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nimals degrade the nitrogenous bases present
A in DNA and RNA to eliminate excess nitrogen.

However, in various terrestrial and aquatic envi-
ronments the availability of nitrogen limits biological
production (2, 2), and many organisms depend on effi-
cient use of nitrogen for growth. Plants, fungi, and bac-
teria have metabolic pathways for the reuse of the nitro-
gen present in pyrimidine and purine bases (3, 4).
Purine catabolism is particularly relevant in tropical le-
gumes that move the nitrogen fixed into the nodules to
the aerial portion of the plant primarily in the form of ure-
ides, allantoin, and allantoate (5). In these plants, the ni-
trogen fixed as a result of the symbiotic association
with nodule-forming bacteria is combined with carbon
through de novo purine synthesis. Through a series of
enzymatic steps, purines are oxidized to allantoin and
allantoate, compounds that have a favorable N:C ratio
(see Figure 1) and serve for nitrogen transport and stor-
age. In some important crops, accumulations of ureides
appear related to water deficit sensitivity, and manga-
nese supplementation has been shown to modify rela-
tive susceptibility to this process in a cultivar-dependent
manner (5, 6).

In plants, the first step of ureide metabolism occurs
in the cytoplasm and leads to the production of oxopu-
rines, such as hypoxanthine, xanthine, and uric acid.
The opening of the uric acid ring and elimination of car-
bon dioxide yields S-allantoin through a three-step per-
oxisomal pathway (7). Hydrolysis of S-allantoin by allan-
toinase in the endoplasmic reticulum yields allantoate
(8), and the breakdown of allantoate produces usable
nitrogen for subsequent anabolic reactions. In general,
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ABSTRACT While some organisms, including humans, eliminate oxidized pu-
rines to get rid of excess nitrogen, for many others the recovery of the purine ring
nitrogen is vital. In the so-called ureide pathway, nitrogen is released as ammonia
from allantoate through a series of reactions starting with allantoate amidohydro-
lase (AAH), a manganese-dependent enzyme found in plants and bacteria. We re-
port NMR evidence that the true product of the AAH reaction is S-ureidoglycine, a
nonstandard a-amino acid that spontaneously releases ammonia in vitro. Using
gene proximity and logical genome analysis, we identified a candidate gene (ylbA)
for S-ureidoglycine metabolism. The proteins encoded by Escherichia coli and Ara-
bidopsis thaliana genes catalyze the manganese-dependent release of ammonia
through hydrolysis of S-ureidoglycine. Hydrolysis then inverts the configuration
and yields S-ureidoglycolate. S-Ureidoglycine aminohydrolase (UGHY) is cytosolic
in bacteria, whereas in plants it is localized, like allantoate amidohydrolase, in the
endoplasmic reticulum. These findings strengthen the basis for the known sensi-
tivity of the ureide pathway to Mn availability and suggest a further rationale for
the active transport of Mn in the endoplasmic reticulum of plant cells.
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allantoate can be acted upon by two different enzymes
to release ammonia (upon allantoate amidohydrolase)
or urea (upon allantoicase). Allantoicase is typically
found in animals (though not necessarily involved in pu-
rine degradation (9)), fungi and several bacteria, while
some other bacteria and all plants use allantoate
amidohydrolase (10, 11). Allantoate amidohydrolase
(AAH; EC number 3.5.3.9) has been extensively stud-
ied. The gene (allC) encoding the protein (12) and the
crystal structure of the protein in complex with the sub-
strate (13) are known, dependency on manganese for
catalysis has been established (11, 14), and the local-
ization of the plant enzyme in the endoplasmic reticu-
lum has been determined (11). Paradoxically, however,
a fundamental question about this catalyst has never
been fully answered: what reaction does this protein
catalyze?

Early studies have established that the AAH reaction
produces 2 mol of ammonia, 1 mol of carbon dioxide,
and 1 mol of ureidoglycolate. Accumulation of an inter-
mediate during the reaction was assumed because of
the formation of glycine through a side transamination
reaction in the presence of glyoxylate (14). The identifi-
cation of ureidoglycine as being this intermediate is
based on this observation and on similarities with other
amidohydrolases rather than on direct evidence. More-
over, it is unclear whether the ureidoglycine intermedi-
ate is converted to ureidoglycolate by the action of AAH
(14, 15) or by the action of a distinct, as yet unidentified,
enzyme (13, 16, 17). These two possibilities are alterna-
tively accounted for by the major databases of biologi-
cal reactions. For example, in the Kyoto Encyclopedia of
Genes and Genomes (http://www.genome.jp/kegg),
EC3.5.3.9 is responsible for hydrolysis of both allan-
toate and ureidoglycine, whereas in the Encyclopedia
of Metabolic Pathways (http://metacyc.org) EC3.5.3.9
and an unidentified enzyme (EC3.5.3.—) are respon-
sible for hydrolysis of allantoate and ureidoglycine,
respectively.

