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ABSTRACT: The tautomerase superfamily consists of three major families represented by 4-oxalocrotonate
tautomerase (4-OT), 5-(carboxymethyl)-2-hydroxymuconate isomerase (CHMI), and macrophage migration
inhibitory factor (MIF). The members of this superfamily are structurally homologous proteins constructed
from a simpleâ-R-â fold that share a key mechanistic feature; they use an amino-terminal proline,
which has an unusually low pKa, as the general base in a keto-enol tautomerization. Several new members
of the 4-OT family have now been identified using PSI-BLAST and categorized into five subfamilies on
the basis of multiple-sequence alignments and the conservation of key catalytic and structural residues.
The members of subfamily 5, which includes a hypothetical protein designated YdcE fromEscherichia
coli, are predicted not to form hexamers. The crystal structure of YdcE has been determined to 1.35 Å
resolution and confirms that it is a dimer. In addition, YdcE complexed with (E)-2-fluoro-p-hydroxy-
cinnamate, identified as a potent competitive inhibitor of this enzyme, as well asN-(2-hydroxyethyl)-
piperazine-N′-2-ethanesulfonic acid (HEPES) and benzoate are also presented. These latter crystal structures
reveal the location of the active site and suggest a mechanism for the observed YdcE-catalyzed
tautomerization reaction. The dimeric arrangement of YdcE represents a new structure in the 4-OT family
and demonstrates structural diversity within the 4-OT family not previously reported.

4-Oxalocrotonate tautomerase (4-OT)1 from Pseudomonas
putida mt-2 catalyzes the isomerization of unconjugated
R-keto acids such as 2-oxo-4-hexenedioate (1, Scheme 1)
to its conjugated isomer 2-oxo-3-hexenedioate (3) through
the dienol intermediate 2-hydroxy-2,4-hexadienedioate, known
commonly as 2-hydroxymuconate (2) (1, 2). The gene for
4-OT is found on the TOL plasmid pWW0, and is part of a

pathway that degrades aromatic hydrocarbons such as
toluene,m- andp-xylene, 3-ethyltoluene, and 1,2,4-trimethyl-
benzene (1, 2). Organisms that have the TOL plasmid utilize
these compounds as their sole sources of carbon and energy.

4-OT is a homohexamer composed of unusually small
subunits. Each monomer contains 62 amino acid residues
and displays a relatively simpleâ-R-â fold (Figure 1A)
(3, 4). The monomer begins with an amino-terminal proline
at the start of aâ-strand (â1), followed by anR-helix (R1)
and a 310-helix preceding a secondâ-strand (â2), and ends
with a â-hairpin near the C-terminus (Figure 1A). The 4-OT
dimer (Figure 1B) results from antiparallel interactions
between theâ-sheets andR-helices of two monomers,
forming a four-strandedâ-sheet with antiparallelR-helices
on one side. Three dimers associate to form the hexamer
(Figure 1C) by the interactions of the strands of the
C-terminalâ-hairpins with the edges of the four-stranded
â-sheet of neighboring dimers.

The oligomeric arrangement of 4-OT is critical for
catalysis because the active sites are located at the dimer
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interfaces (4). Thus, Pro-1 of one monomer functions as the
catalytic base (4, 7-11), while Arg-11′ from an adjacent
monomer but within the same dimer plays a role in both
binding and catalysis (12) (Scheme 2).2 It binds the C-6
carboxylate group (of1) and serves as an electron sink to

draw electron density to the C-5 position to allow protona-
tion. Arg-39′′, from the neighboring dimer, binds one oxygen

2 The unprimed, primed, and doubly primed residues refer to different
subunits within the 4-OT homohexamer and the YdcE dimer.

FIGURE 1: Ribbon diagrams depicting (A) the 4-OT monomer, (B) a side view of the 4-OT dimer, (C) a top view of the 4-OT hexamer,
and (D) a side view of the 4-OT hexamer (3). The catalytic amino-terminal proline is shown in panels A-C to identify the location of the
active sites at the dimer interfaces. Dimer formation generates a four-strandedâ-sheet with flanking antiparallel helices. Theâ-hairpin is
boxed in panel D to highlight the interaction ofâ-3 andâ-4 of one dimer withâ-2 of a neighboring dimer. This figure was produced using
RASTER3D (5) and MOLSCRIPT (6).

Scheme 2
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of the C-1 carboxylate group, and, along with an ordered
water molecule, polarizes the carbonyl group of1, which
facilitates proton abstraction at C-3 by Pro-1. Pro-1 is able
to function as a base under physiological conditions because
it has a pKa of ∼6.4 (8). The lowered pKa of the proline is
due primarily to its position in a hydrophobic pocket of the
active site, which is maintained, in part, by Phe-50 (13).

We have now identified several 4-OT homologues in
organisms ranging fromEscherichia colito the thermophile
Archaeoglobas fulgidus.These short, chromosomal se-
quences (61-81 amino acids) absolutely conserve the amino-
terminal proline, and generally have an aromatic amino acid
at the Phe-50 position and a glycine at position 54 to conserve
the characteristicâ-R-â motif. Many but not all of these
homologues have a GXGG sequence (residues 51-54 using
the 4-OT numbering system), following the aromatic amino
acid. The XGG sequence is found in a type IIâ-hairpin loop
connecting two shortâ-strands. Amino acid residues with
small side chains are clearly favored at position 54 to produce
the tight turn of theâ-hairpin. Theâ-hairpin is critical for
hexamer formation as it interacts with and extends the core
sheet structure of the adjacent dimers. The bulk of the
aromatic ring of Phe-50 provides a platform that supports
the GXGG region so it can fully extend and “reach” into
the neighboring dimer (Figure 1D).

Interestingly, two “hypothetical proteins” designated YdcE
in E. coli and XF1725 inXylella fastidiosaconsisting of 76
and 81 amino acids, respectively, do not have the GXGG
sequence or a structural equivalent. Instead, the aromatic
amino acid is followed by a nine-amino acid stretch that is
predicted to beR-helical in nature. This observation prompted
two questions. First, does the presumed helix exist, and if
so, does this change the oligomeric state of the enzyme?
Second, if there is a change in the quaternary structure, what
effect does this perturbation have on catalysis and the
function of the enzyme?

To address these questions, we cloned, overexpressed, and
purified the E. coli homologue and characterized its tau-
tomerase activity with 2-hydroxy-2,4-pentadienoate (5, Scheme
1), and the enol isomers of phenylpyruvate (7, Scheme 3)
and (p-hydroxyphenyl)pyruvate (9). We have also determined
crystal structures of the native enzyme and three inhibitor
complexes: (E)-2-fluoro-p-hydroxycinnamate (11, Scheme
3), a potent competitive inhibitor, as well asN-(2-hydroxy-
ethyl)piperazine-N′-2-ethanesulfonic acid (HEPES,12) and
benzoate. These structures show that the YdcE homologue
is a dimer, instead of the usual hexamer. This arrangement
represents a new structure in the 4-OT family that uses the
â-R-â fold as its building block and demonstrates structural
diversity within the 4-OT family not previously reported.
The YdcE complexes also provide a structural basis for the
enzymatic activity of YdcE and the potency of11 as an
inhibitor.

