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ABSTRACT: The amidohydrolase superfamily is a functionally diverse set of enzymes that catalyzes
predominantly hydrolysis reactions involving sugars, nucleic acids, amino acids, and organophosphate
esters. One of the most divergent members of this superfamily, uronate isomerase fromEscherichia coli,
catalyzes the isomerization ofD-glucuronate toD-fructuronate andD-galacturonate toD-tagaturonate and
is the only uronate isomerase in this organism. A gene encoding a putative uronate isomerase inBacillus
halodurans(Bh0705) was identified based on sequence similarity to uronate isomerases from other
organisms. Kinetic evidence indicates that Bh0705 is relatively specific for the isomerization of
D-glucuronate toD-fructuronate, confirming this functional assignment. Despite a low sequence identity
to all other characterized uronate isomerases, phylogenetic and network-based analysis suggests that a
second gene in this organism, Bh0493, is also a uronate isomerase, although it is an outlier in the group,
with <20% sequence identity to any other characterized uronate isomerase from another species. The
elucidation of the X-ray structure at a resolution of 2.0 Å confirms that Bh0493 is a member of the
amidohydrolase superfamily with conserved residues common to other members of the uronate isomerase
family. Functional characterization of this protein shows that unlike Bh0705, Bh0493 can utilize both
D-glucuronate andD-galacturonate as substrates. InB. halodurans, Bh0705 is found in an operon for the
metabolism ofD-glucuronate, whereas Bh0493 is in an operon for the metabolism ofD-galacturonate.
These results provide the first identification of a uronate isomerase that operates in a pathway distinct
from that forD-glucuronate. While most organisms that contain this pathway have only one gene for a
uronate isomerase, sequence analysis and operon context show that five other organisms also appear to
have two genes and one organism appears to have three genes for this activity.

The identification and functional assignment of enzymes
encoded within completely sequenced genomes is a difficult
and demanding task. According to some estimates, ap-
proximately 40% of newly sequenced genes have an
unknown, uncertain, or incorrect functional assignment (1).
The extent of the catalytic diversity inherent within metabolic

and catabolic pathways will not be fully understood until
the functional annotations of these newly sequenced genes
have been addressed. The absence of a comprehensive
understanding of the metabolic landscape has therefore
motivated the development of new methodologies for the
assignment of function for enzymes that catalyze reactions
with ambiguous substrates. These emerging strategies include
phylogenetic profiling (2, 3), recognition of domain fusions
and gene clusters (4-8), and other computational approaches
(see ref9 and references therein). Most of the commonly
used techniques require sequence and/or structural compari-
sons to well-characterized homologues to make high quality
functional predictions. However, these attempts at functional
characterization can be problematic when the sequence or
structural similarity is remote (1).
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Members of the amidohydrolase superfamily (AHS)1 have
been identified in every organism sequenced to date (10, 11).
This enzyme superfamily catalyzes predominantly hydrolytic
reactions where a water molecule is activated by one or two
divalent metal ions embedded within the active site (11).
All of the enzymes within the AHS adopt a (â/R)8-barrel
structural fold with an active site that resides at the
C-terminal end of theâ-barrel (11, 12). One of the most
divergent enzyme families in the AHS is uronate isomerase
(URI). This enzyme family exhibits few statistically signifi-
cant sequence links to any other member of the AHS (Figure
1), and structure-based comparisons are required to link this
family to other families in the superfamily.

The URI from Escherichia coli (UxaC) catalyzes the
isomerization ofD-glucuronate toD-fructuronate andD-
galacturonate toD-tagaturonate and represents the canonical
URI found in the majority of organisms containing genes
encoding this activity. These isomerization reactions repre-
sent the first step in the separate metabolic pathways for the
utilization of D-glucuronate andD-galacturonate in bacteria.
The isomerized products are subsequently reduced toD-
mannonate andD-altronate by UxuB and UxaB, respectively,
and then dehydrated by UxuA and UxaA to 2-keto-3-deoxy-
D-gluconate. The entire metabolic pathway for the metabo-
lism of these sugars inE. coli is summarized in Scheme 1.
Consistent with its outlier status as compared to sequences
of other families in the AHS, URI is the only known member
of the AHS that apparently does not require the presence of
a divalent cation for expression of catalytic activity (13).
The enzyme fromE. coli can bind up to one Zn per subunit,
but this metal ion has little influence on the ability of this
protein to catalyze the isomerization ofD-glucuronate to
D-fructuronate.

Our collective laboratories have begun to delineate the
extent of the structural and functional diversity across the

AHS of enzymes. One of the most divergent protein
sequences identified to date from this investigation has
emerged from the genome of the alkaliphilic bacterium
Bacillus halodurans(gi: 15613056). This protein (Bh0493)
was originally predicted to be a member of the AHS based
upon a weak sequence similarity (<19%) with the structur-
ally characterized uronate isomerase fromThermotoga mar-
itima (Tm0064, gi: 15642839). Providing additional evi-
dence for this assignment, the putative active site residues
that originate from the ends ofâ-strands 1 and 8 are
conserved in theB. haloduransenzyme. In this paper, we
report the cloning, expression, structure, and functional
characterization of Bh0493. The X-ray structure of Bh0493,
determined with a single zinc ion in the active site, confirms
that this enzyme is a member of the AHS. This enzyme will
catalyze the isomerization ofD-galacturonate toD-tagatur-
onate in a metabolic pathway that has diverged from that
which performs the isomerization ofD-glucuronate. We have
also functionally characterized Bh0705 fromB. halodurans
(gi: 15613268), the amino acid sequence that more closely
resembles that of a canonical uronate isomerase.