A major hurdle in understanding the pathway initi-
ated by allantoate amidohydrolase has been the use of
analytical methods that cannot distinguish between the
true product of the AAH reaction and compounds down-
stream in the pathway, such as ureidoglycolate and
glyoxylate (11, 12, 15). Here we combine detailed spec-
troscopic characterization of reactions catalyzed by re-
combinant proteins with bioinformatic analysis to dis-
cover an enzyme acting on S-ureidoglycine, a compound
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which we show to be a true product of the AAH reac-
tion. We report on the catalysis and stereochemistry of
S-ureidoglycine aminohydrolase (UGHY), we describe
the structure—function relationship of the bacterial pro-
tein, and we determine the localization of the protein in
plant cells.

RESULTS AND DISCUSSION

Identification of the True Product of the Allantoate
Amidohydrolase Reaction. Recombinant, histidine-
tagged allantoate amidohydrolase from E. coli (AllC)
was produced using an ASKA library clone (18) and
purified until near-homogeneity was acquired, using
affinity chromatography. The reaction catalyzed by AllC
was studied by NMR spectroscopy using 3C- labeled al-
lantoate as substrate. The time course of the reaction
(Figure 1, panel a) shows rapid formation of the primary
hydrolysis product and its subsequent decay. Forma-
tion of the primary hydrolysis product is accompanied
by release of carbon dioxide (uncoupled peak at 160.1
ppm). On the basis of chemical shift values, the primary
products of the reaction can be identified as ureidogly-
cine. The ureidic carbon of ureidoglycine was assigned
to an ill-defined peak around 160.0 ppm (Figure 1,
panel a, expansion). A well-defined peak, however,
was obtained with allantoate specifically labeled at C2
(see below). The NMR data is consistent with a hydro-
lytic attack of a ureidic carbonyl of allantoate yielding
ureidoglycine and carbamic acid. This latter compound
is known to decay immediately to carbon dioxide and
ammonia, while ureidoglycine could undergo slower hy-
drolyses to yield stable reaction products that were iden-
tified as urea and the gem-diol form of glyoxylate (19)
on the basis of comparison with chemical standards.

NMR time courses of the reaction suggest that a first
ammonia molecule is released by allantoate amidohy-
drolase, while a second molecule is released along with
the hydrolysis of ureidoglycine. To observe the release
of ammonia we used a coupled assay with glutamate
dehydrogenase, by monitoring the decrease of absor-
bance of the NADPH cofactor at 340 nm (14, 17). With
this assay, we observed a rapid decline of absorbance
to a value corresponding with the release of 1 mol of am-
monia per mole of substrate, followed by a slow de-
cline in absorbance to a value corresponding to the re-
lease of a second mole of ammonia (Figure 1, panel b).
The two reaction steps were clearly distinct, with only
the velocity of the first step apparently proportional to
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Figure 1. S-Ureidoglycine is the true product of the AllC reaction. a) Time course of the AllC-catalyzed hydrolysis of uniformly labeled [**N,*3C]
allantoate. 13C spectra were collected at 25 °C in 0.1 M potassium phosphate, 80% D0, pD 7.6; signals from glycerol and dioxane (66.5 ppm, refer-
ence) are marked by lowercase letters. Chemical shifts assignments are indicated using the carbon numbering scheme of S-allantoin; stereochem-
istry is based on NMR analysis of specifically labeled allantoate (see below). b) Time course of ammonia release by the AlIC reaction monitored
spectrophotometrically using a coupled assay with glutamate dehydrogenase. The reaction was initiated by the addition of 0.15 mM allantoate (ar-
row) to a solution containing 0.13 M AlLC. c) Time course of the AllC-catalyzed hydrolysis of specifically labeled [2-13C]allantoate.
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the enzyme concentration. To rule out the possibility
that the hydrolysis of ureidoglycine was a slow reaction
catalyzed by allantoate amidohydrolase (14, 15), the en-
zyme was removed by ultrafiltration after completion of
the first reaction step. The deproteinized solution re-
leased ammonia at the same rate as the unfiltered solu-
tion, thus demonstrating spontaneous hydrolysis of ure-
idoglycine. The rate constant of ureidoglycine hydrolysis
measured in the Tris-HCl buffer at pH 7.2 was 4 X
1074s7L,

Allantoate is a prochiral molecule in which each car-
bamoyl group is attached to a nonstandard amino acid
(ureidoglycine). The pro-R carbamoyl is attached to an
ureidoglycine moiety in an S-configuration, while the
pro-S carbamoyl is attached to an ureidoglycine moiety
in the R-configuration. Hydrolysis of a carbamoyl group
is thus expected to produce optically active ureidogly-
cine, and a transient optically active compound with a
spectrum similar to that of L-amino acids was observed
by monitoring the reaction with CD spectroscopy
(Supplementary Figure 1). To understand the stereo-
chemistry of the reaction we conducted NMR experi-
ments with allantoic acid specifically labeled at the
pro-S carbon. The time course of the reaction (Figure 1,
panel ¢) demonstrates that hydrolysis involves the pro-R
carbon, thus yielding the S enantiomer of ureidoglycine
as a reaction product.