EXPERIMENTAL PROCEDURES

Materials. All reagents, buffers, and solvents were ob-
tained from either Aldrich Chemical Co. or Sigma Chemical
Co., with the exception of (E)-2-fluoro-p-hydroxycinnamate
(11), which was synthesized according to a literature
procedure (14). Tryptone and yeast extract were obtained
from Difco (Detroit, MI). The YM-3 ultrafiltration mem-
branes were obtained from Millipore (Bedford, MA). Iso-
propylâ-D-thiogalactoside (IPTG) and thin-walled PCR tubes
were obtained from Ambion, Inc. (Austin, TX). The syn-
theses of 2-hydroxymuconate (2, Scheme 1) and 2-hydroxy-
2,4-pentadienoate (5, Scheme 1) are described elsewhere (15,
16). The expression vector pET24a(+) was obtained from
Novagen, Inc. Restriction enzymes, T4 DNA ligase, low-
melting point agarose, the Wizard PCR Preps DNA purifica-
tion kit, and the Wizard Plus Minipreps DNA Purification
System were obtained from Promega Corp. (Madison, WI).
The Geneclean II kit was purchased from Bio 101, Inc. (La
Jolla, CA). The PCR was carried out using the PCR Reagent
system from Promega Corp. or the GeneAmp kit from
Perkin-Elmer-Cetus (Norwalk, CT). Oligonucleotides for
site-directed mutagenesis and DNA sequencing were syn-
thesized by Oligos Etc. Inc. (Wilsonville, OR).

Strains. E. coli strain JM109 was obtained from Promega
Corp. and was used for transformation of ligated plasmids.
E. coli strain BL21(DE3)pLysS was obtained from Novagen
and used for expression of the recombinant proteins. TheE.
coli K12 strain (ATCC 29425) was obtained from American
Type Culture Collection (Rockville, MD). Cells for general
cloning and expression were grown in LB medium supple-
mented with kanamycin (50-100µg/mL). The composition
of LB medium is described elsewhere (17).

General Methods. Techniques for restriction enzyme
digestions, ligation, transformation, and other standard
molecular biology manipulations were based on methods
described elsewhere (17). Genomic DNA from E. coli
K12 was isolated following a published procedure (18).
DNA sequencing was carried out at the University of
Texas Sequencing Facility. Kinetic data and UV absorbance
readings were obtained on a Hewlett-Packard 8452A diode
array spectrophotometer. The kinetic data were fitted by
nonlinear regression data analysis using the Grafit program
(Erithacus Software Ltd., Staines, U.K.) obtained from Sigma
Chemical Co. HPLC was performed on a Waters system
using either a Bio-Gel Phenyl 5-PW hydrophobic column
or a Pharmacia Superose 12 (HR 10/30) gel filtration column.
Protein was analyzed by tricine sodium dodecyl sulfate-
polyacrylamide gel electrophoresis (SDS-PAGE) under
denaturing conditions on 17.5% gels on a vertical gel
electrophoresis apparatus obtained from Gibco (19). Protein
concentrations were determined using the method of Waddell
(20).
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Construction of the Expression Vector for the Production
of YdcE. Two oligonucleotides (5′-GAAGGAGATATA-
CATATGCCATACGTAACTGTCAAA-3′ and 5′-GAGCTC-
GAATTCGGATCCCTATTATTCCATATCGTCCAG-3′)
were synthesized for the amplification of the YdcE gene from
E. coli. The first primer contains anNdeI restriction site
(underlined) followed by 18 bases corresponding to the
coding sequence of the YdcE gene, whereas the second
primer contains aBamHI restriction site (underlined) fol-
lowed by 21 bases corresponding to the complementary
sequence of the YdcE gene. The PCR was carried out in a
Perkin-Elmer DNA thermocycler 480 using the two synthetic
primers, genomic DNA, and the PCR reagents supplied in
either the PCR Reagent system or the Perkin-Elmer-Cetus
GeneAMP kit following a protocol described elsewhere (10).
The resulting gel-purified DNA fragment and the pET24a-
(+) vector were digested withNdeI and BamHI restriction
enzymes, purified, and ligated using T4 DNA ligase follow-
ing a previously described protocol (10). Aliquots of the
resulting mixture were transformed into competentE. coli
JM109 cells and grown on LB/Kn (100µg/mL) plates at 37
°C. Single colonies were chosen at random and grown in
liquid LB/Kn medium (50-100 µg/mL). The newly con-
structed plasmid was isolated and the gene sequenced.
Subsequently, the plasmid was transformed as described
elsewhere intoE. coli strain BL21(DE3)pLysS for protein
expression (10).

OVerexpression and Purification of the Recombinant
Enzyme.A single colony of the expression strain containing
the plasmid was used to inoculate 25 mL of LB/Kn medium
(50-100µg/mL). After overnight growth at 37°C, 3 mL of
the culture was used to inoculate 500 mL of LB/Kn medium
(50-100 µg/mL) in a 2 L Erlenmeyer flask. Cultures were
grown to an OD600 of ∼0.6-0.8 at 37°C with vigorous
shaking and then induced with IPTG (0.5 mM final concen-
tration). Incubation was continued for 4 h at 37°C. Cells
were harvested by centrifugation (7000g for 12 min) and
stored at-80 °C. Typically, 3 L of culture grown under
these conditions yields 9.5 g of cells.

The enzyme was purified to near homogeneity (>95% as
assessed by SDS-PAGE) by a modification of a previously
published procedure (13). YdcE eluted from the Bio-Gel
Phenyl hydrophobic column near the end of the ammonium
sulfate gradient (∼0.5-0 M). The active fractions were
pooled, concentrated, and loaded onto a G-75 gel filtration
column (2.5 cm× 100 cm) equilibrated with 20 mM sodium
phosphate buffer (pH 7.3). At a flow rate of 0.5 mL/min,
the protein eluted after 12 h and was collected in 10 mL
fractions. Typically, the yield of purified enzyme per liter
of culture is 50 mg. For crystallization studies, protein
solutions were exchanged into 50 mM sodium phosphate
buffer (pH 7.3) or 50 mM HEPES buffer (pH 7.3). The native
molecular mass was estimated by size exclusion chroma-
tography on a Superose 12 column. The enzyme was
chromatographed in 100µL portions (∼8.3 mg/mL) on the
gel filtration column equilibrated with 10 mM ethylenedi-
amine buffer (pH 7.3) at a flow rate of 0.40 mL/min. Protein
was monitored at 254 nm. The protein eluted at∼35 min,
corresponding to a native molecular mass of 29 400 Da. The
estimated pI of YdcE is 4.7 versus an estimated pI of 7.9
for 4-OT.

Mass Spectrometry. The monomeric mass of the purified
enzyme was determined by electrospray ionization mass
spectrometry (ESI-MS) using a LCQ Finnigan octapole
electrospray mass spectrometer. The samples for ESI-MS
were prepared and analyzed as previously described (12).
The observed monomeric molecular mass (MH+) for YdcE
is 8540 Da (calcd 8542 Da).

