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ABSTRACT: A major problem of genome annotation is the
assignment of a function to a large number of genes of known
sequences through comparison with a relatively small number
of experimentally characterized genes. Because functional
divergence is a widespread phenomenon in gene evolution,
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hypothetically equivalent functions can be divided into two
distinct groups based on the genomic distribution of
functionally related genes. One group (UGLYAH) encodes proteins that are able to release ammonia from (S)-ureidoglycine,
the enzymatic product of allantoate amidohydrolase (AAH), but are unable to degrade allantoate. The presence of a gene
encoding UGLYAH implies the presence of AAH in the same genome. The other group (UGLYAH2) encodes proteins that are
able to release ammonia from (S)-ureidoglycine as well as urea from allantoate. The presence of a gene encoding UGLYAH?2
implies the absence of AAH in the same genome. Because (S)-ureidoglycine is an unstable compound that is only formed by the
AAH reaction, the in vivo function of this group of enzymes must be the release of urea from allantoate (allantoicase activity),
while ammonia release from (S)-ureidoglycine is an accessory activity that evolved as a specialized function in a group of genes in
which the coexistence with AAH was established. Insights on the active site modifications leading to a change in the enzyme
activity were provided by comparison of three-dimensional structures of proteins belonging to the two different groups and by
site-directed mutagenesis. Our results indicate that when the neighborhood of uncharacterized genes suggests a role in the same
process or pathway of a characterized homologue, a detailed analysis of the gene context is required for the transfer of functional
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annotations.

B INTRODUCTION

As the output of sequencing projects has largely outpaced the
experimental determination of gene functions, a biological role
for a great number of genes and proteins is assigned solely on
the basis of bioinformatic analysis.' * In the very common
homology-based sequence annotation process, an experimen-
tally verified function, usually established for a particular gene
or protein in model organisms, is used as a reference to
annotate uncharacterized homologous sequences that, hypo-
thetically, have the same activity as the characterized one.
However, this extrapolation procedure ought to be imple-
mented with caution, as common gene ancestry (i.e.,
homology) does not guarantee conservation of the functional
properties.””’

Various types of analyses have been developed to increase
the confidence of transfer of functional annotation or to
identify possible cases of functional divergence. Even though a
correlation exists between the degree of global sequence
identity in pairwise comparisons and function conservation,
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there is no general similarity threshold that can be used to
assess if two genes have the same or a different function.®’
Thus, a common strategy is to infer the type of homologous
relationship on the grounds that in genes related by speciation
(i.e., orthologous) the same function is often preserved.10 This
type of inference is made by comparing gene trees and species
trees'”"> or using approximate methods based on blast
bidirectional hits and partition algorithms.lz'_15 However,
orthology-based approaches suffer some limitations. On the
one hand, it is possible for orthologues to diverge functionally,
while on the other hand a function can be preserved in genes
deriving from duplication (i.e., paralogous) or lateral gene
transfer (ie., xenologous).

An alternative approach is to use an operational definition of
functionally equivalent genes, which does not imply orthology.
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Figure 1. Metabolic network and gene co-occurrence of ureidoglycine hydrolase (UGLYAH). (A) Scheme of the reactions involving nitrogen
mobilization from allantoate. (B) Distribution of the genes involved in the metabolic pathway mapped on the midpoint-rooted phylogenetic tree of
UGLYAH proteins from complete genomes. Proteins with experimentally determined structures are indicated by PDB codes (in parentheses) next
to the GenBank accession numbers. For each genome encoding UGLYAH genes, the presence (black square) or the absence (gray square) of the
genes assigned to the metabolic pathway is indicated; genes are designated by numbers corresponding to reaction steps, as indicated in the metabolic

scheme.