Identification of ylbA as a Candidate S-
Ureidoglycine Aminohydrolase. Even if the hydrolysis
of ureidoglycine is spontaneous in vitro, in nature there
should be an enzyme to catalyze this reaction. First, the
spontaneous release of ammonia from ureidoglycine
appears to be too slow to sustain an efficient flux of ni-
trogen through the ureide pathway; second, in living
cells, the reaction is known to produce a single enanti-
omer of ureidoglycolate, namely, S-ureidoglycolate (20).
By monitoring the AllC reaction by CD spectroscopy
one does not observe formation of optically active urei-
doglycolate as a final product (data not shown).

To identify a candidate ureidoglycine aminohydro-
lase we searched for uncharacterized genes present in
bacterial genomic clusters containing allantoate
amidohydrolase. As a further condition, we required
that orthologous genes be present in organisms con-
taining allantoate amidohydrolase (both prokaryotes
and eukaryotes) and absent in organisms containing al-
lantoicase (these organisms are not expected to form
ureidoglycine). The search identified the E. coli ylbA
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gene (21) as a candidate ureidoglycine aminohydro-
lase (Figure 2). The ylbA gene is immediately down-
stream from the allC gene in the E. coli genome and is
present in several purine degradation clusters along
with allC (Figure 2, panel a). Homology searches and
phylogenetic analysis (Figure 2, panel b) indicate that
genes closely related to ylbA are present in plants and
green algae (which possess allantoate amidohydrolase)
but not in metazoa and the majority of fungi (which pos-
sess allantoicase). A more distant clade of ylbA-related
genes is found in organisms (bacteria and some fungi)
devoid of both allantoicase and allantoate amidohydro-
lase. Three-dimensional structures are available for the
E. coli YIbA proteins (PDB code 1RC6) and for other three
bacterial related proteins (Figure 2, panel b); all of these
structures have been solved via structural genomics
and correspond to uncharacterized proteins.

The ylbA gene of E. coli encodes a protein of 261
amino acids. The homologous gene of Arabidopsis thali-
ana (p < 10~ %) encodes a protein of 298 amino acids
with 28% amino acid identity. Difference in protein
length is determined by an extra N-terminal segment
that is present only in plant sequences, and it is pre-
dicted that it contains a cleavable signal peptide
(Figure 2, panel c).

Recombinant Expression of ylbA from Bacteria and
Plants. The full-length E. coli YIbA protein was produced
using an ASKA library clone (18). The plant homolo-
gous protein was produced in E. coli by cloning and ex-
pression of an Arabidopsis thaliana coding sequence
isolated from whole plant cDNA. Both the full-length pro-
tein and a truncated variant starting at Pro51, lacking a
putative signal peptide and a short plant-specific se-
quence (see Figure 2, panel c), were produced. Recom-
binant proteins had an N-terminal histidine-tag and
were purified near to homogeneity by affinity chroma-
tography. The protein corresponding to the full-length
plant sequence was found to be largely insoluble,
whereas the bacterial protein and the plant truncated
variant were found to be soluble and were used for bio-
chemical characterization.

YlbA Encodes a Mn-Dependent S-Ureidoglycine
Aminohydrolase. By supplementing the AllC reaction
mixture with the recombinant YlbA protein from plant
or bacteria, we observed the rapid release of 2 mol of
ammonia per mole of allantoic acid; there were no re-
lease of ammonia or urea, however, if AllC was omitted
from the reaction mixture (data not shown), suggesting
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Figure 2. Identification of ylbA as a candidate S-ureidoglycine hydrolase. a) Comparison of the genetic context of the allC gene (magenta) in E. coli
and other bacteria showing the frequent association with the ylbA gene (blue). b) Phylogenetic tree of the YIbA protein family. Protein sequences
are identified by Microbesonline or Genbank accession numbers; PDB codes of the available 3D structures are indicated in parentheses. c) Align-
ments of E. coli YIbA with the homologous protein from A. thaliana. Conserved positions are shaded according with the similarity criteria of Espript

(36); secondary structure elements derived from the 3D coordinates of E. coli YIbA (1RC6) are drawn above the alignment. The artificially truncated
variant of the A. thaliana protein is indicated by a triangle.

that the YlbA uses the AllC reaction product, but not al-  which was activated by Mn?* and, to a lesser extent by
lantoic acid, as substrate. In fact when the YIbA protein ~ Co?* and Ni?* (data not shown). To obtain maximum ac-
from plant or bacteria was added after completing the tivity, the manganese ion was typically included in the
first step of the AllC reaction, it caused the rapid release  AllC reaction mixture. However, freshly purified AllC

of a second mole of ammonia (Figure 3, panel a). There-  preparations were catalytically active (albeit at a lower
action product of allantoate in the presence of AllC and  rate) even without the addition of metals, allowing the
YIbA was found to be optically active, with a CD spec- metal dependency of YIbA to be determined. In the ab-
trum (Figure 3, panel b) matching a spectrum previously — sence of added metals, YIbA from plant and bacteria
attributed to S-ureidoglycolate (20). We concluded from  was found to be inactive. The activity could be com-
these experiments that the YIbA protein is able to cata-  pletely restored by the addition of Mn2* and partially re-
lyze the enantioselective hydrolysis of S-ureidoglycine stored by the addition of Co?*; all of the other divalent
to S-ureidoglycolate, with inversion of configuration at metals examined (Zn?*, Cu?*, Ca?*, Ni>*, Mg?*) were in-

the chiral carbon atom. effective (Figure 3, panel c).

