substrate specificity obtained from analy-
expect that some unknown members could function as ses of the likely functions of other proteins encoded by the
epimerases and/or dehydratases in catabolic pathways, weame operon. IiH. sapiensthe RTS beta protein has been
also use our library to screen for epimerization reactions by implicated in regulating thymidylate synthase activityi{
incubating the members of the library with the unknown 16).

enzyme in DRO-containing buffers and monitoring the The putative operon is displayed in Figure 2A. On the
reactions with'H NMR spectroscopy. As described in this basis of the expected functions of homologues of the proteins
report, the screen for epimerization also allows us to assessncoded by each of the genes in this operon (as identified
whether the unknown enzyme can catalyze exchange of thewith BLASTP and PSI-BLAST), we proposed a novel
o-proton of the substrate, thereby providing additional clues catabolic pathway for the catabolism offucose by X.

as to the identity of the physiological substrate. campestrigFigure 2B):

Operon Context and Proposed Function of XCC 4069 from (1) XCC 4071 (Gl:21233493) is annotated as “fucose
X. campestris p. campestris str. ATCC 33913 (Gl: permease” in the protein sequence database. Several ortho-
21233491) A member of the MR subgroup encoded by the logues are annotated as-fucose permease,” based on the
genome ofX. campestrigGl:21233491; XCC 4069) pre-  assignments of function to the genes initHeicose catabolic
dicted to have a Lys general acid/base catalyst at the end ofpathway/operon ifk. coliK-12 (17, 18). Thus, on the basis
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A XCC4065 XCC4066 XCC4067 XCC4068 XCC4069 XCC4070 XCC4071
> > > > > <« <

B
HO c':l XCC4070 XCC4065
1 O H O OH Dehydrogenase
H——0H Murarorase H ‘f 9
H——DH
HO—— OH H OH H
LH3 NADH+H‘
L-Fucose L-Fuco-a-pyranose L-Fuco-p-pyranose L-Fuconolactone
XCC4066 H0
ﬁ Hydrolase
c—-0O
° 9 9 °
Pyruvate XCC4068 — XCC4067 —o XCC4069 HO—H
yr+ Hydrolase H——H Dehydrogenase H—+H Dehydratase H—+0OH
—0 H-—T-OH H-—T-OH
o H,0 HO——H NAD* HO——H HO——H
’ CH; NADH + H' CH; H,0 CH;
H Cl H 2.4-Diketo-3-deoxy- 2-Keto-3-deoxy- L-Fuconate
H, L-fuconate L-fuconate
L-Lactate

Ficure 2: (A) Operon in theX. campestrigenome that encodes the MR homologue XCC 4069. (B) Pathway for the utilizatiefucbse.
The genes highlighted in color correspond to proteins that have been successfully purified and functionally assigned.

of this assignment, we postulated that the operon encoding (6) XCC 4067 (Gl1:21233489) is annotated as an oxi-
the RTS beta protein would encode a catabolic pathway for doreductase. BLASTP searches of the databases reveal that
L-fucose, although the-fucose catabolic pathway . coli XCC 4066 is a member of the short chain dehydrogenase/
does not include a member of the enolase superfamily ( reductase superfamily; many members of this superfamily
fucose is converted ta-fuculose 1-phosphate, which is catalyze the oxidation of secondary alcohols. We postulated
cleaved to yield dihydroxyacetone phosphate and lactalde-that XCC 4069 is 2-keto-3-deoxyfuconate 4-dehydroge-
hyde for further oxidative degradation; http://www.ecocy- nase that catalyzes the NARIependent oxidation of 2-keto-
c.org/). 3-deoxyt-fuconate to 2,4-diketo-3-deoxy{uconate.