MATERIALS AND METHODS

Materials.D-Glucuronate and NADH were purchased from
Sigma-Aldrich.D-Galacturonate was obtained from Acros.
The inhibitors,D-arabinaric acid (1) and the monohydrox-
amate derivative ofD-arabinaric acid (2), were synthesized
as previously described (13). The DNA sequencing reactions
were conducted by the Gene Technologies Laboratory at
Texas A&M University. Determination of the metal content
of the purified proteins was performed using ICP-MS. Gel
filtration and anion exchange columns were purchased from
GE HealthCare. Restriction enzymes and T4 DNA ligase

FIGURE 1: Network representation of the sequence relationships in the amidohydrolase superfamily. Each node in the network represents
a single sequence in the uronate isomerase-like sequence set, and each edge represents the pairwise connection between two sequences with
the most significant BLASTE-value (better than the cutoff) connecting the two sequences. Lengths of edges are not meaningful except that
sequences in tightly clustered groups are relatively more similar to each other than sequences with few connections. (A) An 80% ID filtered
set of amidohydrolase superfamily sequences from the SFLD showing connections with a BLASTE-value more significant than or equal
to 10-4. Sequences are colored by SFLD subgroup. Sequences with characterized functions originally identified as part of the amidohydrolase
superfamily by Holm and Sander (12) are contained within the circle (except for phosphotriesterase, indicated with the PTE abbreviation).
Additional groups discussed in the text are indicated with labels. (B) An unfiltered set of uronate isomerase-like sequences at a BLAST
E-value more significant than or equal to 10-10. Sequences that have been experimentally characterized as uronate isomerase and/or have
an X-ray crystal structure are colored as follows: gray, Tm0064; lavender, Bh0705 and Bh0493; blue, Cc1490; and green, b3092.
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were obtained from New England Biolabs. The pET30 vector
was acquired from Novagen, and the Platinum Pfx DNA
polymerase was purchased from Invitrogen. The Wizard
Miniprep DNA purification kit was obtained from Promega,
and the genomic DNA ofB. haloduranswas acquired from
ATCC (BAA-125D). Mannonate dehydrogenase (UxuB) was
purified from E. coli as previously described (13).

Cloning and OVerexpression of Bh0705 and Bh0493.The
geneuxaC (Bh0705, gi: 15613268) fromB. haloduranswas
amplified by PCR with two primers, 5′-GCAGGAGCAT-
TAATGACGAATTTTCTTTCAGAAGACTTCCTCTTAA-
TGA ACGAATACG-3′ containing anAseI restriction site
and5′-GCGCAAGCTTTCATCATAGTCGAACAGTCTCCT-
TCATGTCG-3′ containing aHindIII restriction site. The
uxaC gene was inserted into a pET30a (+) vector that had
been digested withAseI and HindIII. The protein was
expressed and purified from BL21(DE3) star cells (Novagen)
that had been transformed with the pET30a (+) plasmid
containing theuxaC gene fromB. halodurans. The gene for
Bh0493 (gi: 15613056) was cloned with two primers,
5′-GCAGGAGCCATATGTCCATAAACAGTAGGGAAGT-
GTTACGGG-3′and5′-CGCGGAATTCTTATTACGTTTGCT-
GCTCCACCTTCACTGATGTGACG-3′ containing the re-
striction sites forNdeI and EcoRI, respectively. The gene
product was ligated into a pET30a (+) vector and expressed
in BL21(DE3) star cells. The same protocol was utilized to
purify Bh0705 and Bh0493. A single colony of the cells
containing the gene of interest was inoculated and incubated
overnight in 5 mL of LB medium containing 50µg/mL
kanamycin at 37°C. The overnight culture was used to
inoculate 1 L of LB medium containing 50µg/mL kanamy-
cin. The cells were grown at 30°C and induced with 0.4
mM IPTG when the cell density atA600 reached∼0.4-0.6.
After 24 h, the cells were harvested at 4000g. The cell pellet
was resuspended in 5 mL of 50 mM HEPES, pH 8.0 (buffer
A) for every gram of cell paste and disrupted by sonication.
The nucleic acids were removed by the dropwise addition
of protamine sulfate to a final concentration of 2% w/v and
subsequent centrifugation at 14 000g. The protein was
precipitated between 50 and 70% saturation of ammonium

sulfate, and the protein pellet was resuspended in a minimum
amount of buffer A. The protein was loaded onto a
pre-equilibrated Superdex 200 gel filtration column and
eluted with buffer A. The fractions containing the protein
of interest were pooled based on activity, loaded onto a
Resource Q column, and eluted with a 0-30% gradient of
1 M NaCl in 20 mM HEPES, pH 8.0 (buffer B). The
fractions containing the desired protein were pooled, and the
purity of the protein was determined by SDS-gel electro-
phoresis. The purified enzyme was sterile-filtered and stored
at 4 °C.

Cloning, Expression, and Purification of UxaB.TheuxaB
gene fromE. coli (gi: 49176119) was amplified by PCR
with two primers, 5′-GCAGGAGCCATATGAAAACAC-
TAAATCGTCGCGATTTTCCCGGTGC-3′ and 5′-GCGCA-
AGCTTTTATTAGCACAACGGACGTACAGCTTCGCGCA-
TCCCTTT TTCG-3′, containingNdeI and HindIII sites,
respectively, and the resulting fragment was inserted into
theNdeI andHindIII sites of the pET30 vector. The protein
was expressed in the BL21(DE3) strain ofE. coli. A single
colony was used to inoculate a 5 mLovernight culture of
LB medium containing 50µg/mL kanamycin. The 5 mL
overnight culture was inoculated into 1 L of LB containing
the same concentration of kanamycin. The cells were grown
at 30 °C, induced with 0.4 mM IPTG at anA600 of ∼0.6,
and incubated overnight. The cells were collected by
centrifugation at 4000g, and the cell pellet was resuspended
in buffer A. The cells were disrupted by sonication and
centrifuged at 14 000g. The protein was soluble, and the
supernatant solution was used directly in the enzymatic
assays.

Sequence Collection. Two preliminary alignments of
uronate isomerase-like sequences were created by aligning
sequences similar to the structurally characterizedT. mar-
itima sequence (Tm0064) and the outlierB. halodurans
sequence (Bh0493), respectively. Hidden Markov models
were created from these alignments and used to search the
NCBI protein database via the HMMSEARCH program. All
hit sequences were then aligned and examined for conserva-
tion of residues conserved across the AHS (residues corre-

Scheme 1
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sponding to H26, H28, and D355 in Bh0493). Sequences
that appeared to be fragments or did not conserve the three
residues listed previously were removed from the sequence
set.