Sequence Analysis.An iterative PSI-BLAST search of the
NCBI nonredundant database was performed using the amino
acid sequence of 4-OT fromP. putida (19) as the query
sequence (21). The databases were searched with the “NR”
option (all nonredundant GenBank CDS translations+ PDB
+ SwissProt+ PIR + PRF). 4-OT homologue amino acid
sequences (not including MIF-related sequences in the
superfamily) were selected on the basis of significance scores,
redundancies eliminated, and the remaining sequences sub-
jected to multiple-sequence alignment analysis using a
version of the CLUSTALW multiple-sequence alignment
routines in the computational tools at the EMBL Web site
(22). The resulting amino acid sequence alignment was
examined, and small adjustments were made as deemed
appropriate based on our understanding of the structure. The
resulting sequence alignments were subjected to pairwise
alignment scoring to create a matrix for PHYLIP (the
PHYLogeny Inference Package) for inferring phylogenies
(evolutionary trees) (23). The PHYLIP package is available
over the Internet as part of the EMBL Web site. The methods
available in the package include parsimony, distance matrix,
and likelihood methods, including bootstrapping and con-
sensus trees.

Kinetic Studies of YdcE. The ketonization of7 to 8
(Scheme 3) was monitored by following the disappearance
of 7 at 288 nm (ε ) 18 000 M-1 cm-1), and the ketonization
of 9 to 10 (Scheme 3) was monitored by following the
disappearance of9 at 292 nm (ε ) 20 800 M-1 cm-1) (24).
The conversion of5 to 4 was monitored by following the
disappearance of the dienol at 265 nm, as described
elsewhere (25). The formation of3 from 2 was assessed at
236 nm as described previously (15). The kinetic studies were
carried out in 20 mM NaH2PO4 buffer (pH 7.3).

Inhibition Studies of YdcE. The reversible competitive
inhibition of YdcE was examined using (E)-2-fluoro-p-
hydroxycinnamate (11), HEPES (12), and benzoic acid. For
each experiment, a quantity of YdcE (37.5µL of a 27.3 mg/
mL solution) was added to 150 mL of assay buffer [20 mM
sodium phosphate buffer (pH 7.3)] and incubated for 1 h.
Subsequently, an aliquot of inhibitor from a stock solution
was added to a 15 mL portion of the diluted enzyme solution
to yield the approximate final inhibitor concentration. After
5-10 min, aliquots (1 mL) of the resulting solution were
removed and assayed using 12 concentrations (from 10 to
150µM) of the enol isomer of phenylpyruvate (7). The final
concentrations of11 ranged from 0 to 120µM, and were
diluted from a 100 mM stock solution, which was made in
ethanol using the free acid. The final concentrations of
HEPES ranged from 0 to 40 mM, and were diluted from a
1 M stock solution, which was made in water using the
hemisodium salt. The final concentrations of benzoic acid
ranged from 0 to 10 mM, and were diluted from a 1 Mstock
solution, which was made up in ethanol. The pH of the assay
solution was adjusted to 7.3 when necessary. The kinetic
data were fitted by nonlinear regression data analysis using
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the equation for competitive inhibition provided by the Grafit
program.

Crystallization. Crystals of YdcE were obtained from
protein exchanged into 50 mM sodium phosphate buffer (pH
7.3) as follows. Hanging drops were set up at 4°C and
consisted of 5µL of protein (20 mg/mL) and 5µL of well
solution [40% (w/v) sodium citrate buffer (pH 8.5)], with
500 µL of solution in each well of the plate. Data-quality
crystals grew to an approximate size of 0.6 mm× 0.6 mm
× 0.2 mm within 4 weeks. The space group of the crystals
is P212121 with the following unit cell dimensions:a ) 37.3
Å, b ) 63.8 Å, andc ) 71.3 Å. If it is assumed that a dimer
is present in the asymmetric unit, the Matthews coefficient
is 2.5 Å3/Da (26), and the solvent content is approximately
51%.

Crystals of YdcE were also obtained from protein ex-
changed into 50 mM HEPES buffer (pH 7.3) as follows.
The crystallization conditions were initially identified using
the Hampton’s Crystal Screen II kit. These conditions were
refined, and high-resolution, data-quality crystals were
subsequently grown at 4°C using the sitting-drop method,
where 15µL of the protein [25 mg/mL YdcE in 50 mM
HEPES buffer (pH 7.3)] was mixed with 5µL of 40% (w/
v) sodium citrate buffer (pH 6.5). Crystals grew to a mature
size of 0.4 mm× 0.4 mm× 0.5 mm within 3 weeks. The
space group of the crystals isP212121 with the following
unit cell dimensions:a ) 44.7 Å,b ) 46.7 Å, andc ) 76.2
Å. If it is assumed that a dimer is present in the asymmetric
unit, the Matthews coefficient is 2.87 Å3/Da, and the solvent
content is approximately 56.8%. The YdcE crystals were
complexed with11 by soaking in 40% (w/v) sodium citrate
buffer (pH 6.5) containing 10 mM11 for 60 min at 4°C.

Data Collection. Diffraction data were collected to 2.1 Å
resolution from a single crystal of YdcE in 50 mM sodium
phosphate buffer on a MAR345 detector installed on a
Rigaku RU200H rotating anode X-ray generator equipped

with focusing mirrors. The crystal was mounted in a cryo-
loop directly from the mother liquor, and then flash-cooled
to -175 °C by immersing the loop directly into liquid
nitrogen. Crystals were kept at-165 °C during data
collection using an Oxford Instruments cryo-cooling device.

Diffraction data were collected to 1.35 Å resolution from
single crystals of YdcE in 50 mM HEPES buffer and of the
YdcE‚11 complex using an RAXIS-IV image plate detector
installed on the same Rigaku RU200H rotating anode X-ray
generator as described above. The crystals were mounted in
the same fashion as the other YdcE crystal, but kept at-165
°C during data collection using a Molecular Structures Corp.
cryo-cooling device. All diffraction data sets were processed
using the programs DENZO and SCALEPACK (27). Inten-
sities were converted to structure factors using TRUNCATE
of the CCP4 version 4.0 suite of crystallographic programs
(28), and anRfree set was assigned using the CCP4 program
FREERFLAG. The crystal and data collection statistics are
summarized in Table 1.

Structure Determination. The structure of YdcE (ex-
changed in HEPES buffer) was determined by the multiple-
isomorphous replacement (MIR) method using platinum and
mercury derivatives. The platinum derivative was produced
by soaking the crystals in a solution of 10 mM K2PtCl4 and
40% (w/v) sodium citrate buffer (pH 6.5) for 20 h. The
mercury derivative was obtained by soaking crystals in 10
mM ethyl mercurithiosalicylate (EMTS) and 40% (w/v)
sodium citrate buffer (pH 6.5) for 12 h. The program SOLVE
(29) was used to produce initial phases to 2.0 Å (see Table
2), and wARP (30) was used to produce a map to 1.35 Å
resolution, with a weightedR-factor of 15.5%. In mode
“warpNtrace”, the program wARP successfully built the
YdcE main chain plus 621 additional atoms, yielding a
starting model with anR-factor of 18.6% and anRfree of
22.2%.