(2) XCC 4070 (G1:21233492) is annotated as a “hypo-  (7) XCC 4068 (Gl:21233490) is annotated as “2-hydroxy-
thetical protein”. PSI-BLAST searches of the databases hepta-2,4-diene-1,7-dioate isomerase/5-carboxymethyl-2-
disclose a weak homology withrhamnose mutarotase that oxohex-3-ene-1,7-dioate decarboxylase”. The members of
equilibrates thea- and g-anomers ofL-rhamnose 19). this superfamily include fumarylacetoacetate hydrolase, an
Recognizing the-fucose also exists in solution as a mixture enzyme that catalyzes hydrolysis of a carbearbon bond
of slow-convertinga- and f-anomers, XCC 4070 was in 1,3-dicarbonyl compounds. We postulated that XCC 4068
proposed to be-fucopyranoside mutarotase. is 2,4-diketo-3-deoxy-fuconate hydrolase that completes

(3) XCC 4065 (Gl:21233487) is annotated as an “oxi- the pathway to yield pyruvate andlactate, which can be
doreductase”. BLASTP searches of the databases reveal thafiurther oxidatively degraded by known enzymes in energy
XCC 4065 is a homologue of aldose ketoreductases, includ-metabolism.
ing some that oxidize aldoses to aldonolactones. We postu- Although we attempted to express and purify all of these
lated that XCC 4065 catalyzes the oxidation of an anomer proteins with the exception affucose permease, we were
of L-fucopyranoside ta-fuconolactone. successful with only three because of solubility problems:

(4) XCC 4066 (G1:21233488) is annotated as a hypotheti- XCC 4069, the putative-fuconate dehydratase; XCC 4067,
cal protein. BLASTP searches reveal that XCC 4066 is a the putative 2-keto-3-deoxyfuconate 4-dehydrogenase; and
homologue of metal-dependent amidohydrolases. We pos-XCC 4070, the putative-fucopyranoside mutarotase. We
tulated that XCC 4066 is-fuconolactone hydrolase that frequently encounter solubility problems in our attempts to
catalyzes the conversion offuconolactone ta-fuconate. discover functions of unknown members of the enolase

(5) XCC 4069 (Gl:21233491), the MR homologue, is superfamily, with either the superfamily member itself or
annotated as RTS beta protein. The RTS beta protein is aproteins encoded by the same operon impossible to obtain
human protein of unknown function that is associated with in soluble form despite efforts involving a survey of vectors
control of the expression of thymidylate synthasé-16). and growth conditions (e.g., rich and minimal media,
Overexpression of this protein downregulates not only temperature).
intracellular levels of thymidylate synthase but also cellsthat XCC 4069 Catalyzes the Dehydration ofFuconate.
are not in direct cellular contact, suggesting the involvement Because we were confident that thefucose permease
of a diffusable signaling molecule. We postulated that XCC function assigned to XCC 4071 would be correct, our first
4069 isL-fuconate dehydratase that catalyzes the conversionexperiment was the incubation of XCC 4069 witfuconate.
of L-fuconate to 2-keto-3-deoxyfuconate. Using*H NMR spectroscopy, we observed the dehydration
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Ficure 3: (A) 'H NMR spectrum ofi-fuconate showing the assignments of all protons. ¥8)NMR spectrum of 2-keto-3-deoxy-
fuconate, the dehydrated product of FucD.
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Ficure 4: Structures of acid sugars within the library that were dehydrated by FucD. The first-order rate constants of dehygdydtion,
the various acid sugars are listed under the corresponding compounds.

of L-fuconate to 2-keto-3-deoxy-fuconate (Figure 3). No

. . Table 2: Kinetic Parameters of FucD
reaction was observed with+-fuconate (not shown).

) . . K
Library Screening of XCC 4069 and Its Functional substrate Keat (5°9) Ky (MM) (,\ijf{;"l)
Assignment aeruconaFe Dehydratasélthough XCC 4969 fuconate 151 0.2 0.33£ 0.06 25% 10°
catalyzes the dehydration offuconate, we sought additional L-galactonate 0.9 003 6.2+ 0.4 1.2% 10
evidence that-fuconate is the “correct” substrate for this  p-arabinonate 2.4 0.07 2.1+ 0.9 8.3x 1