Allantoate amidohydrolase from various sources is re- Structure—function Relationship of E. coli YIbA. The
ported to be a Mn-dependent enzyme. We confirmed three-dimensional structure of the YIbA protein has
this observation with the recombinant AllC protein, been solved at 2.6 A resolution in the framework of

www.acschemicalbiology.org VOL.5 NO.2 + 203-214 + 2010
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Figure 3. Biochemical characterization of recombinant YlbA from bacteria and
plants. a) Time courses of ammonia release from allantoate, catalyzed by the suc-
cessive additions of AllC and E. coli YIbA (gray line) or AllC and A. thaliana YIbA-
related protein (black line) monitored spectrophotometrically using a coupled as-
say with glutamate dehydrogenase. b) CD spectrum of the optically active product
obtained from allantoate in the presence of both AlIC and YIbA. c) Relative rates
of ammonia release by the YlbA-catalyzed reaction in the presence of various diva-
lent metals.

structural genomics (22) and was deposited in the Pro-
tein Data Bank in 2003 (PDB code 1RC6). The structure
of the YlbA monomer shows two cupin domains
(Figure 4, panel a). Each cupin domain is made up of a
small barrel (cupa in Latin) featuring two antiparallel
B-sheets (A and B in domain I, A’, and B’ in domain ),
with a topology characteristic of the cupin fold (Figure 4,
panel b). The six-stranded B-sheets A (32, B3, B5, B8,
B10, B11) and A’ (B1, B12, B13, B15, B18, B20) have
a 236451’ topology, where B-strand 1" is contributed by
the neighboring domain by domain-swapping. The four-
stranded B-sheets B (34, 36, 37, B9) and B’ (314,
B16, 317, B19) have a 1423 topology.

The 3D structure reveals strong structural similarities
between the N- and C-terminal halves of the protein, in-
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dicating that the bidomain structure of YlbA originated
from an ancestral duplication of a single cupin domain.
This bicupin organization is also present in other pro-
teins with a structure known to belong to the YlbA fam-
ily (see also Figure 2, panel b). Related proteins from En-
terococcus faecalis (1SEF), Deinococcus radiodurans
(1SFN), and Pseudomonas aeruginosa (15Q4) have
structures similar to that of YIbA (rmsd of 1.7, 2.1, and
2.2 A, respectively), although some differences are
found in the quaternary organization. On the basis of
crystal data, the biological units were determined to be
monomeric for 1RC6 and 1SEF, dimeric for 1SFN, and oc-
tameric for 1SQ4. No metals were included in the solu-
tion structures of these proteins. However, this does not
exclude manganese binding, since identification of met-
als at binding sites is not trivial even when 3D data is
available from X-ray crystallography (23).

The presence of a cupin domain is found in several
proteins classified in the cupin superfamily, function-
ally one of the most diverse seen thus far (24). It com-
prises 20 families with members that perform diverse
functions ranging from enzymatic to nonenzymatic func-
tions. YlbA is the prototypic member of a family that en-
compasses proteins whose function is unknown (25).
Structural similarities, however, reveal an evolutionary
relationship between YlbA and proteins whose function
is known. Interestingly, among the proteins of the cupin
superfamily there are several Mn-dependent enzymes,
such as ureidoglycolate hydrolase (26) (another enzyme
of the purine catabolic pathway), oxalate oxidase, and
oxalate decarboxylase.

In most bicupins, an enzymatic activity is associated
with only one of the two domains. Active domains usu-
ally have a metal-binding site (usually for Mn, Fe, or Zn)
localized at the mouth of the barrel. Thus, structural
alignment with known metal-binding cupins can iden-
tify residues involved in metal coordination (25). The
comparison of N- and C-terminal domains of YlbA pro-
teins with the Mn-binding domain of oxalate decarboxy-
lase (Figure 4, panel ¢) suggests the existence of a
metal-binding site in domain Il of YIbA. Unlike domain
I, in which residues involved in metal coordination are
replaced by not conserved hydrophobic residues, do-
main Il shows the presence of potential metal-binding
residues that are strictly conserved in the YIbA family. Al-
though the configuration of potential metal-binding resi-
dues in the domain Il of YIbA (His, Glu, His, Gln) differs
from the canonical configuration of cupins (His, His, Glu,

www.acschemicalbiology.org
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ing E. coli YIbA.

His), the 3D superposition shows conservation of the ge-
ometry of the metal binding site (Figure 4, panel d). In-
terestingly, examination of the electron density map of
1SEF, the best resolved YIbA structure (2.0 A), reveals
the presence of an uninterpreted electron density in a re-
gion corresponding to the Mn atom of oxalate
decarboxylases.