Table 1: Crystal and Diffraction Data for Native YdcE and the YdcE‚11 Complex

YdcE
YdcE‚12/
benzoate YdcE‚Pt YdcE‚Hg YdcE‚11

space group P212121 P212121 P212121 P212121 P212121

cell constants
a (Å) 37.3 44.6 45.0 45.0 44.7
b (Å) 63.8 46.5 47.3 47.3 46.7
c (Å) 71.3 75.7 75.6 76.6 76.2

camera length (mm) 170 72 150 150 72
oscillation angle (deg) 2.0 1.5 2.0 2.0 2.0
exposure time (min) 30 15 5 5 18
no. of images 124 110 120 60 46
resolution range (Å)

overall 30-2.1 25-1.35 25-2.0 25-2.0 25-1.35
highest-resolution bin 2.18-2.10 1.39-1.35 2.06-2.0 2.06-2.0 1.39-1.35

total no. of reflections 169053 156715 152857 67500 276503
total no. of unique reflections 10344 35377 11455 11597 36652
total no. ofRfree reflections 491 979 - - 1678
Rmerge(%)

overall 9.2 3.6 11.5 5.6 3.7
highest-resolution bin 43.5 17.5 31.9 9.7 15.9

completeness (%)
overall 99.7 87.4 100.0 96.1 91.4
highest-resolution bin 99.1 33.0 100.0 96.1 35.0

no. of heavy atom sites - - 2 4 -

MIR Phasing: Mean Figure of Merit vs Resolution
resolution (Å) 7.0 4.5 3.5 3.0 2.6 2.4 2.2 2.1 overall
FOM 0.64 0.59 0.55 0.54 0.54 0.52 0.46 0.38 0.51
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The structure of the YdcE‚11 complex was determined
by molecular replacement techniques using a partially
refined, 1.5 Å resolution model of YdcE obtained as
described above. The molecular replacement model was
initially rigid-body fit against data collected for the YdcE‚
11complex, using the CCP4 program AMORE (31). Phases
were initially calculated to 1.35 Å resolution, and then
improved using the program wARP. The resulting wARP
electron density map, calculated to 1.35 Å resolution, showed
unambiguous electron density for the inhibitor. The YdcE
model was then refit to the wARP (Fo; RwARP; FOMwARP)
electron density map, followed by crystallographic refine-
ment as described below.

The structure of native YdcE from crystals grown in
phosphate buffer was determined by molecular replacement
using the CCP4 suite program MOLREP. The search model
for the rotation and translation function was the refined
crystal structure of YdcE from crystals grown in HEPES
buffer. The resulting molecular replacement solution was
unambiguous with an initial correlation coefficient of 61.5%,
and anR-factor of 37.6%.

Structure Refinement.The models were refined by itera-
tions of computer-based minimization, followed by manual
fitting of the model to electron density maps using Swiss
PDB Viewer (32) and the program O (33). The structures
of YdcE (in HEPES) and the YdcE‚11complex were refined
from 25 to 1.35 Å resolution using REFMAC version 4.0
(34) with a maximum likelihood target function, and bulk-
solvent correction for all rounds of refinement. The decrease
in theRfree value was used to direct the refinement procedure.
Manual rebuilding was carried out usingσ-A weighted [2Fo

- Fc] electron density maps, withFo - Fc maps being used
to monitor the model rebuilding process. A water-picking
routine (using the CCP4 programs REFMAC and ARP) was
used to place ordered solvent molecules in [2Fo - Fc] and
Fo - Fc electron density maps. The addition of partial
structure factor contributions from hydrogen atoms, bulk
solvent correction, anisotropic temperature factor refinement,
and multiple conformations were each accompanied by a

reduction in theRfree value. The refinement statistics are
summarized in Table 2.

The native structure of YdcE was refined using CNSsolve
version 1 (35). Multiple rounds of refinement were carried
out using simulated annealing, energy minimization, and
individual B-factor refinement. Solvent molecules were
picked using a CNSsolve water picking script. A decrease
in the Rfree value was observed with the release of NCS
restraints, and the addition of water molecules. The refine-
ment statistics are summarized in Table 2.

RESULTS

Sequence Analysis. Four iterations of PSI-BLAST resulted
in more than 50 sequences judged to be homologues based
on significance scores. These sequences included 4-OT
homologues, theR- andâ-subunits oftrans-3-chloroacrylic
acid dehalogenase fromPseudomonas paVonaceae(36), and
several sequences belonging to the macrophage migration
inhibitory factor (MIF) family. After removal of the se-
quences corresponding to the MIF family and the 4-OT
redundancies, the 38 remaining sequences were subjected
to multiple-sequence alignment using CLUSTALW (22).
After some additional minor adjustments, the results identify
at least five 4-OT subfamilies (Table 3), which are grouped
on the basis of the conservation of key structural and catalytic
residues (shown in bold letters in Table 3). The analysis
suggests that the homologues in subfamilies 1-4 will form
hexamers while those in subfamily 5 will not. This prediction
is based on the observation that the homologues in subfami-
lies 1-4 contain the four highly conserved structural
residues, Lys-16, Glu-44, Phe-50, and Gly-54. Lys-16 from
the first turn of theR-helix (R-1) and Glu-44 (from the
secondâ-strand) form an internal salt bridge that appears to
be crucial for stabilizing the helix-sheet interaction in the
â-R-â motif. More importantly, the aromatic residue (Phe-
50) and the subsequentâ-hairpin ending with Gly-54 are
critical for dimer-dimer interactions and further stabilize
hexamer formation, as noted earlier. With regard to the three
key catalytic groups (Pro-1, Arg-11, and Arg-39) found in
4-OT and the homologues comprising subfamily 1, only
Pro-1 is conserved in the other subfamilies. In subfamily 2,
Arg-39 is replaced with a histidine. In subfamily 3, Arg-39
is replaced with a hydrophobic residue (Val or Phe). Arg-
11 is also missing, but a conserved lysine (Lys-33) is now
present. The sequences in this subfamily retain Pro-1, three
key structural residues (Lys-16, Glu-44 or Asp-44, and Gly-
54), and generally the aromatic residue in the Phe-50
position, but none of the other active site residues. The
characteristics of subfamily 4 are not as well defined as those
of the other subfamilies and may require further subdivision
as new sequences and further structural studies are reported.
Finally, subfamily 5 (including YdcE) has the N-terminal
proline, the amino acid residues equivalent to Arg-11 (Arg-
10) and Lys-16 (Lys-17), and an aromatic residue equivalent
of Phe-50 (Trp-51). However, the aromatic residue is not
followed by the GXGG sequence characteristic of the
â-hairpin that enables hexamer formation. This subfamily
classification is supported further by the results of pairwise
sequence alignment scoring to create a matrix for generating
an evolutionary tree using PHYLIP (23) as shown in Figure
2. Boxes that approximate the five subfamilies as described
above are superimposed on the tree.