protein. Using a library of 52 mono- and dicarboxylate acid
sugars and uronic acids as potential substrates (Figure 1) an. L-Fuconate is the preferred substrate, with kinetic constants
screening for dehydration using a semicarbazide end-pointcomparable to those measured for other acid sugar dehy-
measurement, we identified six compounds that were dehy-dratases of known function in the enolase superfamily. Thus,
drated by XCC 4069 (Figure 4):.-fuconate-galactonate, the library screening persuasively confirms our expectation
D-arabinonate -talonate, p-ribonate, andp-altronate, al-  thatL-fuconate is the physiological substrate for XCC 4069.
though the latter three were not completely converted to Thus, we assign XCC 4069 aguconate dehydratase (FucD;
product under the conditions of our screening assays (10 mMScheme 1).
substrate, kM enzyme, and 16 h at 3tC). We have not isolated and assayed the homologous RTS
Expecting that the function of XCC 4067 would be 2-keto- beta protein found itd. sapienghat has been implicated in
3-deoxyt-fuconate 4-dehydrogenase (vide supra), we de- regulating thymidylate synthase expressi@d-{16). How-
termined whether we could use this protein in a coupled- ever, on the basis of its sequence identity with XCC 4069
enzyme, spectrophotometric assay for the dehydration reaction§51% identity) and retention of residues that determine
catalyzed by XCC 4069. Using the procedure described in substrate specificity (vide infra), we predict that the RTS
the Materials and Methods section, we were able to measurebeta protein also catalyzes the dehydration -dficonate.
the kinetic constants for the dehydration offuconate, The molecular mechanism by which this reaction may be
L-galactonate, and-arabinonate; these are reported in Table linked to regulation of thymidylate synthase is unknown,
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Scheme 1
co, co,
HO—}—H —0
H——OH  FucD H——H
H——OH H——OH
HO—}—H HO——H
CHg CH,
L-Fuconate

Table 3: Kinetic Parameters of 2-Keto-3-deaxjdconate
4-Dehydrogenase

Keal K
substrate Keat (S71) Km (M) M-1s)
2-keto-3-deoxy:--fuconate 6.0:0.2 0.39+0.06 1.5x 10
2-keto-3-deoxy--galactonate  9.8:0.29 6204  1.6x 10° FiIGURE5: The dimer of FucD in the structure of the K220A mutant

2-keto-3-deoxyp-arabinonate 7.3 11 2.1+09 3.5x1C complexed withL-fuconate (white). Thex-helices ands-strands

in one polypeptide are colored red and blue, respectively; in the
second polypeptide these are colored magenta and green, respec-
tively. Trp 101 from the second polypeptide, colored yellow,

Table 4: Rates of Dehydratiofi4) and o-Proton Exchangekg)

of FucD participates in the active site of the first polypeptide; Trp 101 from

substrate Keat(s™) Kexc (579 the first polypeptide, colored cyan, participates in the active site of

L-fuconate 15 29 the second polypeptide.

L-galactonate 0.9 2.4 ]

p-arabinonate 2.4 4.2 generate the dehydration products eficonate, -galacto-

L-talonate 0.035 not detected nate, andp-arabinonate and then used these 2-keto-3-

D-ribonate 0.086 not detected deoxyacids to measure the kinetic constants for XCC 4067;

p-altronate 0.0064 0.2

the values are displayed in Table 3. Clearly, the dehydration
product obtained from-fuconate is the preferred substrate,
although this assignment of the FucD function to the RTS jth the value ofk./Ky in the range expected for the
beta protein may facilitate a molecular understanding of that physiological substrate. Thus, we assign XCC 4067 as
biological process. 2-keto-3-deoxy--fuconate 4-dehydrogenase.

L-Fuconate (6-deoxy-galactonate) and-galactonate (6- Functional Assignment of XCC 4070 a§ucopyranoside
hydroxy+-fuconate) share the same configurations at car- Mutarotase As described in the Materials and Methods
bon-2 through carbon-%;fuconate ana-arabinonate (dem-  section, we used the SBH NMR technique {2, 13) and
ethyl+-fuconate) share the same configurations at carbon-2discovered that XCC 4070 accelerates the conversion of
through carbon-4, with the 5-OH group of the latter being _-fucose between ita- and5-pyranose forms. The kinetic
stereochemically promiscuous due to rotation about the C4 constants aré., = 21004 120 s, Ky = 8.5+ 1.7 mM,