Endoplasmic Localization of Plant S-Ureidoglycine
Aminohydrolase. In plants, allantoate amidohydrolase
is localized in the endoplasmic reticulum (ER) (11). The
presence of S-ureidoglycine aminohydrolase in the
same compartment where the unstable ureidoglycine
is formed would make biological sense. Plant YlbA se-
quences have an extra N-terminal segment of ~40 aa
that has been predicted to contains a signal for the co-
translational insertion of the protein in the ER (see
Figure 2, panel c). The Arabidopsis as well as other
plant sequences do not contain the known signature
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for ER retention (K/HDEL). However, the presence of
such a signal is not an absolute requirement for ER pro-
teins (27).

To demonstrate the subcellular localization of
S-ureidoglycine aminohydrolase, we constructed
C-terminal fusions of full length Arabidopsis YIbA se-
quence with the yellow fluorescent protein (YIbA-YFP).
The fusion proteins were transiently expressed in Arabi-
dopsis protoplast or also co-expressed with a green fluo-
rescent protein with a signal peptide and an ER reten-
tion signal (GFP-HDEL), used as a marker for the ER.
Upon transient expression, YIbA-YFP localized to cellu-
lar structures with the typical shape of the ER (Supple-
mentary Figure 2). The co-localization of YIbA-YFP and
GFP-HDEL fusion proteins further supports an ER local-
ization for the plant enzyme (Figure 5). We concluded
from confocal microscopy studies that in the plant cell,
S-ureidoglycine aminohydrolase is localized in the same
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Figure 5. Localization of S-ureidoglycine hydrolase in plant cells. The co-localization of YIbA-YFP
and GFP-HDEL proteins in double transformants was observed in Arabidopsis protoplasts us-
ing confocal microscopy. Fluorescence was monitored in the range of 499—510 nm (GFP),

nm 531—596 (YFP), and 649—767 nm (chlorophylls); detection channels and three-channel
merged images are indicated by column labels.

subcellular structure where S-ureidoglycine is formed.

of the enzyme. By sequence homology, AllC
belongs to N-carbamoyl-.-amino acid
amidohydrolases. These proteins differ to
N-carbamoyl-p-amino acid amidohydro-
lases, which have a different fold and metal-
independent catalysis. Before the identifica-
tion of the allC gene, bacterial extracts with
allantoate aminohydrolase activity were
found to be able to hydrolyze N-carbamoyl-
L-asparagine but not N-carbamoyl-o-
asparagine (20). These observations are
consistent with hydrolysis of the pro-R car-
bamoyl group of allantoate and formation of
S-ureidoglycine by the AllC-catalyzed
reaction.

A previously uncharacterized gene, ylbA,
encodes an enzyme catalyzing the hydroly-
sis of S-ureidoglycine into S-ureidoglycolate.
This enzyme accelerates spontaneous hy-
drolysis of ureidoglycine and, importantly,
selects the correct enantiomer of ureidogly-
colate for the subsequent reaction of the
pathway, which in most organisms is per-
formed by a stereospecific S-ureidoglycolate
hydrolase (4). An additional advantage of
the enzyme can be the avoidance of undes-
ired side-effects promoted by the unstable
ureidoglycine. In fact, the AllC reaction
has been reported to yield different end-
products in vitro depending on the composi-
tion of the reaction mixture (notably in the
presence of pyridoxal phosphate) (14). In
eukaryotes, this role is further supported by
compartmentalization. Ureidoglycine is only
produced in the endoplasmic reticulum in
plants, which possess an endoplasmic al-
lantoate amidohydrolase (11), and as
shown here, in plant cells the enzyme act-
ing on ureidoglycine is also localized in the

endoplasmic reticulum. Compartmentalization in the
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Retention of the protein in the ER does not depend on
the presence of a canonical K/HDEL signal.
Conclusions and Outlook. The true product of the
AlIC reaction is S-ureidoglycine. The distribution of the
allC gene indicates S-ureidoglycine is formed in several

bacteria and in all Viridiplantae (plants and green algae).
NMR evidence presented here on the AllC reaction prod-

uct is in agreement with the evolutionary classification
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ER is also consistent with the Mn dependency of both
AllC and YlbA. Manganese, an essential metal nutrient
for plants, is actively sequestered in the ER of these or-
ganisms (28). At variance with other organelles, where
the transport of Mn has been related to its participation
in enzymatic reactions (a cluster of Mn atoms is re-
quired as the catalytic center of photosystem Il in chlo-
roplasts, and Mn-depedent superoxide dismutases are
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present in peroxisomes and mitochondria), transport of
Mn into the ER has been so far explained in terms of de-
toxification and storage (28, 29). The requirement of
manganese for two consecutive enzymes in the ureide
pathway indicates that this metal also plays an impor-
tant metabolic role in plant ER.