Network Analysis for the Uronate Isomerase-like Sequence
Set. BLAST (14) analysis was performed using the sequences
in the uronate isomerase-like set as queries against the NCBI
NR database at anE-value cutoff of 10-10. Only hits in the
uronate isomerase-like sequence set were used for further
analysis. A Cytoscape (15) network was created from these
BLAST results using anE-value cutoff of 10-10 (Figure 1).
Connections between nodes are only shown if theE-value
of the best BLAST hit between two sequences is at least as
good as 10-10. Tools used for visualization of protein
networks were created by the UCSF Resource for Biocom-
puting, Visualization, and Informatics and are available from
the Resource (http://www.rbvi.ucsf.edu). Each node in the
network represents a single sequence in the uronate isomerase-
like sequence set, and each edge represents the pairwise
connection between two sequences with the most significant
BLAST E-value (better than the cutoff) connecting the two
sequences. Lengths of edges are not meaningful except that
sequences in tightly clustered groups are relatively more
similar to each other than sequences with few connections.
The nodes were arranged using the yFiles organic layout
provided with Cytoscape version 2.4. Sequences that have
been experimentally characterized and/or have a solved X-ray
crystal structure are colored as described in the legend to
Figure 1.

Network Analysis for the Entire AHS. A custom database
was created containing an 80% ID filtered set of sequences
from the Structure Function Linkage Database (SFLD) (16).
BLAST searches were then performed against the database
at anE-value cutoff of 10-4, using each sequence in the set
as a query. Because of the large number of sequences, the
time required to perform BLAST searches against the NCBI
NR database, as stated previously, and remove false positives
was prohibitive. Because this analysis was performed against
this custom database that contains only sequences known
to be members of the AHS, the generation ofE-values is
biased since the background model for calculating statistical
significance is not random. Consequently, theE-values
from this analysis cannot be directly compared to those for
the network analysis of the uronate isomerase-like se-
quence set. A Cytoscape network was created based on the
BLAST results, where each node represents a single sequence
in the 80% ID filtered AHS sequence set and each
edge represents the most significant BLASTE-value con-
necting the two sequences, as described for the network
analysis for the URI-like sequence set. The nodes were
arranged using the yFiles organic layout provided with
Cytoscape version 2.4 and colored based on their SFLD
subgroup assignment.

Sequence Alignments. The uronate isomerase sequence set
was divided into three preliminary clusters, based on
sequence similarity, and each cluster was separately aligned
using Muscle (17). The alignments were then combined using
Muscle’s profile alignment mode. The alignment was further
edited by hand to ensure that it conformed to a structural
alignment (18, 19) of 1J5S (for Tm0065), 2Q01 (for
Cc1490), and 2QO8 (for Bh0493). Unaligned regions at the
N- and C-termini were removed. The full sequence align-

ment is available in the Supporting Information. The filtered
alignment provided in Figure 2 was created by extracting
the sequences shown from the full alignment.

Tree Construction. A representative subset of uronate
isomerase-like sequences was selected by filtering the entire
sequence set to approximately 70% identity using the cd-hit
program (20). A filtered version of the hand-edited alignment
described in the previous section, containing only those
sequences in the 70% identity set, was then created and used
for tree construction with MrBayes (21, 22).

Crystallization and Data Collection.Two different crystal
forms were grown by vapor diffusion at room temperature:
(i) selenomethionine (SeMet)-substituted wild-type Bh0493
complexed with Zn2+ and (ii) wild-type Bh0493 complexed
with Zn2+. The following crystallization conditions were
used: (i) SeMet-substituted wild-type Bh0493: the protein
solution contained SeMet-substituted Bh0493 (14.1 mg/mL)
in 10 mM HEPES, pH 7.5, 150 mM NaCl, 10 mM
methionine, 10% glycerol, 5 mM DTT, and 0.5 mM ZnCl2,
and the precipitant contained 25% PEG 3350, 0.1 M Tris
pH 8.5, and 0.2 M NaCl. Crystals appeared in 3 days and
exhibited diffraction consistent with the space groupP4122,
with three molecules of Bh0493 per asymmetric unit. (ii)
Wild-type Bh0493 complexed with Zn: the protein solution
contained Bh0493 (16.9 mg/mL) in 20 mM Tris-HCl, pH
8.5, and 0.5 mM ZnCl2, and the precipitant contained 45%
polypropylene glycol and 0.1 M Bis-Tris, pH 6.5. Crystals
appeared in 5 days and exhibited diffraction consistent with
the space groupP1, with 12 molecules of Bh0493 per
asymmetric unit.

Prior to data collection, the crystals were transferred to
cryoprotectant solutions composed of their mother liquors
and 20% glycerol. After incubation for∼15 s, the crystals
were flash-cooled in a nitrogen stream. A single-wavelength
anomalous dispersion (SAD) data set for a crystal of SeMet-
substituted wild-type Bh0493 with Zn was collected to 2.4
Å resolution at the NSLS X4A beamline (Brookhaven
National Laboratory) on an ADSC CCD detector. The data
set for wild-type Bh0493 with Zn was collected at the same
beamline to 2.0 Å resolution. Intensities were integrated and
scaled with DENZO and SCALEPACK (23).

Structure Determination and Refinement.Initial attempts
to determine the structure of Bh0493 by molecular replace-
ment using the structure of uronate isomerase fromT.
maritima (PDB ID 1J5S) as a search model were unsuc-
cessful. Instead, the structure of the SeMet-substituted wild-
type Bh0493 complexed with Zn was determined by SAD
with SOLVE (24); 48 of the 51 selenium sites were
identified. These heavy atom sites were used to calculate
initial phases that were improved by solvent flattening and
NCS averaging with RESOLVE (25), yielding an interpret-
able map for three monomers in the asymmetric unit for
space groupP4122. Iterative cycles of automatic rebuilding
with ARP (26), manual rebuilding with TOM (27), and
refinement with CNS (28) resulted in a model at 2.4 Å with
Rcryst value of 0.231 and anRfree value of 0.246. The first
residue and last 14 residues were disordered and were not
included in the final model. The Zn2+ bound in the active
site was clearly visible in the electron density maps for all
three molecules in the asymmetric unit. Na+ and Cl-, located
on the local 3-fold axis of the Bh0493 trimer, also exhibited
good density.