This approach is implemented, for example, by the protein
families database TIGRFAMs, in which the term equivalog
describes a relationship of conserved function among
homologues,'® as well as in specialized databases.'”'® A family
of functionally equivalent genes comprises one or more
members with experimentally characterized functions and
uncharacterized homologues that are thought to have the
same molecular function. Different types of bioinformatic
evidence can be used as inclusion or exclusion criteria. In
prokaryotes, where gene clustering of functionally related genes
is quite common, the conservation of the genomic context, i.e.,
the physical association with genes involved in the same process
of pathway, provides additional evidence for the inclusion of
homologous genes within a family of equivalogues."” On the
contrary, the occurrence of homologous genes in a different
genomic context can suggest exclusion of the gene from a
family of equivalogues. For instance, proteins homologous to
the pyrrolo-quinoline-quinone biosynthesis protein C are
excluded from the TIGRO2111 family and assigned to a
different family (TIGR04305) on the grounds that the genomic
context suggests a different function in folate biosynthesis.
The genes involved in the oxidative degradation of purines or
their nitrogen-rich derivatives called ureides (allantoin and
allantoate) are typically clustered in bacterial genomes and
arguably represent the best understood case of evolution of a
metabolic gene cluster in a model eukaryote (Saccharomyces
cerevisiae).”® As a primary metabolic pathway, the degradation
of purine bases is characterized by an extreme variability across
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different organisms. The variability reflects the different
purposes of this metabolic process in different species. In
some organisms, typically in metazoa, the pathway is used to
eliminate excess nucleobase and excess nitrogen, whereas in
other organisms, as in plants, some bacteria, and fungi, the
pathway enables the recovery of vital nitrogen from the
nucleobases.*** In the case of the latter, purines or purine
derivatives subjected to degradation can derive from the
endogenous metabolism, but they are also taken up from the
environment. Depending on the preferred means of elimination
or on the type of imported purine derivative, discrete parts of
the pathway are found in certain organisms, while they are
absent in others. Consequently, genes involved in consecutive
steps of the pathway often exhibit a strong genomic association,
that is, they either occur together, whether clustered or not, or
are missed together in a given genome. The analyses of purine
degradation clusters (in bacteria) and of gene co-occurrence (in
both bacteria and eukaryotes) have enabled in the last few years
the identification of several missing genes in purine
catabolism.”>** For the presence of analogous enzymes and
pathway branching points, an improved method of gene co-
occurrence analysis™ has been shown to have more power than
the traditional analysis of “phylogenetic profiles”® for the
prediction of protein activities in purine catabolism.*”*®

Here, we show that the analysis of gene co-occurrence, in the
frame of the phylogenetic tree of a protein family, can identify
subtle functional divergence between homologous proteins
involved in different reactions of the same metabolic pathway.
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In particular, this analysis allowed us to identify a different
activity for a group of bacterial and fungal proteins homologous
to the (S)-ureidoglycine aminohydrolase (UGLYAH), an
enzyme involved in purine degradation recently identified in
E. coli and A. thaliana.***® The reaction catalyzed by UGLYAH
is part of a metabolic pathway that allows plants and bacteria to
obtain mineral nitrogen from ureides. The release of ammonia
from allantoate, catalyzed by allantoate amidohydrolase (AAH),
produces (S)-ureidoglycine, which is acted upon by UGLYAH
for the release of a second mole of ammonia and the formation
of ureidoglycolate (see Figure 1). The genes encoding
UGLYAH:-like protein are typically found in purine degradation
clusters in bacteria, and according to various criteria, they could
be considered functionally equivalent to UGLYAH genes. They
are, for instance, included in the same equivalogue family
(TIGR03214) by TIGRFAMs. However, UGLYAH-like genes
can be clearly distinguished from true UGLYAHs based on
their different association profiles with other genes of the
pathway. The analysis of the genomic distribution of function-
ally related genes allowed us to formulate defined predictions
on the activity of the encoded protein, which has been verified
through targeted experiments. We present biochemical and
structural evidence that UGLYAH-like proteins, although able
to release ammonia from (S)-ureidoglycine, act in the
biochemical pathway in the release of urea from allantoate,
thus catalyzing the formation of ureidoglycolate in a single
reaction step.