C5 bond. Therefore, on the basis of the observed promiscuity,andk../Ky = 2.5 x 10f M~1s71. Using the same technique,
we conclude that the active site of FucD is specific for acid we could not detect any-fucopyranoside mutarotase activ-
sugars of common structure, although the efficiency of ity. We observed that XCC 4070 has measurable mutarotase
dehydration depends on the exact molecular structure activity towardL-galactopyranoside anmarabinopyranoside;
‘remote” from the site of chemistry; as described in a however, at 5 mM concentrations, the rates of mutarotation
following section, this can be rationalized on the basis of gre each reduced-50-fold from that observed with-

the structures of inhibitor- and substrate-liganded enzymes.fucopyranoside. Thus, we assign XCC 407Q.dscopyra-
Indeed, we expect that our library of acid sugars will not ngside mutarotase.

contain the physiological substrates for all of the unknown  Although we were successful in isolating only three of
acid sugar dehydratases in the enolase superfamily. Howeverihe six enzymes in the proposed catabolic pathway for
we are hopeful that such unknowns sometimes will have | -fucose in Figure 2B, we believe that the functional
promiscuous substrate specificities, such as that observed fogssignments of these provide persuasive evidence for the
FucD, so that the structures of inefficient substrates will occurrence of this pathway iX. campestrisand other
provide useful clues regarding the structure/identity of the organisms that share orthologues of the proteins encoded by
correct, physiological substrates. the encoding operon.

The much slower rates of dehydration oftalonate, Structure of FucDFucD is a dimer of identical polypep-
D-ribonate, and-altronate (Table 4) were estimated from tides, with each polypeptide arranged in two domains: a
the extent of product formation in the semicarbazide end- (3/a);3-barrel domain and an. + 8 capping domain that
point assays used to screen the library of acid sugars, i.e., aincludes both the N- and C-terminal sequences that flank
a single concentration of the acid sugar (10 mM). The the barrel domain; both share conserved structures with
significance of these slow reactions will be discussed later. previously characterized members of the superfamily. Al-

Functional Assignment of XCC 4067 as 2-Keto-3-deoxy- though the majority of active site residues is contributed by
L-fuconate 4-DehydrogenasAs described in the previous a single polypeptide chain, Trp 101 from the capping domain
paragraph, we used XCC 4067 as the coupling enzyme toof the symmetry-related molecule in the dimer completes
assay FucD, in accord with our expectation that it is 2-keto- the activity site by contributing to the binding pocket for
3-deoxyt-fuconate 4-dehydrogenase. We used FucD to the methyl group of-fuconate (Figure 5). In the octameric
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Ficure 6: Comparison of the active site structures of (A) wild-type FucD complexed ovéthythronohydroxamate and (B) the inactive
K220A mutant complexed with-fuconate.

S-Atrolactate (MR)

MR, which is a tetramer of analogous dimers, a Val residue
Hydroxamate/L-Fuconate (FucD)

similarly located in its capping domain completes the
hydrophobic substrate binding site.

Structures were determined for wild-type FucD both in
the absence of a ligand and in the presence-efythrono-
hydroxamate, an inhibitor and analogue of the enediolate %
intermediate formed in the dehydration pfarabinonate
(missing the 6-methyl group for synthetic convenience). We
also solved the structure of the catalytically inactive K220A
mutant in the presence of thefuconate substrate (Lys 220
is the base that initiates the reaction by abstraction of the
o-proton). Even in the absence of kinetic phenotypes of
additional mutants of active site residues, we believe that
these structures, in the context of the experiments described
in the following sections, allow an accurate description of

the meCh‘T’miSm of the FucD-catalyzed r,eaCtion' . FIGURE 7: Superposition of the active site structures of wild-type
The active sites of the complexes of wild-type FucD with MR complexed with §)-atrolactate (gray), wild-type FucD com-
p-erythronohydroxamate and the inactive mutant K220A plexed with p-erythronohydroxamate (yellow), and the K220A

mutant withL-fuconate are shown in Figure 6, panels A and mutant complexed with-fuconate (cyan).