Table 2: Structural Refinement Statistics for Native YdcE and
Complexes

YdcE
YdcE‚12/
benzoate YdcE‚11

resolution range (Å)
overall 30.0-2.1 25.0-1.35 25.0-1.35
highest-resolution bin 2.18-2.10 1.39-1.35 1.39-1.35
no. of protein atoms modeled 1197 1192 1192
no. of water molecules modeled 151 290 285
no. of inhibitor atoms - 24 26

Ramachandran plot
residues in core (%) 92.8 96.4 96.4
residues in allowed region (%) 7.2 3.6 3.6
residues in disallowed region (%) 0.0 0.0 0.0
deviation in bond distances (Å) 0.008 0.009 0.009
deviation in bond angles (deg) 1.4 1.5 1.5

average thermal factor (Å2)
protein 24.3 6.2 7.9
solvent 34.4 19.1 24.4
inhibitor - 13.5 18.4

R-factor (%)
overall 22.5 14.2 15.1
highest-resolution bin 30.2 22.6 25.4

Rfree (%)
overall 26.2 16.4 17.3
highest-resolution bin 32.9 25.5 25.6
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Kinetic Studies of YdcE.Several enol and dienol com-
pounds, which are substrates for other members of the
tautomerase superfamily, were examined as potential sub-
strates for YdcE. Three compounds (5, 7, and 9) were
identified as substrates, and their steady state parameters are
reported in Table 4. The reported kinetic properties for5
correspond to the rate of formation of theâ,γ-unsaturated
isomer, 2-oxo-4-pentenoate (4, Scheme 1), as there was no
detectable rate of formation of theR,â-unsaturated isomer,
2-oxo-3-pentenoate (6). The data show that the three
compounds have comparableKm values but differ with
respect to theirkcat values. Examination of thekcat values
indicates that replacing the vinyl group of5 with a phenyl
group results in a modest decrease in catalysis (2.8-fold).
However, the addition of a hydroxyl group to the phenyl
moiety has a more significant effect on catalysis, and results
in a 10-fold decrease inkcat. The values ofkcat/Km parallel
the decreases inkcat.

We also examined whether YdcE catalyzed the ketoniza-
tion of 2 to 3. 4-OT catalyzes the partitioning of2, as well
as several related dienols (e.g.,5), to both theâ,γ- and the

R,â-unsaturated ketones (25). At equilibrium, the R,â-
unsaturated isomers (e.g.,3 and6) predominate. Our results
show that YdcE does not catalyze the formation of3 (from
2) or 6 (from 5). Thus, with these substrates, YdcE strictly
catalyzes a tautomerization reaction.

Inhibition Studies of YdcE.On the basis of the observations
that YdcE processed7 and9, a substrate analogue of9, (E)-
2-fluoro-p-hydroxycinnamate (11), was examined as a po-
tential competitive inhibitor. It was found to be a competitive
inhibitor with a Ki of 230 ( 20 µM. The crystallographic
observations (vide infra) prompted us to examine whether
HEPES and benzoic acid also served as potential competitive
inhibitors. Both were found to be competitive inhibitors with
Ki values of 13.9( 2.2 and 3.3( 0.4 mM, respectively.

Description of Crystal Structures. Three crystal structures
of YdcE have been determined. In each case, the crystal-
lographic asymmetric unit consists of a dimer.3 A native
crystal structure was determined for crystals grown in sodium
phosphate buffer. An unambiguous molecular replacement
solution was obtained using MOLREP of the CCP4 suite of
programs, and the structure was refined to 2.1 Å resolution
with crystallographicR andRfree values of 22.5 and 26.2%,
respectively. The Ramachandran plot shows 92.8% of all
non-glycine residues lie within the most favored region and
7.2% lie within the additionally allowed region. The root-

3 The native molecular mass of YdcE, as estimated by gel filtration
chromatography, is 29 400 Da, indicating that the protein is a trimer.
This observation is clearly not correct and suggests that YdcE behaves
anomalously on a gel filtration column. A similar observation was made
for 4-OT (3).

Table 3: Subfamilies of the 4-OT Sequence Homologues

a Species name, gene name, amino acid sequence, gene identifier.

Table 4: Kinetic Parameters for YdcEa

substrate kcat (s-1) Km (µM) kcat/Km (M-1 s-1)

5 70 ( 13 220( 60 3.2× 105

7 25 ( 2.0 205( 20 1.2× 105

9 2.2( 0.2 180( 20 1.2× 104

a The steady-state kinetics parameters were determined at 23°C and
pH 7.3. Errors are standard deviations.
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mean-square (rms) deviation of CR atoms residues for the
two monomers of this dimer is 0.71 Å.

The crystal structures of YdcE (in HEPES buffer) and the
YdcE‚11 complex have been refined against 1.35 Å resolu-
tion data to crystallographicR/Rfree values of 14.2%/16.4%
and 15.1%/17.3%, respectively. In both structures, electron
density for the polypeptide backbones is well-ordered, with
electron density observed for all 76 residues of the mono-
mers. Only residue Glu-11 is observed to lack side chain
density beyond CR, and is therefore modeled as an alanine.
Ramachandran plots calculated for these structures show all
non-glycine and non-proline residues lie within the most
favored regions (96.4%) or additionally allowed regions
(3.6%). The rms deviation of the CR atom between the
monomers of the dimer is 0.49 Å for YdcE (in HEPES
buffer) and 0.43 Å for the YdcE‚11 complex.

Surprisingly, each monomer of the YdcE crystal structure
(obtained from crystals grown in HEPES buffer) contained
an unknown and different molecule. Interestingly, both were
displaced by11. Fortunately, the resolution (1.35 Å) of the
data allowed us to identify the two molecules as HEPES
(12) and benzoate. While the source of12 is clearly the
buffer, the source of the benzoate remains unknown.4 This
structure will be termed the YdcE‚HEPES/benzoate complex.
The rms deviation for dimers of the native YdcE versus

YdcE‚HEPES/benzoic acid is 0.65 Å, and 0.61 Å for native
YdcE versus the YdcE‚11 complex.