Functional Annotation of Bh0493 Biochemistry, Vol. 47, No. 4, 20081197



The structure of wild-type Bh0493 complexed with Zn
was determined by molecular replacement with PHASER
(29), using the SeMet-substituted Bh0493 as the search
model. Iterative cycles of automatic rebuilding with ARP,

manual rebuilding with TOM, and refinement with CNS were
performed. The model was refined at 2.0 Å with anRcryst

value of 0.226 and anRfree value of 0.239. Each of the 12
molecules in the asymmetric unit has Zn2+ bound in the

FIGURE 2: Protein sequence alignment of representative uronate isomerase-like sequences fromT. maritima(Tm0064),E. coli (b3092),B.
halodurans(Bh0705 and Bh0493), andC. crescentus(Cc1490). The three sequence groups discussed in the text and shown in Figure 3 are
indicated by the colors on the sequence headers (green, group 1; orange, group 2; and purple, group 3). Residues within the active site that
are positioned such that they may influence substrate binding and/or catalysis are colored. Red indicates positions conserved across the
entire uronate isomerase sequence set (exceptionsone of the tryptophan residues in the WWF motif is not conserved in gi: 7531233), and
blue indicates positions that are completely conserved within a group but not across the entire sequence set.â-Strands for Bh0493, mentioned
in the text, are indicated with gray shading.
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active site, and additionally, each of the four trimers in the
asymmetric unit has a Zn2+ ion located on their local 3-fold
axis.

Enzyme ActiVity and Substrate Specificity.The isomerase
activities of Bh0705 and Bh0493 were measured with
D-glucuronate andD-galacturonate. The enzymatic reactions
with D-glucuronate andD-galacturonate were coupled to the
reduction of D-fructuronate andD-tagaturonate with the
appropriate dehydrogenase. These assays monitor the oxida-
tion of NADH to NAD+, and the change in absorbance was
measured spectrophotometrically at 340 nm. The standard
assays contained 50 mM HEPES, pH 8.0, 0.2 mM NADH,
∼2 µM eitherD-mannonate dehydrogenase orD-tagaturonate
dehydrogenase, and various substrate concentrations in a final
volume of 250µL (13).

Inhibition Studies.The inhibition of the reactions catalyzed
by Bh0705 and Bh0493 was quantified using two compounds
that have previously been shown to inhibit the isomerization
of D-glucuronate by uronate isomerase fromE. coli. D-
Arabinaric acid (1) and (2S,3R,4S)-4-(hydroxycarbamoyl)-
2,3,4-trihydroxybutanoate (2) were tested as inhibitors using
standard assay conditions withD-glucuronate as the substrate
and D-mannonate dehydrogenase as the coupling enzyme.
The structures of these compounds are presented in Scheme
2.

Data Analysis.The kinetic parameters,kcat andkcat/Km, for
the enzyme Bh0705 were determined by fitting the initial
velocity data to eq 1, whereV is the initial velocity,Et is the
total enzyme concentration,kcat is the turnover number,A is
the substrate concentration, andKa is the Michaelis constant.
The double-reciprocal plots for Bh0493 were nonlinear
(concave down) and fitted to eq 2 (30). In this equation,k1

is the maximum velocity at low substrate concentration, and
the sum ofk1 and k2 is the maximum velocity at high
substrate concentration. The apparent Michaelis constants at
low and high substrate concentrations areK1 and K2,
respectively. Competitive inhibition patterns by the com-
pounds that mimic the putativecis-enediol intermediate were
fit to eq 3, whereI is the inhibitor concentration andKi is
the slope inhibition constant

RESULTS

Bioinformatics. As of April 2007, approximately 150
uronate isomerase-like sequences were identified in the NCBI
NR database. Except for two archaeal sequences, all are from

bacteria, where they play roles in metabolism ofD-glucuronic
and D-galacturonic acids. As shown in Figure 3, these
sequences cluster into three groups. Group 1 contains one
of the two functionally characterized uronate isomerases from
B. halodurans(Bh0705) and that fromE. coli (not included
in the tree). Group 2 contains the structurally characterized
uronate isomerase fromCaulobacter crescentus. Group 3
contains the second functionally characterized uronate
isomerase fromB. halodurans(Bh0493).

Purification and Properties of Bh0705.The gene for the
enzyme that encodes for Bh0705 was expressed in BL21-
(DE3) cells. The protein Bh0705 was sparingly soluble after
the cells were disrupted by sonication. Approximately 14
mg of purified protein was obtained from 14 g of wet cell
paste. The metal content of the purified protein was
determined to contain 0.9 equiv of Zn2+ per subunit using
ICP-MS. SDS-PAGE analysis revealed the presence of a
single band at approximately 55 kDa for Bh0705. This value
is in agreement with the reported gene sequence.

Characterization of Bh0705.The catalytic activity for
Bh0705 was determined withD-glucuronate andD-galactu-
ronate as substrates. This enzyme was found to isomerize
both of these compounds to their respective ketoacid sugar
products, and the kinetic constants are presented in Table 1.
The protein Bh0705 was found to be more specific for the
isomerization ofD-glucuronate as compared toD-galactur-
onate since the ratio ofkcat/Km for these two compounds is
approximately 100. The two active site directed inhibitors,
D-arabinaric acid (1) and the hydroxamate derivative (2), that
were designed to mimic the proposedcis-enediol intermediate
(3) were found to be potent competitive inhibitors for the
isomerization ofD-glucuronate. The inhibition constants are
provided in Table 2.

Purification and Properties of Bh0493.The plasmid
containing the gene encoding protein Bh0493 was trans-
formed into BL21(DE3) cells, and the protein was expressed
after induction with IPTG. The protein was soluble, and
significant amounts of protein were obtained and purified
to homogeneity. Using ICP-MS, the protein was found to
contain 0.5 equiv of Zn2+ per subunit. SDS-PAGE indicated
that the subunit molecular weight is approximately 49 kDa,
which corresponds to the calculated molecular weight of
Bh0493 based on the DNA sequence.

Characterization of Bh0493.The enzymatic activity of
Bh093 was tested usingD-glucuronate andD-galacturonate
as substrates. The enzyme catalyzes the isomerization of
D-glucuronate toD-fructuronate andD-galacturonate toD-
tagaturonate. The double-reciprocal plots for both substrates
were biphasic (concave downward), and thus, the initial
velocity data were fitted to eq 2. The double-reciprocal plots
for the isomerization ofD-glucuronate andD-galacturonate
are shown in Figure 4. The kinetic constants at high and
low concentrations of substrate are provided in Table 1. The
structural mimics of the proposedcis-enediol intermediate
were found to be competitive inhibitors for the isomerization
of D-glucuronate when the assays were conducted at low
substrate concentrations. The kinetic constants are presented
in Table 2.