The ylbA gene name derives from a temporary no-
menclature adopted for E. coli genes of unknown func-
tion (21). Once a y-gene is functionally characterized, it
is suggested that a mnemonic gene name be assigned
to replace the y-name. We suggest renaming the gene
encoding S-ureidoglycine aminohydrolase (UGHY) as
ughy.

An interesting question concerning the in vivo role of
this enzyme can be approached through the phenotypic
analysis of gene deletion mutants. Early genetic evi-
dence for the existence of ureidoglycine hydrolase was
obtained by the isolation of mutants able to use allan-
toic acid as a source of nitrogen but not as a carbon
source (16). More recently, AAH from A. thaliana was
used to complement a yeast strain deleted in the gene
encoding allantoicase. This experiment, which can be
considered equivalent to the deletion of ureidoglycine
hydrolase (S-ureidoglycolate is formed by allantoicase
or by the consecutive action of AAH and UGHY), showed
partial recovery of the ability to use allantoate as a nitro-
gen source and the accumulation of a metabolite, indi-
cated by a yellow-orange pigmentation of the trans-
formed colonies (10). We used available strains from
the Keio collection of E. coli knockout mutants (30) in
the attempt to investigate the phenotype of ughy mu-
tants grown on oxidized purines as a source of nitrogen.
E. coliis known to be able to utilize certain purine deriva-
tives as a source of nitrogen under anaerobic condi-
tions, although strain to strain differences were ob-
served (4, 12). In our experiments we could not observe
growth on allantoin or allantoate for the Keio y/bA mu-
tant and for the wild-type strain BW25113. Lack of

growth of the wild-type strain depended on gene regula-
tion rather than on a defect in enzymes of the catabolic
pathway, since a BW25113 mutant deleted in the re-
pressor of purine degradation (allR) could grow on allan-
toin (but not on allantoate) with glucose or xylose as car-
bon sources (Supplementary Figure 3).

The present study provides an example of how the
combination of a detailed characterization of the chem-
istry of “known” biological reactions and in silico ge-
nome analysis can lead to the identification of novel
gene functions. This methodology has been inspired by
recent findings in the same metabolic pathway. A de-
tailed spectroscopic characterization of the urate oxi-
dase reaction suggested the presence of missing enzy-
matic activity in the urate metabolism (31), leading to
the identification of two additional enzymes acting on
unstable intermediates and involved in the conversion
of urate into S-allantoin (7). To date, seven enzymatic
steps have been identified in the ureide pathway for the
complete conversion of xanthine to glyoxylate, carbon
dioxide, and ammonia. Three out of these seven steps
are performed by enzymes acting on unstable com-
pounds and have only been identified recently. This sug-
gests that the very low number of known enzymes act-
ing on short-lived chemical species is mainly due to the
fact that these catalysts easily escape identification by
classical biochemical or genetic approaches. Other ex-
amples of such catalysts are expected to be revealed in
the future thanks to the availability of complete ge-
nomes and advanced analytical tools.

While this article was under revision, another study
was published that reported the independent identifica-
tion of ureidoglycine hydrolase through comparative
genomics (32). The evidence presented by Werner et al.
on the function of the ylbA gene, in the context of a com-
prehensive analysis of the ureide pathway in plants
and bacteria, are consistent with the results of the
present study.

METHODS

Synthesis of Labeled Compounds and NMR Spectroscopy. Uni-
formly labeled [*°N,**CJallantoate was obtained through hydro-
lysis of [*°N,*3C]S-allantoin, which was synthesized from
[**N,3C]R-adenosine (Spectra Stable Isotope) using six enzy-
matic steps (33). [*°N,**C]S-Allantoin hydrolysis was performed
in 1.1 mL of 0.1 M potassium phosphate, 80% D,0, pD 7.6 us-
ing 28.8 g of recombinant PuuE allantoinase (33). After the
completion of the reaction, the solution was ultrafiltrated to re-
move proteins and degassed using a syringe to remove labeled
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CO, from previous reactions. Synthesis and hydrolysis of
S-allantoin were performed consecutively to avoid spontaneous
racemization (34). Specifically labeled [2-**CJallantoate was ob-
tained enzymatically from [8-**Clurate, which was synthesized
by condensing 5,6-diaminouracil with [**Clurea (Sigma) accord-
ing to a described protocol (31). [8-*3C]Uric acid was converted
into [2-'3C]S-allantoin using the same procedure described for
uniformly labeled uric acid (33), and [2-*3C]S-allantoin was hy-
drolyzed to [2-*C]allantoate using the same procedure de-
scribed above.
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13C NMR spectra of the product of the AllC reaction were ob-
tained using a 0.6 mL solution of 0.1 M potassium phosphate,
80% D,0, pD 7.6, containing uniformly labeled [**N,*3C]-
allantoate (6.9 mM) or specifically labeled [2-*CJallantoate
(9.5 mM). The solutions, supplemented with 20 g of AllC plus
80 M MnCl, or with 50 g of AllC plus 45 wM MnCl,, respec-
tively, were gently stirred for 1 min and then transferred into a
5-mm NMR tube to collect spectra at different times. The *3C
NMR spectra were proton decoupled and were collected at 25 °C
with a VARIAN Inova 600 instrument.