B, respectively. Carboxylate ligands for the essentiaPMg intermediate obtained by abstraction of the 2-proton, as
are located at the ends of the third, fourth, and fiftktrands required for facile vinylogous elimination.

in the barrel domain, Asp 248, Glu 274, and Glu 301, The liganded structures also reveal the interactions between
respectively. Both the hydroxamate intermediate analoguethe active site and the hydroxamate inhibitor/substrate that
and theL-fuconate substrate are bidentate ligands of the determine the substrate specificity. In addition to His 351,
Mg?*. The hydroxamate oxygen of the enediolate analogue the 3-OH leaving group is hydrogen bonded to the backbone
and the carboxylate oxygen of the substrate that are oxygen of Gly 353. The 4-OH group is hydrogen bonded to
coordinated to the Mg are also hydrogen bonded to the Asp 24, and the 5-OH group is hydrogen bonded to both
e-ammonium group of Lys 218. Glu 382 located at the end the backbone oxygen of Gly 22 and the phenolic OH group
of the eighthf-strand is hydrogen bonded to the second of Tyr 32. The 6-methyl group is located in a hydrophobic
carboxylate oxygen of the substrate. Lys 220 in the wild- pocket formed by Pro 30, lle 56, and Trp 101 from the
type complex with the hydroxamate and His 351 in both symmetry-related polypeptide in the dimer. Gly 22, Asp 24,
complexes, the latter hydrogen bonded to Asp 324, arePro 30, Tyr 32, and lle 56 are located in the “20’s and 50’s”
located on opposite sides of the active site. Lys 220 is flexible loops in the capping domain; in two polypeptides
positioned to abstract the-proton from the substrate, and of the four in the asymmetric unit of the unliganded enzyme,
His 351 is hydrogen bonded to the 3-OH group of the the 20’s loop is disordered, with its movement allowing
substrate/intermediate, consistent with its role as the acid thataccess of the substrate to and egress of the product from the
facilitates the dehydration reaction. As illustrated in Figure active site.

6B, the 3-OH leaving group af-fuconate is appropriately These interactions are important for understanding the
positioned to be orthogonal to the plane of the enolate anionsubstrate promiscuity discovered by library screening. The

Lys 166 (MR)
Lys 220 (FucD)

His 297-Asp 270 (MR)
His 351-Asp 324 (FucD)
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Ficure 8: H NMR spectra of -fuconate showing the FucD-catalyzed exchange obtipeoton with solvent-derived deuterium with time.
The diminishinga-proton peak is indicated by the arrow.