Structure of Bh0493. The structures of two crystal forms
of Bh0493 were determined and refined. A tetragonal crystal
form was determined to a resolution of 2.4 Å and a triclinic
crystal form at a resolution of 2.0 Å (Table 3). Both crystal

Scheme 2

V/Et ) kcat[A]/(Ka + [A]) (1)

V/Et ) (k1[A]/(K1 + [A]) + (k2[A])/(K2 + [A])) (2)

V/Et ) (kcat[A])/(Ka(1 + (I/Ki)) + [A]) (3)
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forms contain similar Bh0493 trimers. There is one protein
trimer in the asymmetric unit of the tetragonal form, and
there are four protein trimers in the asymmetric unit of the
triclinic crystal form. Three molecules in every trimer are
connected by a noncrystallographic 3-fold axis. Several ions
were observed that sit on the local 3-fold axis of every trimer.
The Na+ ion on the local 3-fold axis in the tetragonal crystal
form is coordinated by six water molecules, connected to
protein side chains. This crystal form was crystallized from
solutions containing NaCl. The triclinic Bh0493 crystal form

had no NaCl in the crystallization solutions, and the
analogous feature positioned on the local 3-fold axis was
interpreted as Zn2+ as shown in Figure 5. The tetragonal
crystal form additionally contains a Cl- ion that sits on the
local 3-fold axis of the trimer and is surrounded by the side
chains of Lys 278 from three adjacent protein molecules.
All of these ions additionally stabilize the internal structure
of the trimers.

Bh0493 adopts a (â/R)8 structural fold with a distorted
barrel core. The Bh0493 monomer is composed of a (â/R)7â-

FIGURE 3: Bayesian phylogenetic tree of the proteins in the uronate isomerase-like sequence set. A representative set of sequences was
selected by filtering the complete uronate isomerase sequence set to 70% identity. Sequences are listed according to their NCBI gi numbers.
The structurally characterized uronate isomerase sequences fromT. maritima, B. halodurans, andC. crescentusare indicated with species
abbreviations and asterisks (*). The characterized URI fromE. coli is not shown in the tree but belongs to group 1. Branch confidence
values greater than 0.9 are indicated with circles. The three sequence clusters discussed in the text are indicated with numbers.
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barrel with N- and C-terminal extensions of the chain from
both sides of the barrel. The following chain segments are
included in the eightâ-strands of the barrel:â1 (residues
21-28), â2 (137-143), â3 (165-170), â4 (219-224), â5
(253-260), â6 (295-301), â7 (318-323), andâ8 (349-
353). The N-terminal extension of the chain includesR-helix
6-20. The C-terminal extension includes two long distorted
R-helices from residues 360-386 and 393-413. These three
longR-helices form a mutual hydrophobic core that protrudes
from the main body of the molecule. The long loop between
strandsâ1 andâ2 of the barrel contains eight helices. The
chain segment 40-122 of this loop contains six helices,
sticks out of the molecule, and can be considered as a
separate domain B. The long interval between strandsâ3
andâ4 of the barrel contains three helices. The remaining

intervals between theâ-strands of the barrel each contain a
single helix. The structure ofâ-strand 8 is distorted. In this
â-strand, Ile-350 forms two main chain hydrogen bonds with
Ile-321 and Gly-323 fromâ-strand 7, but there are no
hydrogen bonds toâ-strand 1, and thus, the barrel is not
completely closed.

The active site is located at the C-terminal end of the barrel
in large domain A of the Bh0493 monomer and is open to
external solvent. The three active sites are positioned at
approximately the vertices of the trimer, distant from the
3-fold axis and from each other. The Zn2+ ion is bound in
the active site of every monomer and is coordinated by His-

Table 1: Kinetic Parameters for Bh0493 and Bh0705 with
D-Glucuronate andD-Galacturonatea

enzyme substrate kcat (s-1) Km (mM) kcat/Km (M-1 s-1)

Bh0493 D-glucuronate 5.2( 0.3 0.05( 0.01 (1.1( 0.3)× 105

3.6( 0.3 15( 5 (2.5( 0.8)× 102

D-galacturonate 2.4( 0.1 0.05( 0.01 (4.7( 0.8)× 104

0.9( 0.1 12( 5 72( 30
Bh0705 D-glucuronate 9.7( 0.1 0.33( 0.01 (2.9( 0.10)× 104

D-galacturonate 1.2( 0.01 3.3( 0.1 (3.6( 0.12)× 102

a Kinetic constants were determined at 30°C, pH 8.0 from a fit of
the data to eq 1 or eq 2.

Table 2: Inhibition Constants with Mimics of thecis-Enediol
Intermediatea

enzyme inhibitor Ki (µM)

Bh0493 D-arabinaric acid (1) (5.5( 0.3)× 10-2

monohydroxamate derivative (2) 2.1( 0.1
Bh0705 D-arabinaric acid (1) 0.40( 0.02

monohydroxamate derivative (2) 18 ( 2
a These constants were obtained at pH 8.0, 30°C from a fit of the

data to eq 3.

FIGURE 4: Double-reciprocal plot for the isomerization ofD-
glucuronate (top) andD-galacturonate (bottom) by Bh0493. The
initial velocities were fit to eq 2.

Table 3: Data Collection and Refinement Statistics

SeMet Bh0493 Native Bh0493

Data collection
beamline NSLS X4A NSLS X4A
wavelength (Å) 0.97915 0.979
space group P4122 P1
no. of molecules in au 3 12
unit cell parameters
a (Å) 133.372 121.274
b (Å) 133.372 120.967
c (Å) 196.821 126.241
R (deg) 78.82
â (deg) 78.67
γ (deg) 80.42
resolution (Å)a 2.4 (2.49-2.4) 2.0 (2.07-2.0)
unique reflns 64148 415887
completeness (%) 92.4 (89.7) 90.1 (78.4)
Rmerge 0.067 (0.435) 0.088 (0.316)
av I/σ 31.5 (3.8) 24.9 (4.4)
Refinement
resolution 25.0-2.4 25.0-2.0
Rcryst 0.231 0.226
Rfree 0.246 0.239
rmsd for bonds (Å) 0.006 0.006
rmsd for angles (deg) 1.3 1.4
no. of protein atoms 10182 40812
no. of waters 196 963
no. of ions 3 Zn2+, 1 Na+, 1 Cl- 16 Zn2+

PDB ID 2Q6E 2QO8
a Numbers in parentheses indicate values for the highest resolution

shell.