Description of the YdcE Fold.In the YdcE monomer,
residues 1-7 compriseâ-strand 1 (â-1), residues 8-12 are
in a loop connectingâ-1 to the firstR-helix (R-1, residues
13-32), residues 33-35 are in a loop that connectR-1 to a
310-helix (residues 36-38), which is followed by a parallel
â-strand 2 (â-2, residues 40-46), and then a loop (residues
47-50) connectingâ-2 to a second helix (R-helix for
residues 51-55 andπ-helix for residues 55-60), followed
by a turn, and then a third helix (R-3, residues 62-66), and
finally a coil conformation for residues 67-76 (Figure 3).
In a manner similar to that of 4-OT, the two monomers of
YdcE form a dimer such thatâ-1 andâ-2 of one monomer
run antiparallel with respect toâ-1′ andâ-2′ of the second
monomer to form a four-strandedâ-sheet: Vâ-2, Vâ-1, vâ-1′,
and vâ-2′. In contrast to 4-OT,â-2 and â-2′ are, in part,
stabilized by residues contributed from the C-terminus of
monomer′ and monomer, respectively, rather than this
interaction coming from theâ-hairpin of the neighboring
dimer. Specifically, the carbonyl oxygen of Ile-41′ is
available to hydrogen bond with the backbone amide
nitrogens of Ile-67 (hydrogen bond distance of 2.9 Å) and
Lys-68 (hydrogen bond distance of 3.2 Å), while the
backbone amide nitrogen of Ile-41′ is within hydrogen
bonding distance of the backbone carbonyl oxygen of Lys-
68 (2.9 Å). Interestingly, the additional helices of YdcE (R-2
andR-3) are located on the opposite side of the sheet from
R-1, and do not make van der Waals contact withR-2′ and
R-3′.

4 One possibility is that the benzoate is the product of an unknown
cellular process involving YdcE. An example of such an occurrence
comes from a recent report (37). The product of the reaction catalyzed
by chorismate lyase, 4-hydroxybenzoate, remains bound in the active
site of the enzyme. In contrast to benzoate, which binds with millimolar
affinity, 4-hydroxybenzoate binds with micromolar affinity.

FIGURE 2: Phylogenetic tree of the 4-oxalocrotonate tautomerase family generated using the program PHYLIP (23).
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ActiVe Site of YdcE. The crystal structures of the YdcE‚
11complex and the YdcE‚HEPES/benzoate complex reveal
that the two active sites of the enzyme are located peripher-
ally at the dimer interface (Figure 3). The approximate
dimensions of this region are 11 Å× 7 Å × 9 Å. The crystal
structures show that the active site is composed of residues
contributed from both monomers of the dimer. The phenyl
rings of11 and benzoate and the piperazine ring of HEPES
are positioned within a hydrophobic cleft lined by Phe-8′,
Trp-51′, and Tyr-72′ (Figures 4 and 5). All three rings are
sandwiched between Tyr-72′ and Phe-8′. In addition, there
are several other interactions responsible for the binding of
these molecules. For the binding of11, one carboxylate
oxygen of11 is 2.6 Å from the nitrogen of Pro-1, while the
second carboxylate oxygen is located 3.0 Å from the
η-nitrogen of the guanidinium group of Arg-10′. The fluoride
group is positioned 3.1 Å from the backbone amide nitrogen
of Phe-8′. The phenolic hydroxyl group of11 points toward
Tyr-72′, and is within hydrogen bonding distance (2.9 Å) of
an ordered water molecule. HEPES and benzoate also form
additional interactions with residues within the active site.
The binding of HEPES is stabilized further by hydrogen
bonding via an oxygen of the sulfonate group to the nitrogen
of Pro-1 (3.1 Å), theη-nitrogen of the guanidinium group
of Arg-10′ (3.2 Å), and the amide nitrogen of Phe-50′ (3.2
Å) (Figure 5). One oxygen of the carboxylate group of
benzoate forms a hydrogen bond with Arg-10′ (3.1 Å),
comparable to the interactions observed for the sulfonate
group of HEPES and the carboxylate group of11.

Inspection of the two active sites of the native YdcE
structure reveals few differences in their architecture when
compared with those of the two complexes. In all three
structures, most side chains of active site residues align with
negligible differences. The largest difference is in the
repositioning of the aromatic ring of Phe-8, which is rotated
approximately 32° in the two complexed structures relative
to the native YdcE structure.

The calculation of an electrostatic surface potential map
reveals the active site is generally neutral in charge, although
the YdcE dimer as a whole exhibits strong electronegative
character (calcd pI of 4.7). As observed in the YdcE‚11
structure, the electropositive regions of the active site are
attributable primarily to Arg-10′, while the remainder of the

active site cleft is formed in part by a hydrophobic region
composed of Phe-8′, Trp-51′, and Tyr-72′.

Structural Comparison of the YdcE Monomers.A struc-
tural comparison of the two monomers of the native YdcE
and those in the YdcE‚HEPES/benzoate and YdcE‚11
complexes reveals asymmetry within the dimer. The CR
atoms of the two independent monomers of the native YdcE
superimpose with a higher than expected rms deviation of
0.71 Å. The CR alignment of the four independent monomers
of the YdcE‚HEPES/benzoate and YdcE‚11 dimers reveals
some slight but interesting differences. It is not unexpected
to see differences between the two monomers of the YdcE‚
HEPES/benzoate complex (rmsd of 0.48 Å) because two
different ligands are found in the active sites. However,
differences of a similar magnitude are also observed between
monomers of the YdcE‚11 complex (rmsd of 0.43 Å).
Furthermore, there are larger rms deviations between mono-
mers of the same dimer than between the corresponding
monomers of different dimers: 0.43 Å rms deviation between
YdcE‚11monomer A and YdcE‚11monomer B, 0.48 Å rms
deviation between YdcE‚12 monomer A and YdcE‚12
monomer B, and 0.13 Å rms deviation between YdcE‚11
monomer A and YdcE‚12 monomer A and between YdcE‚
11 monomer B and YdcE‚12 monomer B.

As expected, the largest structural differences occur in the
loops of the monomers: loop 1 (residues 8-12), loop 2
(residues 33-35), and loop 3 (residues 47-50). The overall
rms deviations are greatest for loop 1 and residues 71-76
of the C-termini. A cross CR superposition using all 76
residues reveals that the rms deviations of five active site
residues (Pro-1, Phe-8, Arg-10, Trp-51, and Tyr-72) are
comparable to the overall average (0.34-0.57 Å). Thus,
despite very different inhibitors bound to the YdcE active
sites, there are relatively few changes in the protein backbone
defining the active sites. The largest differences are observed
for the CR of Phe-8 which shifts 0.5 Å in the monomer A
active site occupied by HEPES relative to native YdcE
monomer A, and shifts 0.7 Å in the monomer B active site
occupied by benzoic acid. Furthermore, in the active site of
the YdcE‚11 complex, the phenyl ring is rotated by ap-
proximately 26° in monomer A and by 30° in monomer B
relative to native YdcE.

FIGURE 3: Ribbon diagrams depicting the dimeric structure of YdcE. (A) Side view of the YdcE dimer. (B) Top view showing the positions
of the additional short helices near the C-terminus. The inhibitor11 is shown to indicate the location of the two active sites. This figure was
prepared using RASTER3D (5) and MOLSCRIPT (6).
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Structural Comparison of YdcE to 4-OT.4-OT from P.
putidaand YdcE fromE. coli share a low degree of pairwise
amino acid identity (6%), but conserve theâ-R-â fold of
their respective monomers, and the overall architecture of
their active sites. The rms deviation of least-squares super-
positioned CR residues A1-50 and B1-50 of the 4-OT
dimer (PDB entry 1OTF) and A1-51 and B1-51 of the
YdcE dimer is 3.2 Å (Figure 6). The rms deviation values
between the two structures are 1.3 Å when loops are
eliminated from the calculation and only theR-helices and
â-sheets are considered: 1.1 Å forâ-1, 1.3 Å for R-1, and

1.4 Å for â-2. The YdcE residues 52-76 were not included
in the rms deviation calculation because the C-terminal
sequences and structures differ significantly.