B MATERIALS AND METHODS

Gene Co-occurrence Analysis. Protein sequence collec-
tions from complete genomes containing putative UGLYAH
genes, as determined by homology searches in the RefSeq
database, were downloaded from the NCBI database. The set
was filtered by excluding all but one species per genus, and the
resulting collection of 50 complete proteomes was used to
identify functionally related genes according to the metabolic
scheme reported in Figure 1. To minimize false identification
(i.e., homologous proteins with different function), we used a
dedicated procedure based on homology searches with a
reference set of proteins bona fide involved in the pathway (“in-
pathway” set) and a reference set of homologous proteins bona
fide not involved in the pathway (“out-pathway” set). A gene
was considered to be present if the best score found by Blastp
searches with the in-pathway set was significant (E < 107°) and
higher than the best out-pathway score. Accession numbers of
the proteins used in the reference sets (Table S1, Supporting
Information) and the proteins identified in complete genomes
(Table S2, Supporting Information) are reported in the
Supporting Information. Gene presence/absence data were
mapped on the UGLYAH phylogenetic tree using a Perl
procedure and the Scripttree program (http://lamarcklirmm.
fr/scriptree). The statistical significance of the associations of
different phylogenetic groups of UGLYAH genes with AAH
genes was calculated by applying Fisher’s Exact test to the 2 X 2
contingency tables obtained with the logic expressions
UGLYAH < AAH, UGLYAH2 < !AAH.

Sequence and Structure Analysis. The classification of
the A. tumefaciens UGLYAH2 protein with respect to
experimentally determined ureidoglycine aminohydrolase was
inspected in the databases TIGRFAMs (http://www.jcvi.org/
cgi-bin/tigrfams/index.cgi), Roundup (http://roundup.hms.
harvard.edu), PhylomeDB (http://phylomedb.org), Or-
thoMCL (http:/ / orthomcl.org), and OrtholugeDB (http:/ /
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www.pathogenomics.sfu.ca/ortholugedb). The analysis of
genetic clusters containing UGLYAH genes was conducted
using the Microbesonline Web server (http://microbesonline.
org). Sequence alignments were carried out with Clustalw>’
with manual adjustments suggested by structural super-
impositions. The phylogenetic tree of UGLYAH proteins was
constructed with the neighbor-joining algorithm®" of Clustal W
applying the Kimura correction for multiple substitutions. The
tree was visualized and rooted using the FigTree program
(http: //tree.bio.ed.ac.uk/software/ ﬁgtree). Sequence similarity
plots were constructed with the Plotcon program of the
Emboss package, as implemented by the Mobyle@Pasteur
server (http://mobyle.pasteur.fr). Structures were analyzed
with the Pymol software (http://www.pymol.org), and
structural superimpositions were carried out with the Fatcat
server (http://fatcatburnham.org).

Materials. All reagents were from Sigma unless specified.
Potassium allantoate was obtained through basic hydrolysis of
allantoin.* Briefly, 2.8 g of commercial allantoin was dissolved
into 20 mL of a solution 1 M KOH; the solution was stirred for
30 min at 75 °C, cooled in ice, and allowed to precipitate
overnight at 4 °C by adding 200 mL of 95% ethanol. The
precipitate was washed with a small amount of warm water and
recrystallized overnight at 4 °C with 95% ethanol. The
precipitate was dried at 100 °C and stored at room temperature
for later use. E. coli allantoate amidohydrolase and A. thaliana
ureidoglycine aminohydrolase were obtained by recombinant
expression in E. coli as previously described.””