FIGURE 5: Ribbon representation of the trimeric form of Bh0493
where each color represents an individual subunit. The zinc ions
are shown as gray spheres.
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26 and His-28 from the strandâ1 and by Asp-355 from the
loop at the end of strandâ8 as illustrated in Figure 6. The
fourth ligand for Zn is a water molecule. The interatomic
distances between the Zn in the active site to these four
ligands are 2.3, 2.5, 2.3, and 2.0 Å, respectively. The other
residues whose side chains may be important in substrate
binding are His-49 and Tyr-50 from domain B, Arg-170 from
the strandâ3, and Arg-357 from the loop afterâ8.

The Bh0493 trimer is mainly stabilized by interactions
between the C-terminal helices 360-386 and 393-413 of
one monomer and the domain B (40-122) of the adjacent
monomer. These interactions include main chain-main chain
hydrogen bonds and side chain-main chain hydrogen bonds.
Additional trimer stabilizing effects are interactions between
the loopsâ5-â6, â6-â7, andâ7-â8 of every monomer
with the corresponding loops of neighboring monomer within
the Bh0493 trimer.

DISCUSSION

Since Holm and Sander first identified a diverse set of
amidohydrolases related to adenosine deaminase, phospho-
triesterase, and urease in 1997 (12), increasingly sophisticated
sequence search methods as well as the sequencing of
additional genomes have revealed that the AHS contains far
more diversity than previously thought, both in terms of
function and in terms of sequence (Figure 1A). For example,
R-amino-â-carboxymuconate-ε-semialdehyde decarboxylase
(ACMSD) and related enzymes, recently identified as part
of the AHS (31), catalyze nonoxidative decarboxylase
reactions. Although these reactions likely share some mecha-
nistic similarity with that of canonical AHS members, they
are substantially different than the amide and ester hydrolysis
reactions catalyzed by core superfamily members, and not
surprisingly, these sequences are quite different from those
of the core superfamily members. As shown by the network
representation of the AHS in Figure 1A, at anE-value cutoff
where most of the amidohydrolase families identified by
Holm and Sander are tightly clustered, ACMSD and related
sequences form a distinct, although connected, cluster. The
uronate isomerase-like sequences are even more divergent
than those of ACMSD and the related decarboxylases. Even
at the permissiveE-value cutoff used in Figure 1A, they do
not connect to any other AHS sequences. Uronate isomerase
is also an outlier of the superfamily in terms of function,

being the only characterized superfamily member that
catalyzes the interconversion of aldose and ketose functional
groups (13).

Given currently available tools, enzymes can often be
reliably assigned to a superfamily, especially when X-ray
structures are available to augment sequence information.
However, classifying superfamily sequences into appropriate
families each associated with a specific overall reaction can
be much more challenging, especially within superfamilies
in which many divergent families catalyzing different overall
reactions conserve active site residues common to all of the
superfamily members. In such cases, even closely related
enzymes may catalyze different overall reactions (32), and
conversely, quite distantly related enzymes may catalyze the
same overall reaction (33). The problem of functional
inference in such superfamilies has been described in some
detail for the muconate lactonizing enzyme subgroup of the
enolase superfamily (33). This is also an issue in the AHS,
where, for example, in silico docking approaches were
required to identify the function of protein Tm0936 fromT.
maritima (PDB ID 1p1m and 1j6p) as an adenosine and
thiomethyl adenosine deaminase (34). By sequence similarity,
this protein most resembles the large chlorohydrolase and
cytosine deaminase subgroup within the AHS but shows no
sequence similarity with adenosine deaminases.

Even within the canonical members of the URI family,
substantial divergence is apparent, with the pairwise sequence
identity among the top three sequences shown in the
alignment given in Figure 2 ranging from 35 to 52% and
the sequence identities between these sequences and that
from C. crescentusfalling to between 22 and 27%. The new
outlier uronate isomerase fromB. halodurans, Bh0493, is
even more distant, with a pairwise sequence identity to the
other sequences in Figure 2 ranging from 17 to 22%. As
shown by the network representation in Figure 1B, it is only
at an E-value threshold of 10-10 that the outlier uronate
isomerases, including Bh0493, connect to the tightly clus-
tered canonical uronate isomerases. At a slightly more
stringentE-value cutoff of 10-12, the outlier uronate isomeras-
es form a distinct group, losing their connection to the
canonical uronate isomerases (not shown). However, because
Bh0493 is so distant from even the canonical uronate
isomerases, it is useful for identifying minimum sequence
requirements for URI activity. The few active site residues
conserved across Bh0493 and the canonical uronate isomeras-
es (Figure 2) are likely candidates for residues required for
substrate binding and catalysis. These residues include the
conserved HxH motif fromâ-strand 1, the aspartate from
â-strand 8, and a WWF motif fromâ-strand 7. We have
demonstrated in unpublished experiments with the uronate
isomerase fromE. coli that residues corresponding to His-
26, His-28, His-49, Arg-170, Asp-355, and Arg-357 in
Bh0493 are critical for the functioning of this enzyme. These
residues are conserved in the sequence alignment of Bh0493
with other authentic uronate isomerases (Figure 2).

The identification of Bh0493 as a uronate isomerase is
further supported by the gene context within the genome of
B. halodurans. Presented in Figure 7 is a schematic
representation of the open reading frames in the vicinity of
the gene that encodes for Bh0493. The protein Bh0492 is
annotated as a tagaturonate oxidoreductase (UxaB), and
Bh0490 is an altronate dehydratase (UxaA). The gene for

FIGURE 6: Close-up view of the active site region of Bh0493
showing the relative orientation of the zinc (green sphere), the four
metal ligands, and other conserved residues that are likely candidates
for the binding of substrate and catalytic transformations.

1202 Biochemistry, Vol. 47, No. 4, 2008 Nguyen et al.



Bh0492 is homologous to theuxaB gene inE. coli, and the
two proteins have an amino acid sequence identity of 38%.
Likewise, Bh0490 has a sequence identity of 54% to altronate
dehydratase fromE. coli (UxaA). The co-location of these
three genes suggests an operon for the metabolism of
D-galacturonate to pyruvate andD-glyceraldehyde-3-phos-
phate (Scheme 1). This conclusion is further supported by
the annotation of Bh0494 as an exopolygalacturonate lyase
(PelX).