“best” substrates for dehydrationfuconate-galactonate, course of dehydration affuconate catalyzed by FucD was
and p-arabinonate, share stereochemically equivalent hy- monitored usingH NMR spectroscopy. The intensities of
droxyl groups at carbon-3 through carbon-5 that are able tothe protons associated withfuconate decreased with time,
participate in analogous hydrogen-bonding interactions (the concomitant with the appearance of those associated with
5-hydroxymethyl group ob-arabinonate is stereochemically the keto tautomer of the dehydration product, 2-keto-3-deoxy-
promiscuous). The substrates for epimerization/dehydration,L-fuconate (Figure 8). However, upon closer inspection of
L-talonate ana-ribonate that are 2-epimersiogalactonate  the spectra, the intensity of the resonance associated with
and p-arabinonate, also share stereochemically equivalentthe a-proton (on C-2) of -fuconate decreased more rapidly
hydroxyl groups at carbon-3 through carbon-5, thereby than those of the remaining protons of the substrate. As a
allowing these to bind in the active site, although the 2-proton result of this exchange reaction with solvent deuterium, the
would necessarily be presented to His 351 for abstractionresonance associated with the proton on C-3 (a doublet of
instead of Lys 220. In contrasb-altronate that undergoes doublets) collapsed to a doublet as the reaction proceeded
“rapid” exchange but “slow” dehydration has the opposite (Figures 8 and 9A). This exchange reaction, i.e., formation
configuration at carbon-5. Presumably, this configurational of L-[2-?H]-fuconate, can be explained by the abstraction of
change prevents equivalent hydrogen bonding with the the a-proton ofL-fuconate by a polyprotic active site base,
backbone oxygen of Gly 22 and the phenolic OH group of e.g., Lys 220, to generate the Rfgstablilized enediolate
Tyr 32, so the conformation of the substrate is altered suchintermediate; this intermediate partitions between (1) viny-
that the 3-OH group is not correctly positioned for acid- logous f-elimination to accomplish dehydration of the
catalyzeds-elimination. enediolate intermediate to yield the enol tautomer of the
A superposition of the active sites of wild-type FucD dehydration product and (2) deuteriation by the conjugate
complexed withp-erythronohydroxamate, the inactive K220A acid of the polyprotic base to yield-[2-*H]-fuconate
mutant complexed with.-fuconate, and wild-type MR  (Scheme 2).
complexed with the inhibitorg)-atrolactate [§)-a-methyl- This exchange reaction is reminiscent of that observed in
mandelate] is presented in Figure 7. Inspection of this figure the MR-catalyzed reaction wheB){mandelate, but noR)-
reveals that both the Lys located at the end of the secondmandelate, is used as substr&@)(In the active site of MR,
pB-strand (Lys 220 in FucD and Lys 166 in MR) and the one carboxylate oxygen and the 2-OH group of eitl®¥ (
His-Asp dyads located at the ends of the seventh and sixthor (R)-mandelate are coordinated to the essentiatVgo
p-strands (His 351 and Asp 324 in FucD and His 297 and the a-hydrogen of §)-mandelate is “presented” to Lys 166
Asp 270 in MR) are positioned equivalently in the two active located at the end of the secofiestrand; i.e., Lys 166 is
sites. Thus, the position of His 351 in the active site of FucD the S-specific base. Becausefuconate binds in the active
is appropriate for catalysis of either departure of the 3-OH site of FucD with an analogous coordination geometry, the
leaving group from.-fuconate or abstraction of the 2-proton  2-proton is presented to Lys 220 at the end of the second
from eitherL-talonate ana-ribonate, thereby explaining the  g-strand. Thus, the exchange reaction observed with
observed ability of FucD to catalyze both dehydration and fuconate is persuasive evidence that Lys 220 initiates the
epimerization reactions (vide infra). The rates of the dehy- reaction by abstraction of the-proton.
dration and epimerization reactions differ, however, likely e also examined the ability of FucD to catalyze exchange
as the result of subtle kinetically important changes in the of the a-proton of the remaining members of our acid sugar
disposition of the 2-epimeria-talonate ando-ribonate |ibrary. Exchange was observed for only three additional acid
substrates with respect to His 351. sugarsy.-galactonatep-arabinonate, ano-altronate, all three
Mechanism of the FucD-Catalyzed Reaction: Exchange of which are also substrates for dehydration (panels B, C,
of thea-Proton in Competition with Dehydratiofhe time and D of Figure 9, respectively); the values of the exchange
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FiGUrRe 9: Representative partidH NMR spectrum of (A)L-fuconate, (B)L-galactonate, (Cp-arabinonate, and (D)-altronate after
incubation with FucD in RO buffer. The doublet peaks associated with the proton of G3[a{S)-2H]substrate are indicated by magenta
Hs.
rates measured as described in the Materials and Methoddor L-fuconate, the rate constants for exchange of the
section are compared with those for dehydration in Table 3. 2-protons ofL-galactonate and-arabinonate exceed those
Exchange was not observed for eithetalonate orp- for dehydration, highlighting the importance of the structure
ribonate, although these are “better” substrates for dehydra-of the distal portion of the substrate in positioning the
tion thano-altronate. enediolate intermediate for efficient vinylogofselimina-

As noted previously,-fuconate and -galactonate share tion.
the same configurations at carbon-2 through carbon-5; The configuration of carbon-5 af-altronate differs from
L-fuconate ana-arabinonate share the same configurations those inL-fuconate and-galactonate. Although the rate of
at carbon-2 through carbon-4, with the latter configurationally exchange of the 2-proton ofaltronate is~10-fold less than
promiscuous at carbon-5. However, in contrast to the relative those measured for-fuconate,L-galactonate, and-ara-
rates of the dehydration and the exchange reactions measuretinonate, the rate of dehydration is 1000-fold less. Again,
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this difference highlights the importance of the distal portion ~ However, if His 351 were able to abstract thgroton of
of the substrate in determining reactivity for dehydration, eitherL-talonate ob-ribonate to generate the same enediolate

presumably as the result of subtle changes in active siteintermediate obtained fromgalactonate op-arabinonate,
geometry. Althoughp-altronate dehydratase is not yet a
known physiological function of any member of the enolase
superfamily (thep-altronate dehydratase mgalacturonate
catabolism is a member of a distinct¥Falependent super-
family), the propensity ob-altronate for exchange of the
a-proton but not dehydration in the active site of FucD
suggests that in vivo and/or in vitro evolution of this function

is possible.