Gene Cloning and Protein Purification. To clone the
UGLYAH2 coding sequence, DNA was prepared from
Agrobacterium tumefaciens GV3101 (a laboratory strain of the
C58 background) using described procedures.” As the gene in
the sequence database (Atu3205) corresponded to a protein
apparently shortened at the N terminus while an in-frame ATG
codon located 30 bp upstream produced a protein with N-
terminal sequence similar to other UGLYAH2s, the upstream
ATG was selected as the starting codon. Amplicons encoding
the full-length protein (274 aa) were obtained by PCR
amplification of genomic DNA with primers forward 5'-
ATGGCTGAAATGAAGAGATATTATTC and reverse 5'-
TTACCAGAGCTTCACGTGGCG-3'. Amplicons were
cloned directly into the expression vector pET28-SnaBI
(Bolchi, A., unpublished work) using a one-step cloning
procedure.** The plasmid was then transformed into BL21
(DE3)-RIL E. coli cells, and the insert was verified through
sequencing. Transformed cells were grown at 37 °C in LB
medium. Gene expression was induced at an optical density of
0.6 using 1 mM isopropyl-1-thio-$-p-galactopyranoside
(IPTG); after 3 h at 30 °C, the cells were resuspended in 1/
10 volumes of the initial grown medium with sonication buffer
(50 mM sodium phosphate, 0.3 M NaCl, 10% glycerol, and 1
mg/mL lysozyme, pH 7.6) and incubated on ice for 30 min.
Cells were lysed by ten 15-s bursts of sonication. The protein
was incubated with Talon resin (Clontech) for 1 h and purified
by affinity chromatography as assessed by SDS—PAGE analysis.
Loaded columns were washed with buffer (50 mM sodium
phosphate, 0.3 M NaCl, 10% glycerol, and 5 mM imidazole),
and protein was eluted with 100 mM imidazole. The protein
was stored in elution buffer at —20 °C. For the CD experiment,
the protein was dialyzed with S0 mM sodium phosphate and
0.3 M NaCl buffer at pH 7.6 and stored at 4 °C.

Site-Directed Mutagenesis. The site-directed mutants
V196 M and L242M were prepared by PCR using the plasmid
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pET28b-SnaBI UGLYAH?2 as template, a high-fidelity thermo-
stable DNA polymerase (Pfu Ultra II Fusion HS DNA
polymerase; Stratagene, La Jolla, CA, USA), and mutagenic
primers complementary to opposite strands (FW V196M, 5'-
cgatatgcatctcaacatcAtGaccttcgaaccggg-3’, and Rev VI96M, §'-
cceggttcgaaggtCaTgatgttgagatgeatatcg-3'; Fw L242M, S5'-
ggtgatttcatgtggAtgegtgcctattgee-3’, and Rev L242M, S'-ggcaat-
aggcacgcaTccacatgaaatcacc—3/). For each mutation, the product
of reaction was treated with Dpnl (New England Biolabs,
Beverly, MA, USA) to digest the parental DNA template. This
procedure allowed us to select the newly synthesized and
potentially mutated plasmids. The products of each digestion
were used to transform E. coli XL1 Blue cells. Single clones
were then sequenced to confirm the occurrence of the desired
mutation.

Biochemical Assays. The allantoate urea release activity of
UGLYAH2 or UGLYAH was monitored spectrophotometri-
cally with a continuous assay coupled with glutamate
dehydrogenase (EDH). The typical incubation mixture (1
mL) contained 0.1 M KP buffer at pH 7.6, 0.28 mM NADH,
2.5 mM a-ketoglutarate, 19.36 U of bovine liver EDH, 0.085
mM allantoic acid, and 3 U of jack bean urease type c-3. The
reaction was initiated by the addition of UGLYAH or
UGLYAH2 (6 ug), and the decrease in absorbance at 340
nm due to the oxidation of NADH was recorded. Ammonia
release from allantoate was evaluated by excluding urease from
the reaction mixture. The ureidoglycine activity was monitored
using the same reaction mixture at pH 8.5 and with the addition
of recombinant AAH (34 pg) to generate in situ the unstable
substrate; UGLYAH2 or UGLYAH (8.4 pg) was added after
the first phase of the AAH reaction.