Despite the structural homology of their monomers, YdcE
and 4-OT differ dramatically in their oligomeric states. 4-OT
is a homohexamer, whereas YdcE is a homodimer. Analysis
of the 4-OT and YdcE crystal structures reveals structural
components that help stabilize their respective oligomeric
states. In 4-OT, residues 51-54 (GXGG) contribute to the
formation of aâ-hairpin turn that is observed to interact with,
and extend, the four-strandedâ-sheet of an adjacent 4-OT

FIGURE 4: (A) Stereodiagram of the active site of native YdcE. (B) Stereodiagram of the active site of the YdcE‚11 complex. The primed
residues are from the adjacent monomer. This figure was generated using RASTER3D (5) and MOLSCRIPT (6).
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dimer in the hexamer. Thus, theâ-hairpin turns from one
4-OT dimer stabilize dimers on either side, thereby stabilizing
the hexamer of 4-OT (Figure 1D). In contrast, the GXGG
â-hairpin sequence and the eight following residues in 4-OT
are replaced with 26 residues in YdcE, which form an
R-helix, aπ-helix, anotherR-helix, and a coil conformation
at the C-terminus of the YdcE monomer. These two
occurrences have significant structural implications in the

oligomeric state of YdcE. In YdcE, the structural role served
by the â-hairpin turns of 4-OT appears to be served by
hydrogen bonding between Ile-41 of one monomer and Ile-
67 and Lys-68 of the second monomer to stabilize the four-
strandedâ-sheet of the dimer. Superposition of the conserved
â-R-â parts of YdcE and 4-OT reveals that the helical
region in YdcE fills the same space behind the active site as
filled by adjacent dimers in 4-OT (Figures 1D and 3).

FIGURE 5: (A) Stereodiagram of the active site of YdcE in HEPES buffer showing 2Fo - Fc difference electron density observed in active
site A with a molecule of HEPES modeled into the electron density. The coordinates for HEPES were omitted from the electron density
map calculation. (B) Stereodiagram of the active site of YdcE in HEPES buffer showing the 2Fo - Fc difference electron density observed
in active site B with a benzoate molecule modeled into the electron density. The coordinates for benzoate were omitted from the electron
density map calculation. This figure was generated using RASTER3D (5) and BOBSCRIPT (38).
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The key active site residues in 4-OT are Pro-1, Arg-11′,
Arg-39′′, and Phe-50′ (10-13), and these elements are
largely conserved in the active site of YdcE. The superposi-
tion of CR atoms of 4-OT (residues 1-50) and native YdcE
(residues 1-51) (rms deviation of 3.2 Å) shows that the CR
atoms of the prolines differ by 1.3 Å, Arg-11′ and Arg-10′
by 3.1 Å, Phe-50′ and Trp-51′ by 2.3 Å, and Arg-39′′ and
Tyr-72′ by ∼8.0 Å. Nonetheless, theη-nitrogens of the
guanidinium groups of Arg-11′ and Arg-10′ differ by only
∼1.8 Å. Additionally, the phenyl ring of Phe-50′ in 4-OT is
shifted by only 1.5 Å and an approximately 73° rotation
relative to the indole ring of Trp-51′ in YdcE. Finally, the
η-nitrogen of the guanidinium group of Arg-39′′ and the
phenolic oxygen of Tyr-72′ differ by ∼2.0 Å. In this respect,
the architecture of the two active sites is similar (Figure 7).

A comparison of the electrostatic surface potential of 4-OT
and YdcE reveals some striking differences (Figure 8). 4-OT
has a relatively neutral surface on the backside of the four-
stranded sheet, while this surface is exposed in the YdcE
dimer, showing a large electronegative patch, made up
predominantly of Glu-58 and Asp-4, located near the
molecular 2-fold interface of the dimer. The active sites of
the two enzymes also have different electrostatic features.
The electrostatic potential surface of the YdcE‚11dimer (with
the inhibitor’s coordinates omitted from the calculations)
reveals that the molecular surface of the active site is
attributable to residues Pro-1, Phe-8′, Arg-10′, Ser-34, Lys-
35, Ser-38, Trp-51′, and Tyr-72′. Thus, the active site of
YdcE is largely neutral in charge, with some electropositive
character being contributed by Arg-10′. In contrast, the active
site of 4-OT is formed by residues Pro-1, Ile-2, Arg-11′, Arg-
39′′, Met-45′, Phe-50′, and Ile-52′, and has electropositive
character contributed by Arg-11′ and Arg-39′′.

DISCUSSION

When 4-OT was first cloned and overexpressed in 1992,
it was thought to be unique because no homologues were
identified by sequence analysis (19). It was postulated that
this apparent uniqueness might be related to its small
monomer size (62 amino acids), which was the smallest
reported size for an enzyme subunit. This discovery was
puzzling in light of the fact that a similar enzyme, 5-(car-
boxymethyl)-2-hydroxymuconate isomerase (CHMI), was
found in E. coli C as part of a pathway responsible for the
degradation of aromatic amino acids (40). CHMI consists
of 125 amino acids and catalyzes a reaction identical to that
of 4-OT on a structurally similar substrate (the hydrogen at
C-5 of 1-3 is replaced with a carboxymethyl group).

The mystery was partially solved when the crystal
structures of 4-OT and CHMI were determined and found

FIGURE 6: Superposition of the backbone traces of 4-OT (gray)
and YdcE (black) showing the extensive overlap except for the
C-terminal residues. This figure was produced using RASTER3D
(5) and MOLSCRIPT (6).

FIGURE 7: Active site superposition of 4-OT and YdcE. The YdcE residues are depicted in color, while the corresponding 4-OT active site
residues are represented in gray. This figure was prepared using RASTER3D (5) and MOLSCRIPT (6).
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to be structurally homologous (3). CHMI is a trimer while
4-OT a hexamer, where the CHMI monomer is equivalent
to the 4-OT dimer. Both enzymes use the amino-terminal
proline as the catalytic base (7, 8, 15, 40). Shortly after these
crystal structures were reported, the structure of macrophage
migration inhibitory factor (MIF), a mammalian cytokine,
was determined (41). Surprisingly, MIF shared structural
homology with both 4-OT and CMHI. MIF consists of 115
amino acids and is a trimer, similar to CHMI. MIF also has
a phenylpyruvate tautomerase (PPT) activity, utilizing the
amino-terminal proline as the catalytic base (42, 43). On the
basis of the conservation of structure and mechanism, these
three enzymes were classified as members of the tautomerase
superfamily (44, 45).