In nearly all microorganisms the isomerization of the two
uronic acids,D-glucuronate andD-galacturonate, are catalyzed
by the same enzyme. This is certainly true forE. coli andT.
maritima. However, in the genome ofB. halodurans, there
is another gene that is annotated asuxaC, and apparently,
this enzyme also catalyzes the isomerization of uronic acids.
The gene for this protein (Bh0705) is found adjacent to two
other genes currently annotated asuxuB (Bh0707) anduxuA
(Bh0706). The enzymes encoded by these two genes are
expected to beD-mannonate oxidoreductase (UxuB) and
D-mannonate dehydratase (UxuA). The amino acid sequence
of Bh0705 is 53% identical with the prototypical uronate
isomerase fromE. coli (UxaC, b3092), while Bh0706 is 38%
identical with the sequence for the authentic mannonate
dehydratase fromE. coli (UxuA, b4322). However, the
protein Bh0707 has no apparent homology to theuxuB gene
product fromE. coli (b4323). Nevertheless, this enzyme does
have a high sequence identity to the gene product of yjmF
from Bacillus subtilisand uxuB from Bacillus stearother-
mophilus. Both of these proteins have been annotated as
D-mannonate oxidoreductases (35, 36). Mannonate dehydro-
genases generally belong to the long-chain alcohol dehy-
drogenase superfamily, but the protein sequence ofyjmF is
identified as a member of the short-chain alcohol dehydro-
genase superfamily. The protein fromB. subtiliswas first
recognized as a mannonate oxidoreductase because it was
found in a cluster of genes that are part of the hexuronate
catabolic pathway. The identification of Bh0707 as a
mannonate dehydrogenase and Bh0706 as a mannonate
dehydratase indicates that Bh0705 is in an operon for the
metabolism forD-glucuronate. Therefore, it is apparent that
in B. halodurans, there are separate pathways for the
metabolism ofD-glucuronate andD-galacturonate. Bh0705
is in the operon forD-glucuronate, whereas Bh0493 is in
the operon forD-galacturonate.

The two putative uronate isomerase enzymes fromB.
halodurans, Bh0493 and Bh0705, were expressed, purified,
and characterized. It was found that the enzyme Bh0705 will
catalyze the isomerization of bothD-glucuronate andD-
galacturonate. However, the enzyme is significantly more
active with D-glucuronate than withD-galacturonate. The
value ofkcat/Km for the isomerization ofD-glucuronate (2.9
× 104 M-1 s-1) is approximately 2 orders of magnitude

higher than it is for the isomerization ofD-galacturonate (3.6
× 102 M-1 s-1). This indicates that Bh0705, unlike the
homologous enzyme fromE. coli, is relatively specific for
the isomerization ofD-glucuronate. The corresponding
enzyme fromE. coli (b3092) has been shown to isomerize
D-glucuronate with akcat/Km value of 4× 105 M-1 s-1 and
D-galacturonate with akcat/Km value of 2× 105 M-1 s-1 (13).
Therefore, the lone uronate isomerase fromE. coli cannot
discriminate between these two epimeric sugars.

The enzyme Bh0493 can catalyze the isomerization of
D-glucuronate andD-galacturonate with a similar catalytic
activity for either compound. The observed double-reciprocal
plots for Bh0493 are nonlinear for either substrate with an
apparent activation at high substrate concentrations. The
dependence of the observed catalytic activity as a function
of substrate concentration was fit to eq 2. At low substrate
concentrations ofD-glucuronate, the value ofkcat/Km is 1.1
× 105 M-1 s-1, whereas at low concentrations ofD-
galacturonate, the value ofkcat/Km is 4.7× 104 M-1 s-1, and
thus, there is very little discrimination between these two
acid sugars. At saturating concentrations ofD-glucuronate,
the effective turnover number is∼8.8 s-1 (5.2 + 3.6 s-1)
and somewhat less withD-galacturonate (3.3 s-1). The reason
for the nonlinearity in the double-reciprocal plots is unknown,
but it could represent a homotropic cooperativity between
subunits. These results validate the hypothesis that Bh0705
catalyzes the isomerization reaction in theD-glucuronate
pathway and that Bh0493 is responsible for the isomerization
reaction that initiates the utilization ofD-galacturonate,
although this enzyme catalyzes the isomerization of both
compounds.

Two compounds that mimic the proposedcis-enediol
intermediate in the isomerization ofD-glucuronate and
D-galacturonate were tested as inhibitors of the reactions
catalyzed by Bh0493 and Bh0705.D-Arabinaric acid can be
considered as a mimic for either compound depending on
how the dicarboxylic acid is oriented within the active site.
This compound was found to be an excellent competitive
inhibitor for the isomerization ofD-glucuronate with either
enzyme. With Bh0493, theKi value was found to be 55 nM,
whereas with Bh0705, the competitive inhibition constant
was 400 nM. The competitive inhibition constants for the
monohydroxamate derivative ofD-arabinaric acid are con-
siderably weaker for both enzymes relative to the effects of
D-arabinaric acid. For Bh0493 and Bh0705, the observedKi

values are 2 and 18µM, respectively. The monohydroxamate
derivative made for this investigation is an analogue of the
cis-enediol ofD-galacturonate rather than ofD-glucuronate.
This partially explains the weaker binding of the hydrox-
amate with Bh0705, but it does not explain the weaker
binding, relative toD-arabinaric acid, with Bh0493. In any
event, the inhibition of these compounds is consistent with
the formation of acis-enediol-like reaction intermediate
during the isomerization of the aldose substrate to the ketose
product.

The first reported crystal structure in the uronate isomerase
subfamily of the AHS was fromT. maritima. The enzyme
Bh0493, with an overall sequence identity of 19% to
Tm0064, is structurally similar to this enzyme with an rmsd
of 2.3 Å. Like Tm0064, the quaternary structure of Bh0493
is a homotrimer organized as a pinwheel (Figure 5). Members
of the AHS are generally found in oligomerization states with

FIGURE 7: Chromosomal arrangement of the genes that code for
enzymes involved in the metabolism ofD-glucuronate andD-
galacturonate. (top)B. haloduransand (bottom)E. coli K12. The
relative lengths of each gene are not drawn to scale.
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an even number of subunits. For example, phosphotriesterase
and dihydroorotase exist as homodimers (37, 38). NagA from
E. coli is tetrameric (39), whereas cytosine deaminase and
isoapartyl dipeptidase adopt hexameric and octameric oli-
gomerization states (40, 41). Uronate isomerase is thus the
first example for a trimeric quaternary arrangement of
subunits within this superfamily of enzymes.