The effect on the UGLYAH?2 activity of different chelating
compounds was evaluated by incubating the enzyme overnight
with 1-10 mM CDTA (trans-1,2-diaminocyclohexane-
N,N,N’,N’-tetraacetic acid monohydrate), DTPA (diethylene-
triaminepentaacetic acid), EDTA (ethylenediaminetetraacetic
acid), or HQSA (8-hydroxyquinoline-5S-sulfonic acid). The
rescue of the activity by metal ions was tested after 30 min of
incubation of the enzyme treated with 1 mM HQSA in a S mM
solution of different metal ions (Zn*" Co**, Cu**, Ca**, Ni2*,
Mn*', and Mg™).

The formation of optically active compounds was monitored
by circular dichroism (CD) analysis carried out in a 10 mm
path length cuvette with a JascoJ-71S spectropolarimeter. The
formation of (S)-ureidoglycolate was observed after 60 min of
incubation of allantoate (2.8 mM) with dialyzed UGLYAH2
(24 pug) in 1 mL of 20 mM KP at pH 7.6. The enzyme was
removed by ultrafiltration using a vivaspin column with a 3 KDa
cutoff, and the low-molecular mass fraction was diluted 1:2 with
the reaction buffer for CD analysis. The formation of (R)-
ureidoglycolate was observed after 60 min of incubation of
glyoxylate (1.25 M) and urea (1.25 M) with dialyzed
UGLYAH2 or UGLYAH (60 mg). The ultrafiltrate obtained
using a vivaspin column with a 10 KDa cutoff was diluted 1:500
for CD analysis.

To monitor the UGLYAH2 reaction through NMR spec-
troscopy, 0.6 mL of a solution of 90% D,0/10% H,O
containing 50 mM KP and 20 mM allantoate was transferred to
a 5-mm NMR tube, and the 1H NMR spectra was recorded in
the absence of the enzyme; the solution was mixed with the
enzyme (1 #M) in a small plastic tube, gently stirred for 1 min,
and retransferred to the NMR tube to collect spectra at
different times. IH NMR spectra were recorded at 25 °C with a
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600 MHz Varian Inova instrument equipped with a triple
resonance probe. Double PFG spin echo (DPFGS) sequence
was used for water suppression with 64 scans, a sweep window
of 5000 Hz, and 16k points. The spectra were processed and
analyzed with MestReNova. 8.1 software.

B RESULTS AND DISCUSSION

Gene Context Analysis Suggests Functional Diver-
gence among UGLYAH Genes. Genes encoding (S)-
ureidoglycine aminohydrolase (UGLYAH) are often found in
gene clusters together with genes encoding allantoate
amidohydrolase (AAH). This association, which is found, for
example, in Escherichia coli and related enterobacteria, has been
key to the identification®**® of the E. coli and A. thaliana
proteins as the enzymes catalyzing the hydrolysis of (S)-
ureidoglycine, the product of the AAH reaction, into (S)-
ureidoglycolate (Figure 1A).

However, an association with AAH genes is not observed for
all UGLYAH genes.”* In fact, in a number of bacteria bona fide
UGLYAH-encoding genes are found in purine degradation
clusters lacking AAH-encoding genes (Figure S1, Supporting
Information); in most of these cases, homology searches fail to
identify AAH-encoding genes at other genomic locations.
Similarly, no candidate AAH genes are found in the fungal
genomes possessing putative UGLYAH genes. These observa-
tions call into question the catalytic activity of the
corresponding gene products, given that (S)-ureidoglycine is
an unstable compound that should only be produced by the
AAH reaction.