Mechanism of the FucD-Catalyzed Reaction: Epimeriza-
tion in Competition with DehydrationAlthough bothL-
talonate ana-ribonate are slow substrates for dehydration,
we did not detect any exchange of theproton of either
with solvent. On the basis of the established structure
function relationships for MR and the liganded structures of
FucD, theo-protons ofL-talonate anda-ribonate should be
presented to His 351 located at end of the sevgritrand.
Because the conjugate acid of His is not torsiosymmetric, to detect small amounts of the epimeriaedalactonate or
in contrast to the conjugate acid of Lys 220, exchange of p-arabinonate by the observation of the &protons at the
the a-protons of L-talonate andb-ribonate with solvent
hydrogen is not expected. Indeed, theproton of )-
mandelate is abstracted by His 297, and no exchange of thantermediate is formed from-talonate orp-ribonate (the
a-proton is observed in competition with 1,1-proton transfer same enediolate intermediate formed frorgalactonate or

(21).

respectively, the conjugate acid of Lys 220 might be able to
protonate this intermediate on the opposite to generate
L-galactonate opb-arabinonate, respectively, in competition
with vinylogous elimination. As illustrated in Scheme 3, the
ability to observe epimerization is the result of the magni-
tudes of the energy barriers for partitioning of the enediolate
intermediate among irreversible dehydration, protonation on
the same face to return to substrate, and protonation on the
opposite face to give the epimerized product.

WhenL-galactonate opb-arabinonate was incubated with
FucD in H,O-containing buffer, we were unable to detect
theL-talonate ob-arabinonate, respectively (data not shown),
presumably because the rate of vinylog@uslimination is
much greater than protonation of the opposite face to give
L-talonate om-ribonate. However, in the reverse direction,
whenL-talonate om-ribonate was substrate, we were able

characteristic chemical shifts of 4.12 and 4.09 ppm, respec-
tively (Figure 10). In this case, when the enediolate

p-arabinonate), albeit slowly by abstraction of the proton on
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Ficure 10: (A) Partial'H NMR spectrum ofi-talonate incubated with FucD showing the presence ofotfpeoton of the epimerized
productL-galactonate. (B) PartidiH NMR spectrum ofp-ribonate incubated with FucD showing the presence ofathwoton of the
epimerized producb-arabinonate.

carbon-2 by His 351, it can partition between vinylogous vinylogouss-elimination of water to yield the 2-keto-3-deoxy
pB-elimination and protonation on the opposite face to give product.
L-galactonate op-arabinonate (the reaction manifolds ac-  The product exists as a mixture of and -furanosyl
cessible to the enediolate intermediate formed from hemiketals (Figure 11A) as assessed by bethand 1°C
galactonate and-arabinonate). NMR spectroscopies. From the magnitudes of the vicinal
That the FucD catalyzes the epimerizationLetilonate C3—C4H—H coupling constants as well as NOE measure-
and p-ribonate, albeit at slow rates, reveals a functional ments, we determined that the larger coupling constant is
promiscuity that, in retrospect, is not surprising given the associated with the Bro-S hydrogen. When-fuconate is
similarity of the active sites of FucD and MR (Figure 7). dehydrated in BO-containing buffer, one prochiral hydrogen
Indeed, in unpublished studies using our acid sugar library, of C3 of each anomer was stereospecifically deuteriated in
we have discovered a homologue of MR and FucD that the 3pro-S position to yield 2-keto-3-deoxy-[$-?H]-L-
catalyzes the dehydration oftalarate and galactarate as well fuconate (Figure 11B). Thus, ketonization of the enol
as their epimerization (in species 8&lmonellaand several intermediate derived from vinylogoyiselimination is enzyme-
other bacteria; W. S. Yew and J. A. Gerlt, unpublished catalyzed, and the departing 3-OH group is replaced with
observations). Sequence alignments allow the prediction thatsolvent deuterium with inversion of configuration. We
the active site of -talarate/galactarate dehydratase/epimeraseperformed a similar analysis withrgalactonate and again
shares the KxK motifs and the His-Asp dyads found in the observed that the 3-OH group is replaced with solvent
active sites of FucD and MR. Although a structure is not deuterium with inversion of configuration (data not shown).
yet available for this enzyme, its structure may reveal the With the expectation that dehydration proceeds via an anti-
structural differences in the active site that determine the stereochemical course, given the structures of the liganded
relative efficiencies of acid sugar dehydration and epimer- complexes reported in this report, the solvent-derived
ization reactions and, therefore, direct the evolution of hydrogen is delivered from the side of the active site on
mechanisms in the MR subgroup of the enolase superfamily.which Lys 220 is located.
In the MLE subgroup, we have demonstrated that changes The replacement of the 3-OH group by solvent-derived
in the substrate specificity determinants are sufficient to hydrogen with inversion of configuration contrasts with the
interconvert dehydratiorof¢succinylbenzoate synthase) and retention of configuration previously reported for the GalD-
1,1-proton transferfAla-b/L-Glu epimerase) function22, and GlucD-catalyzed reaction24). In the GalD-catalyzed
23). reaction, a His located at the end of the thirdtrand is the
Stereochemical Course of the FucD-Catalyzed Dehydra- acid that facilitates the departure of the 3-OH group in an
tion ReactionWe also examined the stereochemical course anti-elimination reaction24); in the GlucD-catalyzed reac-
of the replacement of the 3-OH group offuconate with tion, the His of the His-Asp dyad is the single acid/base
solvent-derived hydrogen so that we could determine the catalyst that initiates the dehydration reaction by abstraction
relative orientation of the leaving group and the general acid of the o-proton and facilitates the departure of the 3-OH
that catalyzes ketonization of the enol product formed by group in a syn-elimination reactio2%). Thus, no structure-
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Ficure 11: PartialH NMR spectrum of 2-keto-3-deoxyfuconate (A) obtained by dehydrationicfuconate in HO, showing the resonances
associated with the Bro-Sand 3pro-R protons, and (B) obtained by dehyrationiefuconate in RO buffer.
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Ficure 12: Proposed mechanism of the FucD-catalyzed reaction.