As a result of the many bacterial genomic sequencing
projects, several homologues of 4-OT, CHMI, and MIF have
now been identified. The 4-OT homologues range from 61
to 81 amino acids, and are found throughout the bacterial
kingdom in common organisms such asE. coli andBacillus
subtilis as well as thermophiles such asA. fulgidus. Many
of these organisms are not known to degrade aromatic
hydrocarbons, suggesting that these 4-OT homologues have
another function in the organism. The assignment of a
function is further complicated by two observations: the
homologues are not found in known operons, and the
genomic context offers no insight about possible functions.
Nonetheless, the results reported herein as well as the studies
of others (36) have uncovered both mechanistic and structural
diversity in this family, not previously known.

While the function of these 4-OT homologues is currently
unknown, some insight into their substrates can be gained
by examining the subfamily classification presented in Table
3. Members of subfamily 1 conserve all the key active site
and structural residues of 4-OT and should have very similar
structures and substrate specificities. The substrate for 4-OT,
1, a dicarboxylic acid, interacts with Arg-11 and Arg-39.
Subfamily 2 retains Arg-11, but has a histidine (with the
exception of YwhB, which has a valine) in place of Arg-39.
If the two residues occupy similar positions within the active
site cavity, then one possibility is that the members of
subfamily 2 accommodate a longer substrate. Arg-39 is
absent, while Arg-11 appears only once in subfamily 3.
However, this group now displays a conserved lysine at
position 33 (using the 4-OT numbering system). Furthermore,
this lysine aligns with Lys-32 of MIF, which has been shown
to interact with the carboxylate group of PPT inhibitors (44),
analogous to one of the roles played by Arg-11 in 4-OT.
Thus, substrates for subfamily 3 may possess a single
carboxylate group, where the other end of the active site is
now more hydrophobic due to the replacement of the arginine
or histidine at position 39 with a valine or a phenylalanine.
Subfamily 4 retains the critical structural residues, but does
not conserve any of the active site residues (discussed above)
other than Pro-1. The exception to this is the sequence of
the R-subunit of the recently characterizedtrans-3-chloro-
acrylic acid dehalogenase (CaaD), which retains Arg-11. This
arginine may play a role analogous to that of Arg-11 in 4-OT
and the 4-OT homologues in subfamilies 1 and 2, binding

FIGURE 8: Stereodiagrams of electrostatic surface potential representations for the active sites of (A) the YdcE‚11 complex (calculated
without the coordinates of11) and (B) 4-OT covalently modified by 2-oxo-3-pentenoate (calculated without the coordinates for 2-oxo-3-
pentenoate). The adduct was derived by incubating 4-OT and the irreversible inhibitor, 2-oxo-3-pentynoate (4). This figure was generated
using GRASP (39).
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the carboxylate group and functioning as an electron sink
(36). Subfamily 4 is not yet fully characterized and may need
to be further subdivided pending additional experimental
information. For example, both theR- and â-subunits of
CaaD are classified in Table 3 as members of subfamily 4.
However, on the basis of pairwise alignment scores used to
generate the phylogenetic tree (Figure 2), theâ-subunit of
CaaD is grouped with subfamily 4, but theR-subunit is not
grouped with any of the five subfamilies. CaaD is probably
a trimer of heterodimers, where theR- and â-subunits
presumably have coevolved from a homohexameric ancestor
as suggested by the observation that theâ-subunit contributes
Pro-1 while theR-subunit contributes Arg-11 and Phe-50 to
the active site.

The sequence of YdcE is placed in subfamily 5. Thus far,
this is the smallest subfamily and is distinguished by the
absence of theâ-hairpin and the equivalent of Gly-54, which
are necessary for hexamer formation. Interestingly, despite
the major difference in the quaternary structure and the
functional catalytic unit, the active site of YdcE shares two
notable similarities with the active site of 4-OT. First, it is
composed of residues from both monomers. Pro-1, presumed
to be the catalytic base, is from one subunit, while Phe-8,
Arg-10, Trp-51, and Tyr-72 are from the other subunit.
Second, the structures suggest that the key catalytic residues
of the 4-OT family are conserved. In addition to Pro-1, Arg-
10 of YdcE takes the place of Arg-11 and Trp-51 replaces
Phe-50. A superposition of the structures suggests that Tyr-
72 may replace Arg-39.

On the basis of these observations, it is possible to
speculate about a possible mechanism for the one activity
that has been observed for YdcE, the tautomerization of5,
7, and9. If Pro-1 functions as the catalytic base, then it could
not interact with one of the carboxylate oxygens of the
substrate (as is observed in the three complexes). Thus, the
C-1 carboxylate groups of the substrates are likely to form
a bidentate interaction with Arg-10 or maintain the observed
monodentate interaction with Arg-10 and form an additional
interaction with another residue. The structure of the YdcE‚
11complex also shows that the fluoride group interacts with
the backbone amide nitrogen of Phe-8′, suggesting that this
residue might function as the general acid catalyst. Although
Tyr-72 occupies the same space as Arg-39, the general acid
catalyst in 4-OT, it does not appear to have a catalytic role
in the processing of these substrates. The nonpolar environ-
ment of the active site may contribute to a low pKa for Pro-
1, and Trp-51 may play a role in maintaining this environ-
ment. This mechanism is clearly speculative and must be
investigated further by mutagenesis and structural studies,
which are currently underway.

If this mechanism is operative, then it suggests that our
understanding of the catalytic strategy used by the members
of the 4-OT family is incomplete. For both 4-OT and CaaD,
Arg-11 has a role in catalysis and binding (12, 36). Its
primary catalytic role is that of an electron sink. In 4-OT,
Arg-11 draws electron density to C-5 of3 (by interacting
with the C-6 carboxylate group), which facilitates protonation
at this position (12). In CaaD, Arg-11 may also draw electron
density away from the C-3 position of 3-chloroacrylate, and
thereby facilitate nucleophilic attack by water (36). In both
enzymes, it also serves an additional role in binding the
carboxylate group of the substrate. These observations would

suggest that Arg-10 in YdcE might behave similarly.
However, YdcE is not able to catalyze the conversion of1
to 3, indicating that Arg-10 plays a role only in binding of
these substrates. This raises the question of whether the
dimeric structure of YdcE precludes its ability to convert1
to 3. A better understanding of the role of Arg-10 in YdcE,
the effect of the oligomer state on catalysis, and the overall
catalytic strategy used by the 4-OT family members will be
obtained when physiological functions for YdcE as well as
the other homologues are identified.

Finally, our crystallographic observations suggest a struc-
tural basis for the differences in the potencies of the three
inhibitors. The most potent inhibitor,11, makes two ad-
ditional interactions with YdcE, which are not observed for
HEPES or benzoate. In addition to the interactions with Pro-1
and Arg-10, the phenolic hydroxyl group of11 interacts with
an ordered water molecule and the fluoride group forms a
hydrogen bond with the backbone amide nitrogen of Phe-8.
These interactions and any additional hydrophobic interac-
tions between the aromatic ring of11and the aromatic rings
of Phe-8, Trp-51, and Tyr-72 could account for the almost
60-fold difference in potency between HEPES and11 and
the 14-fold difference in potency between benzoate and11.
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