Homologous UGLYAH proteins that are found in species
lacking AAH genes do not possess additional domains and do
not have particularly divergent sequences with respect to
affirmed UGLYAHs. The experimentally validated E. coli and A.
thaliana UGLYAHs share a 36% sequence similarity. The
putative UGLYAH protein from A. tumefaciens (a species
lacking AAH genes) shares 47% and 37% sequence similarity
with the A. thaliana and E. coli proteins, respectively. Moreover,
in most databases, UGLYAH proteins from species lacking
AAH are enclosed in the same orthologous group with affirmed
UGLYAHs. For instance, those proteins are included in the
same group as UGLYAH by TIGRFAMs,* Roundup,*
PylomeDB,”” and OrthoMCL,*® while they are not considered
orthologous for OrtholugeDB.*

On the basis of phylogenetic analysis (Figure 1B), UGLYAH
proteins can be divided into three groups that do not reflect
species relationships: two groups comprise the proteins that
have been characterized as (S)-ureidoglycine aminohydrolase in
plants and bacteria, while the third group (henceforth
UGLYAH2) comprises all uncharacterized proteins from
fungi and other bacteria. Interestingly, this phylogenetic
subdivision corresponds to a different co-occurrence relation-
ship®® with AAH genes. The presence of a UGLYAH gene
implies the presence of AAH in the genome, whereas the
presence of a UGLYAH2 gene implies the absence of AAH in
the genome (P < 107%). However, the presence of either
UGLYAH or UGLYAH genes implies the absence of ALC, the
enzyme catalyzing the direct conversion of allantoate into (S)-
ureidoglycolate through the release of urea (see Figure 1A).
This suggests that in the biochemical pathway the activity of
ALC can be surrogated either by the combination of the AAH
and UGLYAH proteins or by the UGLYAH2 protein alone.

Ureidoglycine Aminohydrolase and Allantoicase
Activity of UGLYAH2 Protein. The gene co-occurrence

dx.doi.org/10.1021/bi4010107 | Biochemistry 2014, 53, 735—745
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analysis described above provides evidence that proteins
belonging to the UGLYAH?2 group are involved in a different
reaction of the same metabolic pathway (purine degradation).
To assign a function to this group of proteins, we selected the
gene from Agrobacterium tumefaciens (gene ID Atu3205) based
on the availability of its genomic DNA in our laboratory.
Histidine-tagged recombinant UGLYAH?2 was cloned from A.
tumefaciens, and the corresponding protein was overproduced
in E. coli and purified by affinity chromatography to near
homogeneity as determined by gel electrophoresis and mass
spectrometry (Figure S2, Supporting Information).

We first tested the activity of the protein on (S)-
ureidoglycine, the enzymatic product of AAH (Figure S3,
Supporting Information). The unstable (S)-ureidoglycine
substrate was generated in situ by the AAH reaction,” as
monitored by the release of ammonia from the allantoate
molecule in a coupled assay with glutamate dehydrogenase. In
the absence of other enzymatic activities, (S)-ureidoglycine
spontaneously releases ammonia and urea®® at a rate constant
of 4 X 10™* s7". The addition of UGLYAH2 caused the rapid
release of a second mole of ammonia in a manner similar to
that observed for A. thaliana UGLYAH (Figure S3a, Supporting
Information). Next, UGLYAH2 activity was tested directly on
allantoate, a substrate that is not attacked by UGLYAH
proteins. No ammonia release was observed under the standard
assay conditions (not shown). However, the rapid formation of
2 mol of ammonia was observed in the presence of urease in
the reaction mixture. Conversely, UGLYAH was confirmed to
be unable to release ammonia or urea from allantoate (Figure
S3b, Supporting Information).

From these experiments and the comparison of the kinetic
constants for the two substrates (Table 1 and Figure S4,
Supporting Information), we concluded that the UGLYAH2
protein is able to catalyze both the hydrolysis of the amino
group of (S)-ureidoglycine and, at variance with UGLYAH, the
hydrolysis of the ureido group of allantoate. This latter
enzymatic activity, known as allantoicase activity (EC 3.5.3.4),
has been described in enzymes of various sources® and later

Table 1. Kinetic Constants Obtained from
Spectrophotometric Coupled Enzyme Assays

allantoate® ureidoglycine”
enzyme ko (57 koo/K, (M7 s7h) ke (s74)
UGLYAH <0.004 <3 >3
UGLYAH2 2.4 49 x 10° >0.6
V196M 0.5 6.1 X 10” >0.15
L242M 1.6 14 X 10° >0.6