based strategy is conserved for catalyzing the ketonizationproaches yield the same function validates the use of a
of the enol intermediates obtained from stereochemically screening strategy to assign functions to other unknown
diverse dehydration reactions. members of the enolase superfamily.

ConclusionsWe used both operon context and a library ~ On the basis of structural and functional evidence, the
of acid sugars to independently assign the FucD function to dehydration of -fuconate catalyzed by FucD is initiated by
a member of the MR subgroup encoded byXheampestris  abstraction of the 2-proton by Lys 220 to generate a
pv. campestris strATCC 33913 genome. That both ap- transiently stable enediolate intermediate that partitions
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between vinylogoug-elimination and reprotonation to re-
form the substrate (Figure 12). The conjugate acid of His
351 in the His 351-Asp 324 hydrogen-bonded dyad is
positioned to function as the acid catalyst in fhelimination
reaction. The ketonization of the resulting enol intermediate
is enzyme-catalyzed with inversion of configuration at
carbon-3, suggesting the participation of the conjugate acid
of Lys 220 in the final partial reaction.

FucD is able to catalyze the dehydration of structural
analogues of-fuconate, including-galactonatep-arabinon-
ate, and-altronate that share the same configuration at the
reactive 2- and 3-carbons as well as carbon-4. Although the
dehydration ob-altronate is very slow, the rate of abstraction
of its a-proton, as assessed by exchange with solvent
deuterium, is fast, thereby revealing the importance of the
configuration of carbon-5 on the mechanism of the reaction.

Finally, FucD also catalyzes the slow dehydration and
epimerization of_-talonate and-ribonate that are epimers
of the physiological substrate at carbon-2. The ability of
FucD to catalyze these epimerization reactions is explained
by an active site structure that closely resembles that of MR,
although the physiological role of the conjugate acid of the
His at the end of the seventhstrand in FucD is catalysis
of the g-elimination of the 3-OH group rather than proton
abstraction from/protonation of C-2 by the homologous His
in the 1,1-proton transfer reaction catalyzed by MR. The
functional promiscuity discovered for FucD highlights pos-
sible mechanisms for evolution of function in the enolase
superfamily.

SUPPORTING INFORMATION AVAILABLE

Descriptions of the syntheses of the mono- and diacid
sugars in the library used for substrate screening. This
material is available free of charge via the Internet at http://
pubs.acs.org.
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