Structural comparisons of Bh0493 with Tm0064 indicate
that the tertiary fold of Bh0493 is also organized into two
distinct domains (Figure 8). Domain A assumes the ami-
dohydrolase-like structural fold (TIM-barrel) and is the site
for the catalytic transformations. Domain B is composed
mainly of R-helices and loops and possesses a unique
structural fold. The structural alignment of domain B for
these two enzymes indicates a nearly identical fold with the
exception of one helix being slightly longer in theT.
maritima enzyme. Comparison of domain A also reveals a
highly conserved structural fold in these two enzymes.
However, one major difference between the two structures
is an extra helix in Tm0064 of over 20 residues that occurs
at the end ofâ-strand 4. The structural alignment also
demonstrates that the histidine contributed from the end of
â-strand 5 (highly conserved in nearly all of the enzymes in
the AHS) is not conserved in Bh0493, suggesting that this
histidine is not important for catalytic activity. Aside from
the HxH motif at the end ofâ-strand 1 and the aspartate at
â-strand 8, several other conserved residues are present in
this alignment, including His-49, Arg-170, Arg-357, and the
WWF motif at the end ofâ-strand 7. Although the details
of the chemical mechanism for the enzymatic isomerization
of D-glucuronate andD-galacturonate are uncertain, it is quite
likely that these specific residues will be found to play critical
roles in the catalytic activity of the uronate isomerases. A
sequence alignment including all uronate isomerase-like
sequences shows that the residues identified previously are
highly (in most cases, completely) conserved, supporting
their importance for catalysis and/or substrate recognition
(Figure 2). Additional positions within the active site appear
to be conserved within one of the three uronate isomerase
groups identified based on the phylogenetic tree but not

across the entire uronate isomerase sequence set (Figure 2),
possibly indicating different strategies for substrate recogni-
tion within each group.

B. haloduransmay not be the only organism with separate
enzymes for the isomerization ofD-glucuronate andD-
galacturonate. As noted previously, there are five organisms
that have two genes for a URI family protein and one
organism that has three such genes.Alkaliphilus metallire-
digenes QYMF, also an alkaliphilic bacterium likeB.
halodurans, has two members in the uronate isomerase
sequence set, one of which (gi: 77686974) has 48% sequence
identity to the prototypical uronate isomerase ofE. coli and
the other of which (gi: 77685308) has 57% identity to the
outlier uronate isomerase Bh0493. The gene encoding protein
gi: 77686974 is located near homologues ofE. coli man-
nonate dehydrogenase (UxuB, gi: 77686972) and mannonate
dehydratase (UxuA, gi: 77686973), enzymes specific for the
breakdown ofD-glucuronate. Although theA. metalliredi-
genesgenome has not been fully assembled, two fragments
homologous toE. coli UxaB are found near 77685308, the
second putative UxaC (gi: 77685309 and 77685310). Full-
length homologues ofE. coli UxaB and UxaA are also found
in the genome (gi: 77686989 and 77686988, respectively).
The homology of the two putativeA. metalliredigensUxaCs
to the B. haloduransUxaCs, along with genomic context
information, suggest thatA. metalliredigeneshas distinct
isomerases for the metabolism ofD-glucuronate andD-
galacturonate.

Clostridium beijerinckiNCIMB 8052 andSaccharophagus
degradans2-40 also contain multiple uronate isomerase-
like sequences, with a genome context that suggests that one
may be specific for the isomerization ofD-glucuronate and
the other for D-galacturonate. However, the putativeD-
galacturonate isomerases from these organisms do not cluster
with those fromB. haloduransand A. metalliredigenesor
with each other. If they are, indeed, specific forD-galactu-
ronate, this specificity appears to have evolved multiple times
within the uronate isomerase-like group.

Other proteins homologous to the outlier uronate isomerase
Bh0493 include protein sequences fromMoorella ther-
moaceticaATCC 39073 (gi: 83589292),Blastopirellula
marina DSM3645(gi: 87310825),CaldiVirga maquilingensis
IC-167 (gi: 126353639), andRhodopirellula baltica SH 1
(gi: 32474066). These organisms are unusual because they
do not appear to have a protein homologous to the prototypi-
cal uronate isomerase inE. coli. The M. thermoacetica
Bh0493 homologue is located near genes homologous toE.
coli UxuB and UxuA, indicating that it may be a genuine
uronate isomerase. The remaining sequences, however,
cannot be validated based on genomic context. The function
of the C. maquilingensissequence is particularly open to
question, as this is the only nonbacterial organism with a
uronate isomerase-like sequence.

From kinetic and structural studies, we have determined
that the protein Bh0493 fromB. haloduransis a uronate
isomerase and a highly divergent member of the AHS. InB.
halodurans, the gene encoding uronate isomerase had been
identified previously as Bh0705 based on sequence identity.
Initial velocity studies of Bh0705 and Bh0493 with the
substratesD-glucuronate andD-galacturonate indicate that
Bh0705 is relatively specific forD-glucuronate, while Bh0493
can utilize either substrate with a similar efficiency. Bh0493

FIGURE 8: Overlay of the ribbon representation of the two
structures, Tm0064 (green) and Bh0493 (blue). In orange are the
nonoverlapping regions between the two structures. The green
sphere represents the putative metal ion in Tm0064, and the blue
sphere represents the zinc ion in Bh0493.
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is located adjacent to genes that are annotated as tagaturonate
oxidoreductase, altronate dehydratase, and exopolygalactu-
ronate lyase (an operon forD-galacturonate metabolism),
while the gene for Bh0705 is located near mannonate
dehydratase and mannonate oxidoreductase (an operon for
d-glucuronate metabolism). Sufficient information is not
available to hypothesize as to whyB. haloduransand some
other organisms have more than one URI gene or whether
this leads to a selective advantage for these organisms. Nor
is the evolutionary path that connects this highly divergent
family to the AHS clear. However, identification of this
outlier Bh0493 sequence as a uronate isomerase extends the
boundaries of the superfamily further into the “twilight” of
functional and structural divergence than has been previously
recognized.

SUPPORTING INFORMATION AVAILABLE

Full alignment of amino acid sequences for uronate
isomerases. This material is available free of charge via the
Internet at http://pubs.acs.org.
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