Bioinformatics. Search and comparison of genetic clusters
containing allantoate amidohydrolase were conducted using
the Microbesonline web server (http://microbesonline.org). Se-
quences of the YIbA family were retrieved from Microbesonline
or from GenBank through homology searches. Sequence align-
ments were carried out with Clustalw (35) and visualized with
Espript (36). Phylogenetic analysis was performed using the
neighbor-joining method (37) implemented in Clustalw, and the
resulting tree was visualized as a polar layout with FigTree
(http://tree.bio.ed.ac.uk). Sequences of the YIbA family with
known structure were identify by sequence homology in the PDB
database. Prediction of the signal peptide in the plant sequence
was performed with the SignalP server (http://www.cbs.dtu.dk/
services/SignalP).

Identification of structural similarity and pairwise structural
alignment were performed with Fatcat (38). Pymol (http://pymol.
sourceforge.net) was used to study and visualize protein mod-
els, and Coot (39) was used to study electron density maps.

Cloning, Production of Recombinant Proteins and Cell Growth.
Clones encoding full-length histidine-tagged AlIC and YIbA pro-
teins from E. coli K12 were obtained from the ASKA library (18).
Clones were verified by sequencing using primers based on the
pCA24N vector. Amplicons encoding the full-length YIbA protein
from A. thaliana (AtYlbA) were obtained by PCR amplification of
total plant cDNA with primers forward 5'-ATCGGTCCGGC-
AAAAATGCGATCACTTTAC-3" and reverse 5'-
ATCGGACCGCTTTGATCACAATGGATTTCG-3'. Amplicons encoding
a protein lacking the signal peptide and a plant-specific
N-terminal sequence, starting from amino acid 51 of the A. thali-
ana YIbA (AAtYIbA), were obtained using a different forward
primer (5’-ATCGGTCGGATGCCTTCACACCTCCAAGACTTG-3).
AtYIbA amplicons were cloned into pGEM-T Easy vector (Pro-
mega) and subcloned into the expression vector pET28-Cpol
(A. Bolchi, unpublished). AAtYIbA amplicons were cloned di-
rectly into the expression vector pET28-SnaBl (A. Bolchi, unpub-
lished) using a one-step cloning procedure (40). The ligated
plasmid was then transformed into BL21 (DE3)-RIL E. coli cells
(Stratagene), and the inserts were sequence-verified. Trans-
formed cells were grown at 37 °C in LB medium. Gene expres-
sion was induced at an optical density at 600 nm of 0.3 (AlIC,
YlbA) or 0.6 (AtYlbA, AAtYIbA) using 0.5 (AllC, YIbA) or 1 mM
(AtYIbA, AAtYIbA) isopropyl-1-thio-B-p-galactopyranoside (IPTG);
after 48 h at 15 °C (AIIC, YIbA) or 24 h at 22 °C (AtYlbA, AAtYlbA)
the cells were resuspended in 120 mL of sonocation buffer
(50 mM sodium phosphate, 0.3 M NaCl, 10% glicerol, 1 ..M pep-
statin, 1 wM leupeptin, 100 WM PMSF, 2 mL mL™! lysozyme,
pH 8) with (AILC, YIbA) or without (AtYlbA, AAtYlbA) 1 mM
B-mercaptoethanol and incubated on ice for 30 min. Cells were
lysed by four 15-s bursts of sonication, and the supernatant ob-
tained after centrifugation of the crude extract was concen-
trated by ultrafiltration in an Amicon cell (YM-10 membrane, Mil-
lipore). Proteins were purified by metal affinity chromatography
with Talon resin (Clontech) to a near-homogeneity, as assessed
by SDS—PAGE analysis. Loaded columns were washed with
buffer 50 mM Tris-HCl, 5% glycerol, 0.2 M NaCl, pH 7.0, and pro-
teins were eluted with 50 mM (AlIC) or 100 mM (YlbA) imida-
zole. AllC was conserved at 4 °C in the presence of 1 mM EDTA.
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This condition ensured a better, though not complete, stability
of the enzymatic activity. YIbA was conserved at —20 °C in the
elution buffer. In these conditions, the enzymatic activity was
stable for several months.

Experiments with the Keio knockout mutants (30) were con-
ducted with cells grown at 37 °C in a minimal medium consist-
ing of 34 mM NaH,PO,, 64 mM K,HPO,, 1 uM FeSO,, 0.1 mM
MgSO0,, 10 pM CaCly, 10 wM MnCl,, pH 7.1 in the presence of
15 mM allantoin or 30 mM (NH,),S0,. Glucose or xylose
(120 mM) was utilized as carbon sources. Anaerobic growth
was carried out in 2-mL vials completely filled with medium and
maintained under constant rotation for 72 h.