“The assay mixtures (0.2 mL and 100 mM KP, pH 7.6) contained
allantoate (0.04 to 1.7 mM), 11.5 U urease from Canavalia ensiformis,
2.5 mM a-ketoglutarate, 4 U glutamate dehydrogenase from bovine
liver, and 0.24 mM NADH. The decrease in absorbance at 340 nm was
quantitated after the addition of the enzymes (1 to 20 ug)
preincubated for 30’ with 2.5 mM MnCl,. *The assay mixtures (0.2
mL and 100 mM KP, pH 8.5) contained allantoate (0.04 to 0.17 mM),
6 pg of recombinant AAH from E. coli, 2.5 mM a-ketoglutarate, 4 U
glutamate dehydrogenase from bovine liver, and 0.24 to 0.35 mM
NADH. The formation in situ of ureidoglycine was monitored by
following the change in absorbance at 340 nm. The decrease in
absorbance at 340 nm was then quantitated after the addition of the
enzymes (1 to 3 pug) preincubated for 30" with 2.5 mM MnCl,.
Because of the instability of the ureidoglycine substrate, only the lower
limits for the k., values were determined.
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experimentally assigned to the product of the ALC gene in
fungi and metazoa.” ~* Bona fide ALC genes can be identified
by homology in purine degradation clusters of various bacteria,
such as Pseudomonas, Vibrio, and Burkholderia. In spite of the
similarity in their catalytic activityy, UGLYAH2 and ALC do not
have a significant sequence or structure similarity.

Metal Dependence and Stereospecificity of
UGLYAH2. The (S)-ureidoglycine aminohydrolase activity of
the bacterial and fungal UGLYAH has been previously reported
to be dependent on Mn2*>® Purified UGLYAH2 was
catalytically active both with (S)-ureidoglycine and allantoate
substrates in the absence of added metals. However, the
enzyme was found to be sensitive to metal chelators. When
tested with allantoate as a substrate, the activity was only
partially reduced by incubation with CDTA, DTPA, and EDTA
(data not shown) and completely abolished by incubation with
HQSA. The activity could be completely restored with the
addition of Mn*", while a higher activity (120%) was observed
with Co?*; the enzyme was partially restored by the addition of
Ni?*, while the other divalent metals examined (Zn?*, Cu®*,
Ca’, and Mg*") were ineffective (Figure 2A).

The expected product of the allantoicase and ureidoglycine
aminohydrolase reactions is the S enantiomer of ureidoglyco-
late. In addition, allantoicase from various sources has been
reported to have the peculiar ability to attack the opposite
enantiomer of their reaction product, (R)-ureidoglycolate, to
form glyoxylate and urea.** By analyzing through CD
spectroscopy the product of the UGLYAH2 reaction with
allantoate as substrate (Figure 2B), we observed an optically
active compound with a spectrum previously attributed to (S)-
ureidoglycolate.** To test the enzyme activity on (R)-
ureidoglycolate, we exploited the reversibility of the reaction®!
and analyzed the product obtained with glyoxylate and urea as
substrates. In the presence of UGLYAH2, we observed an
optically active compound with a CD spectrum corresponding
to the mirror image of the (S)-ureidoglycolate spectrum
(Figure 2C), thus demonstrating that the ability to degrade
(R)-ureidoglycolate is a property of UGLYAH2 enzymes.