Biochemical Assays. Ammonia release by the AllC reaction
was determined spectrophotometrically using a coupled assay
with glutamate dehydrogenase (GDH) (14, 17). The typical incu-
bation mixture consisted of 1 mL of 0.2 M Tris-HCl buffer, pH
8.5, with 0.3 mM NADPH, 2.5 mM a-ketoglutarate, 4.12 units
of GDH from Proteus sp. (Sigma), 100 uM MnCl,, and 6 pg of
AlIC. The reaction was initiated by the addition of allantoic acid
(0.15 mM), and the decrease in absorbance at 340 nm due to
the oxidation of NADPH was recorded. Enzyme activity was moni-
tored in a pH range of 7.2—9.5. The effect of metal ions on the
enzyme activity was determined by preincubating the enzyme
with 10- to 1000-fold excess metal ions (Zn?*, Co?*, Cu?*, Ca®*,
Ni2*, Mn?*, Mg?*) in 0.2 M Tris-HCl, 1 mM EDTA, pH 8.5. Maxi-
mum activation was obtained with a ratio of Mn?* /enzyme of
60:1. Ammonia release by the YIbA reaction was determined us-
ing the same coupled assay described above, in the absence
or in the presence of AllC. Recombinant YIbA (6 n.g) from bacte-
rial or plant source was added to the initial reaction mixture or
after the fast phase of the AllC reaction. The effect of metal ions
on the activity of YIbA was determined by excluding Mn?* from
the initial reaction mixture and by adding YlbA plus 100 p.M
metal ions (Zn?*, Co?*, Cu?*, Ca?*, Ni?*, Mn?*, Mg?*) after the
first phase of the AlIC reaction.

Formation of optically active compounds in the reactions
catalyzed by AlIC and YIbA was monitored by CD measure-
ments carried out in a 10 mm path length cuvette with a Jasco
J-715 spectropolarimeter. The degradation of allantoic acid
(700 wM) in 1 mL of 20 mM potassium phosphate, 100 wM
MnCl,, pH 7.6, was monitored in the 200—300 nm range in
presence of E. coli AllC (20 w.g) and in the presence or in the ab-
sence of A. thaliana YIbA (30 wg). Ureidoglycolate has a CD sig-
nal in a region of the spectrum where absorption by other
compounds of the reaction mixture interferes with the measure-
ments. CD signals could be obtained with appropriate reactant
and buffer concentrations and by lowering the imidazole content
of protein solutions.

In Vivo Localization of Fluorescent Proteins. To generate chi-
meric fusion construct of YIbA with the Yellow Fluorescent Pro-
tein (YFP), a pGEM plasmid containing the full-length plant
AtYIbA sequence was amplified using primers forward 5'-
ATCGGTCCGGCAAAAATGCGATCACTTTAC-3', and reverse 5'-
TGCTCACCATCAATGGATTTCGATTCACAT-3’, introducing a plant ri-
bosome binding site at the 5’ of the gene and a 5’-YFP sequence
(10 nt) at the 3’ of the YLBA sequence. The reverse primer elimi-
nates the TAA stop codon from YIbA, allowing YFP fusion. YFP
cDNA (Clontech) was amplified using primers forward 5'-
TCGAAATCCATTGATGGTGAGCAAGGGCGAG-3' and YFP reverse 5'-
ATTCTAGATTACTTGTACAGCTCGTCCATG-3' introducing a 3’ YIbA
sequence (13 nt) at the 5" of YFP and a 3’ Xba1 site. A third PCR
with primers YLBA forward and YFP reverse, using as template
the YLBA and YFP amplicons, gave the fusion construct YIbA-YFP,
which was cloned in pBluescript Il KS/SK (+) following a pub-
lished protocol (40). The ligated plasmid was then transformed
into XL1B E. coli cells (Stratagene), and the insert was sequence
verified. The plasmid was subsequently treated with EcoR/ and
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Xbal and subcloned into the plant expression vector pART?.
The construct GFP-Hdel-pVKH18en6 (41) was a kind gift from Ja-
net Evins.

The fusion constructs were introduced by poly(ethylene
glycol)-mediated transformation into protoplasts prepared from
plant leaves (42). Standard Arabidopsis thaliana ecotype
Columbia-0 (European Arabidopsis Stock Centre) plants were
grown 3—4 weeks on soil in 16-h light/8-h dark cycle at 25 °C.
Transformed protoplasts were incubated in darkness at 23 °C for
16—24 h before checking the fluorescence. Cells were mounted
in custom-made chambers and observed by confocal micros-
copy (x100 objective lens, 488 nm excitation) using a LSM 510
Meta scan head equipped with an Axiovert 200 M inverted mi-
croscope (Carl Zeiss). Unlabeled samples were used to establish
the levels and locations of the autofluorescence due to plas-
tids, and single-label controls were used to assess bleed-
through between fluorochromes, allowing the selection of emis-
sion filter sets giving negligible cross-talk between fluoro-
chromes with partially overlapping emission spectra. For 3D re-
constructions, stacks of digital images were processed with the
Axiovision software (Carl Zeiss) by applying the “shadow”
algorithm.

Accession Codes: The sequences of E. coli and A. thaliana YIbA
have been submitted to GenBank with accession numbers
GQ303359 and GQ303360.
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