The capacity of UGLYAH to catalyze the hydrolysis of the R
enantiomer of ureidoglycolate opens up the possibility that (S)-
ureidoglycolate is formed not as the primary reaction product
but through the enzymatic formation of racemic ureidoglycolate
followed by the enzymatic hydrolysis of the R enantiomer.
However, by monitoring the reaction with 1H NMR, the rapid
decay of the allantoate proton signal at 5.27 ppm is observed
with the simultaneous formation of a novel signal at 5.25 ppm
that we assigned to ureidoglycolate; the formation of glyoxylate,
revealed by a a peak at 5.09 ppm,* is observed only after the
completion of the enzymatic reaction (Figure SS, Supporting
Information) and can be ascribed to the spontaneous decay of
ureidoglycolate.**

Comparison of UGLYAH and UGLYAH2 Structures.
Among the UGLYAH family members with known structures,
three microbial proteins from Escherichia coli (1RC6),
Deinococcus radiodurans (1SFN), and Enterococcus faecalis
(1SEF), and the eukaryotic protein from Arabidopsis thaliana
(4E2Q) belong to the UGLYAH group, whereas the protein
from Pseudomonas aeruginosa (1SQ4) belongs to the
UGLYAH?2 group (see Figure 1). Because of the high sequence
similarity (64% identity) and the conservation of critical
residues, the P. aeruginosa protein is a bona fide isofunctional
homologue of the A. tumefaciens protein characterized here.
Similar to that in Agrobacterium, the corresponding gene in
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Figure 2. Metal dependence and stereospecificity of UGLYAH2. (A)
Relative activity of UGLYAH?2 in the presence of the HSQA metal
chelator and upon incubation with various metals. The values are the
mean and standard deviations of three independent experiments. (B)
CD spectrum of the reaction product in the presence of allantoate;
(C) CD spectrum of the reaction in the presence of glyoxylate and
urea.

Pseudomonas (see Figure S1, Supporting Information) is not
located in the main purine degradation cluster, which contains a
typical allantoicase gene, suggesting that the UGLYAH locus
may be involved in the utilization of a purine-derived
metabolite (ie., allantoate or ureidoglycolate) taken up from
the environment.

The three-dimensional structure of microbial UGLYAH
proteins has been known from structural genomics before the
determination of the function of the UGLYAH family. Proteins
belonging to this family are made up of two structurally similar
cupin domains located at the N and C termini. Analysis of
sequence conservation suggested that only the C-terminal
cupin domain is endowed with metal-binding and catalytic
activity.”® This has recently been confirmed with the
determination of the structure of the protein from A. thaliana,
both in ligand-free and substrate-bound forms, allowing the
precise localization of the metal- and substrate-binding site
within the C-domain.*® Sequence and structure comparison
(Figure 3) show that UGLYAH2 proteins are similarly
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organized in two cupin domains, with only the C-domains
showing a conservation profile compatible with metal binding
and catalytic activity (Figure 3A and Figure S6, Supporting
Information). As in UGLYAH proteins, the residue con-
servation in the multiple alignments of UGLYAH?2 proteins is
stronger in the C-domain than in the N-domain; however, for
both domains the average sequence similarity is higher in
UGLYAH?2 proteins than in UGLYAH proteins (Figure S7,
Supporting Information).

The X-ray structure of the P. aeruginosa protein has been
solved at 2.7 A resolution by the Northeast Structural
Genomics Consortium*’ and deposited in the PDB in 2004
as a protein of unknown function. In both the author-provided
and software-determined*® biological assemblies, 1SQ4 forms
an octameric structure consisting of two layers of tetramers
(Figure 3B). The four monomers within a layer are related by a
4-fold symmetry axis running through the center of the
octamer. The same quaternary organization has been reported
for A. thaliana UGLYAH based on size-exclusion chromatog-
raphy and crystallographic evidence.*®

The structure of the 1SQ4 monomer from P. aeruginosa can
be superimposed to the 4E2Q monomer from A. thaliana with
an RMSD of 2.6 A over 195 residues (Figure S8a, Supporting
Information). The residues involved in metal coordination in
4E2Q are strictly conserved in 1SQ4 and in related proteins
(see Figure 3A). However, the catalytic loop located between
stands f1S5 and $16 and the metal-binding residues E208 and
H210 are slightly displaced in 1SQ4 (Figure 3C), possibly due
to the presence of a thiocyanate ion*’ deriving from the
crystallization buffer bound at the active site (Figure S8b,
Supporting Information).

Structural Rationale of the Differ